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SUMMARY

SUMMARY

Arable soils usually store several thousand kg phosphorus (P) per ha, thus far exceeding the recommended P
fertilizer dose to sustain crop yields. However, the soil profile is frequently not considered in fertilizer
recommendations, because P supply to the plants from the subsoil is lacking clarification. This thesis is
determined by the overarching hypothesis that a large part of the P already present in the soil is neither
physically accessible nor chemically available to plants and thus does not contribute to plant nutrition. Therefore,
my goal was to evaluate the P bonding forms at different soil depth, and to determine the contribution of these P
forms to plant nutrition.

My specific objectives were (i) to characterize and quantify the chemical speciation of P forms in soil profiles of
agricultural long-term fertilizer experiments, (ii) to elucidate the supply potentials of moderately bioavailable P
pools for plants, and finally (iii) to methodologically refine radiotracer-based digital autoradiography for
quantifying spatial and temporal P uptake in plants. For this purpose | sampled (i) soil profiles (0 cm to 90 cm)
from two long-term fertilizer experiments located in Rostock (Stagnic Cambisol, > 16 years duration) and Bad
Lauchstadt (Haplic Chernozem, > 100 years duration); each experiment was comprised of an unfertilized
control, an organic treatment (compost or manure), a mineral treatment (triple superphosphate or
superphosphate), and a surplus treatment combining organic and mineral applications. Soil P analyses comprised
the assessment of P stocks and speciation of P pools of varying chemical extractability, using sequential
fractionation, nuclear magnetic resonance (NMR) as well as X-ray absorption near edge structure (XANES)
spectroscopy. To trace P uptake from moderately bioavailable P pools, I (ii) conducted uptake studies including
two soil orders; a Haplic Luvisol subsoil, that had never been P fertilized and an Orthic Ferralsol subsoil from
Australia from a conventional agricultural background. Investigations were accompanied by digital
autoradiography to trace plant uptake of P radiotracers. The experiment was conducted in rhizoboxes with **p
loaded Fe and Al hydroxides in combination with diffusive gradients in thin films (DGT) techniques. The
radiotracer method was then (iii) extended by advanced quantitative evaluation of the uptake of P radiotracers in
wheat and maize. The *P quantification was carried out with co-exposed **C standard references during the
imaging process.

The P fertilizer application (i) in excess of plant P demand significantly increased both top- and subsoil P stocks.
Intriguingly, there was little if any difference in P stocks and the speciation of P forms for organically and
inorganically fertilized plots, suggesting that the kind of fertilizer used had only limited effects on the soil P
status in the long term. The P uptake study suggested that (ii) P supply from non-soluble, soil-inherent inorganic
P bonding forms can compensate insufficient levels of available P in soil solution. Specifically, in the rhizobox
experiments performed, even subsoil P bound to Fe and Al oxidic phases was able to contribute up to 30% of
overall uptake of P by young wheat plants. Additionally, DGT applications indicated a better P availability from
amorphous Fe hydroxide than from Al hydroxide. The overall P uptake, however, was regulated by soil moisture
contents, indicating that water supply to plants controlled P uptake and the final amount of soluble P. These
investigations were fundamentally supported by digital autoradiography, whose application resulted (iii) in a
successful method for quantification of *3P radiotracers in plant tissues.

In summary, P fertilizer applications control soil P stocks but effects on P speciation are minor. In the arable soil
profiles studied here, P was predominantly bound to oxidic soil phases, suggesting that a significant portion of
soil P dynamics is mediated by such inorganic P pools of varying availability, whereas organic P pools seem to
be equilibrated with the general P status of the soil. The P supply rates from non-soluble, moderately labile P
forms, rather than immediate mineralization processes, seem to control the long-term P supply for crops.



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Ackerbdden speichern in der Regel mehrere tausend kg Phosphor (P) pro Hektar und tbersteigen damit die
empfohlenen P-Dingermengen zur Erhaltung der Ernteertrdge. In den derzeitigen Dingeempfehlungen wird
jedoch héufig nicht das gesamte Bodenprofil beruicksichtigt, da die P-Versorgung der Pflanzen aus dem
Untergrund nicht gekldrt ist. Die vorliegende Arbeit wird daher durch die uUbergreifende Hypothese bestimmt,
dass ein groRer Teil des bereits im Boden vorhandenen P weder physikalisch zugénglich noch chemisch fur
Pflanzen verfugbar ist und somit nicht zur Pflanzenerndhrung beitrdgt. In dieser Arbeit wurden die
P-Bindungsformen in verschiedenen Bodentiefen bewertet und der Beitrag dieser P-Formen zur
Pflanzenernahrung untersucht.

Meine spezifischen Ziele waren (i) die Charakterisierung und Quantifizierung der chemischen Speziierung von
P-Formen in Bodenprofilen landwirtschaftlicher Langzeitdiingerexperimente, (ii) die Aufklarung der
Versorgungspotenziale maRig bioverflgbarer P-Pools fir Pflanzen und schlieBlich (iii) die methodische
Verfeinerung der Radioisotopen-basierten digitalen Autoradiographie zur Quantifizierung der rdumlichen und
zeitlichen P-Aufnahme in Pflanzen. Zu diesem Zweck habe ich (i) Bodenprofile (0 cm bis 90 cm) aus zwei
Langzeitdlingerexperimenten in Rostock (Stagnic Cambisol, > 16 Jahre Laufzeit) und Bad Lauchstadt (Haplic
Chernozem, > 100 Jahre Laufzeit) entnommen; jedes Experiment bestand aus einer ungediingten Kontrolle, einer
organischen Behandlung (Kompost oder Giille), einer mineralischen Behandlung (Dreifach-Superphosphat oder
Superphosphat) und einer Uberschussbehandlung, die organische und mineralische Anwendungen kombiniert.
Die Boden-P-Analysen umfassten die Bewertung von P-Vorraten und die Speziierung von P-Pools
unterschiedlicher chemischer Extrahierbarkeit mittels sequentieller Fraktionierung, Kernspinresonanz (NMR)
sowie Rontgenabsorptionsnahkantenstruktur (XANES) Spektroskopie. Um die P-Aufnahme aus mafig
bioverfligbaren P-Pools zu verfolgen, fihrte ich (ii) Aufnahmestudien mit zwei Bodenordnungen durch: einem
ungedingten Haplic Luvisol-Unterboden und einem Orthic Ferralsol-Unterboden aus Australien mit
konventionellem landwirtschaftlichen Hintergrund. Die Untersuchungen wurden durch digitale Autoradiographie
erganzt, um die Aufnahme von P-Radioisotopen in die Pflanzen zu verfolgen. Das Experiment wurde in
Rhizoboxen mit *P beladenen Fe und Al Hydroxiden in Kombination mit einer neuartigen Technik mit
Dunnschicht-diffusen-Gradienten (DGT) durchgefiihrt. Die autoradiographische Methode wurde anschlieRend
(iii) durch eine quantitative Bewertung der Aufnahme von *P in Weizen und Mais erweitert. Diese
*p_Quantifizierung wurde durch Zuhilfenahme von **C-Standardreferenzen erméglicht.

Phosphordiingung (i) Uber den Pflanzenbedarf hinaus erhéhte die P-Vorrate im Ober- als auch im Unterboden
deutlich. Interessanterweise gab es einen geringen oder gar keinen Unterschied der P-Vorrate und Speziierung in
Abhéngigkeit von organisch und anorganisch gediingten Versuchsflachen, was darauf hindeutet, dass die Art des
verwendeten Dungers langfristig nur begrenzte Auswirkungen auf den P Status eines Bodens hat. Die
Untersuchung der P-Aufnahme zeigte, dass (ii) die P-Mobilisierung von unléslichen, Boden-inharenten
anorganischen P-Bindungsformen ineffiziente Konzentrationen an verfigbarem P in der Bodenldsung
kompensieren kann. Insbesondere in den durchgefiihrten Rhizobox-Experimenten konnte selbst der an Fe und Al
gebundene P bis zu 30 % zur Gesamtaufnahme von P durch junge Weizenpflanzen beitragen. Daruiber hinaus
zeigte die DGT-Anwendung eine bessere P-Verfligbarkeit von P gebunden an amorphes Fe Hydroxid als von Al
Hydroxid. Die Gesamtaufnahme von P wurde jedoch durch die Bodenfeuchte reguliert, was darauf hindeutet,
dass die Wasserversorgung der Pflanzen die Aufnahme von P und die Menge an l6slichem P kontrollierte. Diese
Untersuchungen wurden grundlegend durch die digitale Autoradiographie unterstitzt, deren Anwendung (iii) zu
einer erfolgreichen Weiterentwicklung der quantitativen digitalen Autoradiographie von **P in Pflanzengewebe
fuhrte.

Zusammenfassend l8sst sich sagen, dass P-Dinger Zugaben die Gehalte an P-Vorrdte im Boden kontrollieren,
aber die Einflisse auf die chemische Form von Boden-P gering sind. In den hier untersuchten
Ackerbodenprofilen war P Uberwiegend an oxidische Bodenphasen gebunden. Dies deutet daraufhin, dass ein
bedeutender Teil der Boden-P-Dynamik durch solche anorganischen P-Pools unterschiedlicher Verfligbarkeit
bewerkstelligt wird, wahrend die organischen P-Pools passiv mit dem allgemeinen P-Status des Bodens
&quilibriert sind. Die P-Mobilisierung aus unléslichen, maRig labilen P-Formen und nicht aus unmittelbaren
Mineralisierungsprozessen scheint die langfristige P-Versorgung fur Nutzpflanzen zu kontrollieren.
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1 RATIONALE

In Germany, the arable land area covers about 52% of the land surface (Statistisches Bundesamt
2017). Most of this arable land is intensively used for food and renewable energy production. A
continuing trend of agricultural land use intensification is expected and promotes issues of soil
degradation and erosion as well as the loss of non-renewable resources, such as mineral fertilizers and
biodiversity. Therefore, preservation of soil fertility along with the development of sustainable
agricultural systems is obligatory to continuously produce sufficient food for the expanding human
world population. Johnston and Poulton (2018) defined sustainable agricultural food production as a
system that has to maintain yields without excessive price increases along with the prohibition of
environmental contaminations and negative effects on habitats due to pollution mediated through the
transfer of soil nutrients — mostly applied to soils by fertilizers — into water bodies.

Phosphorus (P) is one of the most indispensable nutrients to ensure plant vigor and development.
Although required in lower quantities than other essential macronutrients (e.g., nitrogen (N) and
potassium (K)), an insufficient P supply results in growth limitations from the very beginning of plant
growth (Schachtman et al. 1998; Grant et al. 2005; Mengel et al. 2006). The dry matter of terrestrial
plants contains about 0.2% P (Epstein 1972). It is taken up by the roots mainly as free, inorganic
orthophosphate ions (PO,%, in the following referred to as ortho-P) (Hinsinger 2001). In the living cell
of higher plants P serves as a structural key component of phospholipids and nucleosides (e.g., the
universal energy carrier adenosine triphosphate) as well as an essential constituent of nucleic acids, the
carrier of genetic information of all living cells (Veneklaas et al. 2012).

In order to keep pace with the increasing demand for food and thus with plant productivity since the
beginning of the last century, mineral P fertilizers were industrially produced from rock phosphate
(sedimentary marine phosphorites) as basic raw material. The use of mineral P fertilizers has
maintained soil fertility and high crop vyields through adequate P supply according to crop
requirements. Although, government authorities are observing a declining trend in the use of mineral P
fertilizers (below 16 kg P ha' in 2017, (LWK Nordrhein-Westfalen 2015, 2017), agricultural
intensification is heavily dependent on the annual supply of mineral P fertilizers due to the decoupling
of livestock production and arable farming. Moreover, the absence of adequate alternatives still ties
the growing human world population on the continued use of mineral fertilizers for food production
(Smil 2000; Dawson and Hilton 2011; Rittmann et al. 2011).

The total global rock phosphate resources are estimated at more than 300,000 million tons, but mineral
P fertilizers are expected to be a finite and non-renewable resource, with less than 23% of the deposits
are technically minable to date (Jasinski 2018). Estimations for the longevity of the remaining P
reserves vary between 50 and 300 years (Cordell and White 2011; Rosemarin et al. 2011). In addition,
according to Heffer and Prud’homme (2017) global P fertilizer demand is predicted to grow on
average by 1.5% per annum till 2022. Such an increase in fertilizer use carries the risk of scarcity of
rock phosphate reserves (Vaccari 2009) and the exploration of new, more contaminated deposits leads
to mineral P fertilizers laden with heavy metals such as cadmium and uranium (Kratz and Schnug
2006; Nziguheba and Smolders 2008; Roberts 2014). Furthermore, the unequal distribution of the
known deposits among politically unstable countries harbors further uncertainties, e.g., with regard to
long-term access to mineral P resources (Tiess 2010). The largest mineable rock phosphate deposits
are geologically concentrated in North Africa (> 78% of known minable deposits) followed by the
Middle East (6%), China (4%), and the United States (1.4%) (Jasinski 2018).

From an economic and ecological perspective, it is therefore imperative to develop new management
approaches in order to make use of P fertilizers more efficient without jeopardizing yields (Kruse
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et al. 2015). A sustainable P management must improve the efficiency of fertilizer uptake and to make
better use of the advantages of soil-inherent P pools or suitable alternatives from renewable resources
(e.g., Leinweber et al. 2019) which are not yet generally included into agricultural management
strategies. In this context, the subsoil can account for up to 80% of the P supply to the crops
(Kuhlmann and Baumgartel 1991; Kautz et al. 2012). Nevertheless, only few studies have addressed
its exploration as a promising P reservoir for crop nutrition (e.g., Garz et al. 2000; McBeath et al.
2012; Barej et al. 2014; Bauke et al. 2017a). In a first step, it is therefore important to evaluate the
potentially available P stocks as P nutrient reservoir. This also implies analyzing the chemical form of
dominant soil P pools throughout the soil profile to understand their full potential for plant P supply,
including their accessibility to plant roots.

2 STATE OF THE ART

2.1 Phosphorus availability in arable soils

Soils contain between 1,200 to 30,000 kg P ha™ (Stevenson and Cole 1999). The form of P present in
soils is mainly determined by the soil parent material and changes systematically over time (Walker
and Syers 1976). During pedogenesis, soil weathering and acidification mediate the dissolution of
primary P minerals such as Ca-P minerals (predominantly apatite, Cas[(F,CI,OH)|(PO,)s]), which are
the origin of endogenous soil P in native soils (Stevenson and Cole 1999). Due to strong sorption
characteristics of soil P, soil constituents are decisive for P solubility and mediate abiotic soil P
dynamics (sorption desorption and precipitation dissolution reactions) between P in soil solution and
soil P pools with variable solubility. Hedley et al. (1982) and subsequently Negassa and
Leinweber (2009) designated these P pools as moderately labile and stable or rather residual soil P
forms. In fertilized arable soils, these pools mainly comprise inorganic P, which is complexed with Fe,
Al, Ca, and silicate minerals predominantly in an oxidized state, also referred to as secondary soil
minerals (Stevenson and Cole 1999). The solubility of soil oxides depends primarily on the pH value
of the soil. In acid soils, the surface charge of these oxides is positive, which enables a strong binding
of ortho-P (Hinsinger 2001). On the reactive and hydroxylated mineral surfaces, in the first instance,
free P is bound via ligand exchange and mono- or bidentate complexes are formed (Goldberg and
Sposito 1985; Torrent 1997; Fink et al. 2016). In the long term, slow diffusion reactions prevail,
occluding P into the adsorbing materials, also referred to as “phosphorus aging” (Barrow 1987;
Bunemann 2015; de Campos et al. 2016). Depending on the soil properties, these interactions
(association and/or occultation reactions) favor strong P retentions in the soil (Walker and Syers, 1976;
Gérard, 2016) and transform free P from a moderately labile binding to secondary minerals into stable,
non-soluble compounds (Schwertmann and Taylor, 1989; Hinsinger, 2001). In neutral to alkaline soils,
free P reacts predominantly with CaCO;to Ca-P precipitates (Ca-P species with increasing chemical
stability over time) comprising mainly stable, primarily non-soluble P forms (Lindsay et al. 1989;
Torrent 1997; Hinsinger 2001).

Both, ortho-P and organic P compounds serve as source of plant available P (Friesen and Blair 1988).
The incorporation of dead organic material increases the organic P pool in the upper soil layers
(Williams and Saunders 1956; Lal and Stewart 2016). In cultivated soils, they mainly comprise of
ortho-P monoesters, which are the degradation products of complex organic compounds such as ortho-
P diesters, phospholipids, phosphoproteins, and sugar phosphates (Condron et al. 1990). In particular,
phytic acid, known as inositol hexakisphosphate (IHP6), is a non-digestible (not bioavailable to
ruminant animals) ortho-P monoester (Klopfenstein et al. 2002), which accounts for up to half of soil
the organic P in fertilized arable soils (Turner et al. 2012). In principle, the recycling (mineralization
and hydrolyzation) of degradable organic materials and thus of organic P is controlled by microbial
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mediated processes (Blinemann, 2015), which release soluble P into soil solution (Oberson et al. 1993)
and can be an important source of available P for plants (Hayes et al. 2000). For example, in a study
conducted by Friesen and Blair (1988), P was found as soluble P; after 11 days from plant residues
applied to the soil. If it is not readily degradable, organic P can also be associated and complexed into
stable compounds that form non-soluble, occluded, mainly residual P forms (Sattari et al. 2012).
However, the potential relevance of organic soil P to build up soil P repositories (involvement in the
formation of stable and residual P forms) and its role in maintaining acceptable level of P plant
availability in soil (Oehl et al. 2002) is not well understood and needs further clarification.

The P uptake of plants in general is determined by ortho-P in soil solution (generally in the form of
PO,*, HPO,”, or H,PO, as pH dependent valences). The maximum plant availability of P is between
pH 6 to 7.2 in the form of HPO,*(Lindsay 1979). The concentration of P ions in soil solution ranges
within the micro molar range between 0.1 and 10 uM (Frossard et al. 2000; Mengel et al. 2006),
which is primarily determined by the soil pH value (Gustafsson et al. 2012). However, soil texture,
soil moisture, ionic strength, and microbial activity also control the abundance of ortho-P in soil
solution (Hinsinger 2001). Thus, in general, only a small proportion of P; and P, is dissolved at any
time in soil solution (Blinemann et al. 2016). When it is depleted, i.e., due to plant uptake, P from
moderately labile (but also stable and residual P fractions) replenish the P concentration in soil
solution (Guo et al. 2000; Blake et al. 2003; Selles et al. 2011). Therefore, besides the above
mentioned soil parameters, also the amount and the chemical form (i.e., molecular speciation/ degree
of crystallinity) of soil secondary minerals are deterministic factors for the soil P buffering capacity to
replenish P into solution (Yuan and Lavkulich 1994; Agbenin and Goladi 1997; Igwe et al. 2010) and
hence for soil P availability in general.

Especially in fertilized arable soils, processes and factors (including plant-induced processes)
determining the form in which P is present in the soil, are not fully understood (Hinsinger 2001;
Gérard 2016; Weihrauch and Opp 2018). Results shown by Requejo and Eichler-Lébermann (2014)
indicated that soil P availability is independent of the type of fertilizer applied in the long term,
however, the chemical form of P residues in soil and how the different P pools are interlinked still
remains unclear (Weihrauch and Opp 2018). For a more complete picture of the P status and to
improve our understanding of the general P dynamics also the P speciation in fertilized soils need
careful evaluation. Thus, it is necessary to reveal the influence of P fertilizer application on the soil
P status in the whole soil profile, including also the immobile (but potentially available) P
Species.

2.2 Phosphorus forms in fertilized arable soils

Some soils have low P supply while others have excellent P status, particularly fertilized arable soils in
Europe are well supplied (Téth et al. 2014). Annual fertilizer recommendations, nowadays, correspond
to the crop P requirements but in the past they exceeded crop needs (Sattari et al. 2012; Téth et al.
2014), which often resulted in P surpluses (P input minus P output) over several decades (Selles et al.
1995; Requejo and Eichler-Lobermann 2014). The excessive applications of mineral P fertilizer in the
past, of which approximately only half found its way into the harvested crop (Rittmann et al. 2011),
led to strong accumulation of soil P (Sattari et al. 2012).

Selles et al. (1995); (2011) analyzed the effect of mineral fertilization on P availability and found that
fertilizer P remaining in the soil (further referred to as residual fertilizer P) accumulated predominantly
in plant available inorganic forms. For a more complete picture, Eriksson et al. (2016a); and Eriksson
et al. (2016b) analyzed evolution and dynamics of P speciation in fertilized arable soils. They reported
that the formation of poorly crystalline secondary Fe and Al hydroxides in the topsoil during
pedogenesis as well as the presence of apatite in the subsoil are predominantly affecting P speciation
within the soil profile. They found that fertilizer P is mainly retained by Al and Fe soil hydroxides
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besides the formation of Ca-P and organic P complexes. The same P speciation patterns were found by
Beauchemin et al. (2003), Kizewski et al. (2011), and Liu et al. (2014b). However, all these study
results were not related to the use of P fertilizer, leaving the question behind if the observed P
forms were affected by the kind and the duration of fertilizer applied to the analyzed soils.

Blake et al. (2000) analyzed P dynamics with regard to the use of P fertilizer of three long-term
experiments in Europe. They found that the form in which fertilizer P is retained in the soil is affected
by complex interrelations, which depend primarily on the soil type and the soil texture. With regard to
the type of fertilizer applied, they stated that both mineral and organic fertilizer applications had an
effect on the behavior of residual fertilizer P in the soil. They highlighted that P availability from
manure applications exceeded that of applied mineral fertilizers. Hao et al. (2008) supported this
finding, as their results indicated that organic fertilizers increased P levels in all soil P pools in the
long-term; however, these results are not justified by better availabilities of the applied organic P
forms in the soil. They found that the organic P forms accounted for less than 5% of total P in the soil
profile after 30 (annual) manure applications, and thus most of the organic amendments applied were
already mineralized after application and enriched, in particular, the inorganic soluble P pools. In four
arable soils from Sweden, Ahlgren et al. (2013) found no apparent build-up of organic P, independent
of the soil type. Hence, it seems reasonable that P originating from organic fertilizers rapidly
transforms into inorganic soil P pools. Yet all these studies did not analyze the exact chemical form
(speciation) the fertilizer P was applied in and transformed to arriving in the soil. However, this needs
to be done in order to fully understand the effects of organic P fertilizers on soil P speciation and thus
on soil P long-term availability in fertilized arable soils (Sattari et al. 2012).

To comprehensively understand the effects of fertilizer applications on soil P pools in the whole soil
profiles of arable soils, it is important to not only quantitatively investigate P availability but
rather to qualitatively understand the interrelations of P fertilization, the effect on all soil P
forms, and their contributions to plant P utilization also on the molecular scale.

2.3 Subsoil phosphorus utilization

In the past, excessive applications of highly soluble mineral P fertilizer increased P levels of arable
fields in Europe. The resulting soil P surplus subsequently depleted the sorption capacity of soil
constituents (Pizzeghello et al. 2011), especially in the topsoils, and provoked P movements into
deeper soil layers (Godlinski et al. 2004; Andersson et al. 2015; Rupp et al. 2018). This resulted in
massive topsoil and subsoil P stocks up to several tons P per hectare (Rubazk et al. 2013). Current
estimates indicated that subsoils in Europe hold 50 to 80% of the total P stock of a soil profile (Kautz
et al. 2012; Barej et al. 2014). As one of the first researches Kuhlmann and Baumgartel (1991)
reported the importance of subsoil P utilization (it can vary between 10 and 50%, in extreme cases
even up to 80% of total plant P supply), if P supply from the topsoil was inadequate. Similarly, Oehl et
al. (2002) studied P balances in arable soil profiles fertilized for more than 20 years and found an
upward P movement, respectively P utilization from subsoil P repositories after decreasing available P
concentration in the topsoil. Bauke et al. (2018) analyzed the oxygen isotope composition of soil P in
soil profiles under varying long-term fertilizer applications and highlighted the requirement of
sufficient topsoil nutrient availability. Moreover, they showed that topsoil N fertilization promoted
subsoil root exploration and thus subsoil nutrient acquisition. These findings seem reasonable, as the
topsoil serves young crop plants as the initial compartment of nutrient supply. However, the opposite
was found by other scientists claiming that under nutrient depleted topsoil root growth is adapted by
increasingly assessing the soil volume of the subsoil below the plough horizon (> 30 cm) (Lambers et
al. 2006; Richardson et al. 2009). Other scientists analyzed highly weathered and claimed instead, that
subsoil root growth is only promoted by subsoil fertilization (McLaren et al. 2013). Along these
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findings scientists highlighted that beneficial physicochemical soil conditions and sufficient soil
moisture are favorable for subsoil P accessibility. This seems reasonable as adequate growth
conditions have to be established first to access a larger soil volume (Glinski and Lipiec 1990). A
study conducted by McBeath et al. (2012) showed that the subsoil P access by plants was stimulated
by topsoil P fertilization in combination with adequate soil water conditions. However, these general
findings are not new, Blake et al. (2000) have already highlighted the importance of soil
physicochemical properties, climate, and the chemical form of the applied P fertilizer on P availability
of three well-known long-term fertilizer experiments, even if they did not related their findings to
subsoil nutrition levels. These sometimes contradictory findings reveal that knowledge on the
accessibility and utilization of P from deeper, less-rooted soil regions is complex and raise the
question, whether subsoil P pools can serve as an alternative for adequate crop P supply.

Concluding, the vast majority of organic and inorganic P in top- as well as subsoils is obviously not
used by microorganisms and plants, either because it is not readily released from stable chemical
bonds (not bioavailable) or because it is not seen (not bioaccessible) (Kautz et al. 2012). The effect of
soil order and related soil conditions (but also the soil P concentration in general) significantly affects
the soil P speciation (Eriksson et al. 2015) and thus P availability under long-term fertilization. This
implies that no general answer on subsoil P utilization can be given and shows that soil P dynamics in
fertilized arable soil profiles under varying fertilization managements are still not well understood and
thus require greater research efforts. Further studies, have to include active plant growth in the soil
to compare plant availability of specific P forms and related P plant uptake potentials over time
(Audette et al. 2016). Especially long-term fertilizer experiments offer a unique opportunity to fill this
knowledge gap.

2.4 Why to study phosphorus dynamics in long-term agricultural experiments

Long-term agricultural experiments are suitable large-scale field experiments to study crop production,
nutrient cycles and related impacts in a controlled environment (Rasmussen et al. 1998). Due to
controlled long-term management, often in replicated field plots within a mostly but not always
randomized design, long-term experiments are seen as the only practical way to assess management
induced fertilizer effects on yields and their impact on soil P within the soil profile (Johnston and
Poulton 2018). Therefore, they provide an indispensable source of knowledge for understanding and
proving changes in soil fertility as a result of common agricultural practices (Debreczeni and
Korschens 2003).

Rasmussen et al. (1998) have defined long-term agricultural experiments as experiments conducted for
longer than 20 years, however, also shorter field experiments over several years can provide merits
and need to receive sufficient attention because their maintenance, also in the early stages, is costly
and work intensive (Korschens 2006). The best example for the beneficial capability to expand
knowledge from long-term agricultural experiments is the oldest long-term experiment at the
Rothamsted experimental site located in Harpenden, United Kingdom. Around 174 years ago, in 1844,
well-known scientists such as Justus von Liebig have already discussed benefits of nutrient recycling
which resulted in the foundation of Rothamsted (Debreczeni and Kdrschens 2003). Due to the long-
term storage of input and output samples from this experiment it was shown that under appropriate
agricultural management yields were maintained without fertilizer applications; however, they also
found that yields were doubled due to intensive fertilizer usage (Rothamsted Research 2017). Similar
observations were reported by (Edmeades 2003) reviewing results from 14 long-term experiments in
which nutrient inputs had increased soil productivity, e.g., yields by 150 to 1000%.

General statements on fertilizer induced yield increases can be made by every farmer, but the
knowledge on the fate and the effective P balance can only be assessed by monitoring experiments
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year by year, which highlights the importance of long-term fertilizer experiments for future
agricultural development.

2.5 Methodological approaches
2.5.1 Spectroscopic methods for phosphorus research

For plants to take up nutrients, it is essential that they are present in a specific chemical form, as it
determines their bioavailability. In the scientific literature, there are many methods described that
illuminate the bioavailability of P in soils (Kruse et al. 2015). In the early stages of P research the first
approaches comprised of single wet-chemical extractions, conventionally applied to analyze the
concentration of labile soil P (e.g., Riehm 1948; Olsen 1954). However, these methods aimed only on
analyzing the proportion of soil P that is already dissolved or present in a labile and thus easily-
extractable form and neglected the amount of P in more stable P forms (not readily extractable) that
can possibly become available if the former is depleted. For a more comprehensive understanding of
the dynamics of soil P pools, sequential extraction procedures are applied, including the evaluation of
these dominant more stable P pools.

A widely applied sequential P fractionation scheme developed by Hedley et al. (1982) is
conventionally used to characterize P pools in soils, soil amendments, and their effects on the P plant
availability. The pools are determined by their mode of extraction, removing labile P fractions with
milder reagents and more stable P fractions with reagents of increasing extraction strength (e.g., Blake
et al. 2003; Kruse and Leinweber 2008; Siebers et al. 2013; Barej et al. 2014). With his approach
Hedley et al. (1982) postulated the classification of P into soil fractions of soluble (labile) and non-
soluble (stable and residual) inorganic and organic P pools. Nonetheless, in the past many reviews
identified inconsistencies of sequentially extracted P fractions in terms of P fraction distinction and
their relative bioavailability (e.g., Levy and Schlesinger 1999; Golterman 2002; Turner et al. 2005;
Condron and Newman 2011). Furthermore, attention has to be addressed to the “inaccuracy” of the
underlying determination of organic P as the difference between total P and colorimetrical determined
inorganic P (the latter is suffering insufficient measurement of total inorganic P, as only the ortho-P is
measured which reacts with the color reagent) (Cade-Menun and Liu 2013). Therefore, wet chemical
methods are well standardized and applicable to obtain an overview about P pools and their abundance
in soils; however, they cannot measure the chemical speciation on the molecular level and thus are
lacking of significant detailed insights.

As affected by the high complexity of even a single soil order, just a single method often will be
insufficient to comprehensively characterize the broad range of inorganic and organic P forms in soils.
The appealed short comings of wet-chemical extractions can be overcome with multi-methodological
approaches to integrate and enhance the individual advantages of specific methods (Kruse et al. 2015).
Highlighted by Negassa and Leinweber (2009) and Kizewski et al. (2011) spectroscopically
techniques have to be applied simultaneously for a sophisticated characterization of the molecular
chemical form of soil P, as every single methods only provides unique information in dependence on
matrix complexity.

X-ray absorption near edge structure (XANES) spectroscopy enables an element-specific and non-
invasive direct P speciation in the solid phase. In brief, XANES spectroscopy is based on the
absorption of high energetic X-ray photons by the photoelectric effect of matter and the measurement
of its release afterwards. By reaching a specific binding energy of core electrons of a target atom a
sharp increase in the absorption occurs, whereas further energy increases reduces the electron
absorption again, which leads to an edge like structure in the absorption coefficient also called
absorption edge. Thereby, the excited core electrons reach higher core levels, transferring the target
atom in an unstable, excited state. By refilling the atomic core hole with electrons from higher energy
levels characteristic fluorescence or auger electrons (as the difference between the energy levels) are
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emitted (Kruse et al. 2015). Finally, the oxidation state and the chemical environment of the target
atom distinctively characterize the spectrum. Variations of the absorption coefficient of a solid sample
as a function of the applied X-ray energy are therefore characteristic for specific P binding forms and
can be identified by comparing with spectra of known P species.

Speciation of P in soil amendments like manure, mineral and organic P fertilizer (Sato et al. 2005;
Toor et al. 2005), and the receiving arable soils (e.g., Beauchemin et al. 2003; Lombi et al. 2006;
Ajiboye et al. 2008; Khatiwada et al. 2012; Liu et al. 2013b; Siebers et al. 2013; Eriksson et al. 2015)
using P K-edge XANES is already well established. A combination of P K-edge XANES spectroscopy
with sequential fractionation methods to analyze predominance of certain P species and their
bioavailability in arable soils found strong correlations between Ca-P compounds and the HCI-
extractable P as well as Fe and Al bound P species and the NaOH fraction of inorganic P determined
by the sequential fractionation method (e.g., Beauchemin et al. 2003; YanHong et al. 2014).

These results clearly show the applicability of XANES spectroscopy and the benefits from a multiple-
method approach for P research. However, like for every single method, there are also drawbacks, e.g.,
the need of relatively high sample P concentrations to obtain an acceptable signal to noise ratio, the
limited number of samples that can be analyzed due to limited beam time at synchrotron facilities, and
the inappropriate differentiation of organic P compounds (Kruse et al. 2015).

In contrast to P K-edge XANES spectroscopy solution *'P liquid nuclear magnetic resonance
spectroscopy (**P-NMR) is better suited to differentiate especially organic P forms and has a wide
scope of applications in P research (Leinweber et al. 1997; Amelung et al. 2001; Cade-Menun and Liu
2013). It enables structural elucidation and quantification of various classes of P species such as ortho-
P, polyphosphate, pyrophosphates, phosphonates, as well as ortho-P mono- and diesters, and correlates
them to bioavailability (Turner et al. 2003a; Richardson et al. 2007; Ahlgren et al. 2013). The physical
basis of NMR spectroscopy is based on nuclear magnetism. The interaction of the magnetic core
moments of a substance with an applied magnetic field leads to nuclear energy pattern, as each nucleus
can only exist in its own energy states (Glnther 1992). Magnetic moments are often observed in
isotopes having an atomic spin quantum of one-half (odd-numbered protons or neutrons). By
repeatedly applying a high frequent magnetic field, the magnetic moment excites the atomic nuclei
from its basic state and after the magnetic field is removed it relaxes back to its initial state. The
specific resonance energy emitted during this process results in different chemical shifts which are
affected by the chemical environment of the nuclei. To be able to obtain reproducible signal patterns,
the resonance frequency is expressed relative to a standard, generating the so called chemical shift (in
ppm) in the same spectra, which allows interpretation of the chemical constitution of nuclei present in
the sample as a function of electron density surrounding the respective nuclei (Gorenstein 2012;
Wilson 2013). Thus, detailed information of the electronic structure on the monomolecular level and
the attached functional groups can be elucidated.

Phosphorus contains one stable isotope, namely *'P and this is half integer. This 100% isotopic
abundance makes **P-NMR highly P sensitive and enables easy interpretation of the spectra. However,
there are also shortcomings of this technique for soil P research. For example, the soil sample needs to
be in liquid form and thus require a preparation step of systematic extraction of P from the solid phase,
which may degrade instable organic P forms. Furthermore, insufficient P concentrations (especially in
deeper soil layers) and the co-extraction of paramagnetic ions, such as Fe and Mn, accelerate spectral
line broadening, which impairs the spectral resolution (Cade-Menun 2005). The advantages and
disadvantages of different soil extraction procedures for *P-NMR research are summarized in a
review by Cade-Menun and Liu (2013). Despite these disadvantageous impairments arising from
sample preparation, no alternative for organic P speciation exists and many scientists successively
applied *'P-NMR analyzing organic soil P species and pools. As one of the first Newman and Tate
(1980) applied NMR spectroscopy to analyze organic P forms in arable topsoils of New Zealand and
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found that inorganic ortho-P and ortho-P monoesters were predominant in their soil extracts. Due to
great scientific effort these days, the chemical shifts of mainly all predominant organic soil P
compounds are characterized (e.g., Turner et al. 2003b; Turner and Richardson 2004; Turner et al.
2012; Cade-Menun 2014). Even if *P-NMR was applied to analyze the composition of organic P in
organic fertilizers such as manure (Turner and Leytem 2004; Kruse et al. 2010), only a few **P-NMR
studies aimed to characterize the composition of the organic P pool (Soinne et al. 2011) or specific
organic P forms in terms of their potential plant availability (Gatiboni et al. 2005) in arable fertilized
soils, which resulted in the limited understanding of fertilizer introduced interrelations.

Thus, to improve our understanding of processes and factors for sufficient plant P supply from
predominant soil P forms, the application of the techniques presented here is urgently needed to first
comprehensively elucidate soil P chemical composition and their dynamics induced by fertilizer use.
However, the current knowledge-gap on plant soil P acquisition potentials from the whole soil profile
can only be overcome if we apply complementary techniques that are able to track down the plant P
uptake (plant availability and accessibility) from the previously identified dominant P forms in the
plant-soil system of arable soils.

2.5.2 Radioisotope techniques to study phosphorus cycling in the soil-plant system

In general, isotopes are defined by a varied atomic mass (corresponding to the total number of protons
and neutrons) in the nucleus of elements which change atomic weights but leave the nuclear charge,
the atomic number, and hence the chemical identity unchanged. With varying abundances, elements
commonly contain several isotopes of which certain undergo spontaneous disintegrations along the
emission of atomic particles (this process is called radiation) (Comar 1955; L'annunziata 1979; Wahid
2001). Such unstable isotopes are called radioisotopes. Phosphorus contains, besides its stable and
naturally occurring *P isotope, two radioisotopes, which are considered as radiotracers for P in a great
variety of scientific applications.

Especially for studies on plant-soil interactions the exact and quantitative monitoring of, e.g., the
uptake of radioisotopes by the plant enables the determination of its contribution to plant nutrition.
Therefore, for studies on the utilization of specific soil P forms by plants, the use of the P
radioisotopes **P or **P has increased in recent years. Limitations for their use only arise from the
short half-life of both radioisotopes, being 25.3 (**P) and 14.3 (*’P) days. Nevertheless, Fardeau et al.
(1995) suggested that experiments with **P might last at maximum for three to eight months, which is
sufficient, e.g., for quantifying P availability and dynamics in soils across a vegetation season of most
crops, measuring root activity, testing the efficiency of P fertilizers, and following the decomposition
of plant materials (e.g., Wahid 2001; Hedley and McLaughlin 2005).

Radioactive-labeling of fertilizers, soil constituents or residual plant materials, which were added to
soils, bears great advantages to determine the uptake from different P sources by microorganisms
(McLaughlin et al. 1988b) and by plants (e.g., Friesen and Blair 1988; McLaughlin et al. 1988a;
McLaren et al. 2016), or to quantify how the availability of different P fractions declined over the
course of incubations followed by sequential extraction procedures (e.g., Daroub et al. 2000; Bihler et
al. 2002; Bihler et al. 2003). Most of the radioisotopic techniques applied in the above mentioned
studies are well summarized by Di et al. (1997). However, they did not include a technical approach
that enables the spatial visualization of radiation emitted from a radioactive source or tissues
containing radioisotopes.

Digital autoradiography systems were developed for the visualization of conventional radioactive [3-
emitters (e.g., Amemiya and Miyahara 1988; Johnston et al. 1990; Nakajima 1993), and have their
infancies in medical studies in the early 1980ies in so called “whole body autoradiography studies” for
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drug metabolism analysis and direct analyses of radio thin-layer chromatography. The general
principles, as well as the advantages and disadvantages, of digital autoradiography are summarized by
Johnston et al. (1990); and Upham and Englert (2003). In P research only a few studies utilized digital
autoradiography to spatially-visualize or to semi-quantitative measure P amounts and P dynamics in
plant leaves (Hive et al. 2007; Anil Kumar et al. 2009), plant roots (Rubio et al. 2004), arbuscular
mycorrhizas (Nielsen et al. 2002) and soils (Lewis and Quirk 1967; Bhat and Nye 1973).

However, none of these studies were able to successfully quantify P radioisotope concentrations in the
mentioned compartments, as it is common practice in medical digital autoradiography applications
(e.g., Eakin et al. 1994; Coe 2000; Cremer et al. 2009). A guantitative and spatially resolved analysis
of, e.g., ®P uptake in plants but also the mobility of sorbed P in soils is urgently required for P
research, as the commonly applied quantitative estimation procedure of liquid scintillation counting
after acid digestion or extraction is time consuming and cost intensive. In particular the possibility of a
spatially resolved and non-destructive quantification of P radiotracers, e.g., in different compartments
and repeatedly of the same sample can be seen as the biggest achievement of such a method, as it
allows also time-resolved evaluation of soil P utilization. Hence, quantitative estimations of P
uptake in plants using digital autoradiography may be the next step to better understand the
accessibility of soil P for plant nutrition and will enable also to visualize soil P distribution in
less-rooted soil zones. As science calls for a technique precisely quantifying the plant available P
fraction in soils that is inexpensive and easily to apply to a great number of samples, an approach
using digital autoradiography may be able to accomplish this.

3 OBJECTIVES

To shed light on the specific P status of fertilized arable soil profiles, the following study addresses the
availability (quantity and speciation) of P forms in fertilized soil profiles of a long-term fertilizer
experiments located in Rostock and Bad Lauchstddt under inorganic and organic fertilizer
management. After identifying the predominant subsoil P forms, the plant accessibility of *p
associated to amorphous Fe and Al oxidic subsoil phases to wheat plants will be evaluated. The use of
liquid scintillation counting of radioisotope activities enabled the quantification of utilized *P in the
plant shoots. Special emphasis was given to a method development that refines quantification of *p
uptake and thus advances P research through a spatially and temporally resolved quantitative digital
autoradiography imaging method.

Based on these research highlights, | addressed the following research questions:

)] How are P stocks and P speciation in arable soil profiles affected by long-term
application of organic and inorganic P fertilizers?
Along the agricultural intensification at the beginning of the last century, especially in Europe,
most of the arable fertilized soils were supplied with mineral P fertilizers. The fertilizer dose
often exceeded the crop P needs which subsequently affected P stocks in the whole soil
profile. Therefore, | investigated soil P dynamics, including P stocks and the P speciation
under long-term inorganic and organic P fertilization in whole soil profiles by applying an
advantageous range of specific methods of soil P research.

i) Can P from oxidic (sub)soil P forms sufficiently contribute to plants soil P
demand?
Fertilized arable soils often exhibit great proportions of mainly inorganic, moderately labile P
species, consisting of mainly Fe- and Al-P species. | questioned if and to which degree these P
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forms can supply the crops P demand? Therefore, | supplied two different subsoils of two
different soil orders with **P labelled Fe and Al hydroxides and let young wheat plants grow in
these soils. Afterwards | accounted the proportions of **P translocated into the plant tissues.

Is digital autoradiography an efficient, non-destructive, and spatially resolved
method for **P radioisotope quantification in plant leaves?

Quantitative approaches of digital autoradiography were successively applied to estimate in
situ hybridization of rare mRNAs and for other mainly medical purposes. However, what has
worked in the laboratory at the small scale may also be applicable for estimating **P activities
in plant leaves or whole plants after radioisotope uptake or translocation. Therefore, |
developed a *P quantification method using digital autoradiography. Thereby, the
co-application of **C polymer references to **P-labeled plant leaves bears the possibility for a
spatially resolved quantification of the **P radioactivity.
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I PHOSPHORUS STOCKS AND SPECIATION UNDER LONG-TERM FERTILIZER APPLICATION

1 INTRODUCTION

Phosphorus (P) plays a key role in agricultural productivity (Cordell et al. 2009), and seems to be a
future constraint in agricultural systems (Gilbert 2009). The arising uncertainties and ongoing
discussions about unevenly distributed, and above all finite P rock reserves are summarized by Baveye
(2015). For future agriculture, a more sufficient (not more than required) and efficient (higher yields
per P applied) use of P is necessary whereas also alternative ways of P supply must be developed
(Kruse et al. 2015). In this respect, the unexploited subsoil P reserves deserve special attention. Actual
P stocks in soil profiles vary between 1200 to 30000 kg P ha™ (Stevenson and Cole 1999), and in
particular European agricultural important soils seem to have an high P supply due to high and
excessive P fertilizer applications in the past (Smil 2002; Tunney et al. 2003; Sattari et al. 2012; Téth
et al. 2014).

So far the fate of surplus fertilizer P in soil is not known for all important agricultural soils in central
and northern Europe. It is well established that some of the surplus P ends up in aquatic systems
(Smith and Schindler 2009) but processes of intermediate binding and remobilization in soil profiles,
depending on different fertilization strategies are far from being understood. Fertilizer P is mainly
associated to silicate clay minerals, Fe and Al (hydro)oxides, Ca carbonates, humic substances, or in
the soil biomass shortly after application (e.g., Sattari et al. 2012; Téth et al. 2014; Kruse et al. 2015;
Eriksson et al. 2016b).

Various studies investigated and compared the effects of organic and inorganic P fertilization on the P
status and P availability in soils (Fuentes et al. 2008). A few studies indicated that the kind of fertilizer
application had no effect on P speciation (e.g., Friesen and Blair 1988; Wang et al. 2007; Requejo and
Eichler-Lébermann 2014) whereas others found that the application of organic P (P,) fertilizers (such
as compost or manure), compared to mineral P fertilizers, improved the P utilization in soils (e.g., Hue
et al. 1994; Bah et al. 2006; Pizzeghello et al. 2011; Yan et al. 2013). Although many studies
delivered valuable insights to P fertilizer effects in the topsoils, they totally omitted the subsoil, the
soil below the plough horizon (> 30 cm). Beside the P rich agricultural topsoils, also the subsoils hold
immense P reserves, which account for 25% up to 70% of total P (Pyy) in the soil profile (Godlinski et
al. 2004; Kautz et al. 2012; Barej et al. 2014). Current estimates indicated that the plants acquire 10 to
50% (Kautz et al. 2012), in extreme cases even up to 80% of their Py, supply from the subsoil when
the topsoil P supply is decreased (Kuhlmann and Baumgartel 1991). However, Kautz et al. (2012)
summarized that only rare and divisive information about plant accessible and plant available subsoil
P exist because its distribution and speciation were not yet assessed widely. Disclosing the role of
subsoil as P reservoir for crop requires detailed elucidation of chemical speciation of abundant soil P
components by state-of-the art methods (Liu et al. 2013b; Kruse et al. 2015).

The commonly applied sequential P fractionation approach developed by Hedley et al. (1982) is used
to differentiate labile, moderately labile, and stable organic and inorganic P fractions in soils (e.g.,
Bunhler et al. 2002; Kruse et al. 2010; Alamgir and Marschner 2013; Siebers et al. 2013). Limitations
arise from inconsistencies about carryover or neutralization reactions between the successive P
fractionation steps as well as the nature and quality of the Residual-P, which massively depends on the
previous extraction steps as critically discussed by Condron and Newman (2011). Therefore,
complementary spectroscopic techniques are applied to obtain an overview about the P speciation in
environmental samples. Phosphorus K-edge X-ray absorption near edge structure (XANES)
spectroscopy is an element-specific and non-invasive direct P speciation method for identifying P
species in complex soil matrices (e.g., Ajiboye et al. 2008; Eriksson et al. 2015; Kruse et al. 2015).
Solution *P liquid nuclear magnetic resonance (**P-NMR) spectroscopy, first applied to soil research
by Newman and Tate (1980), enables the identification and speciation of P, classes such as ortho-P
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monoesters and diesters (Turner et al. 2005; Doolette and Smernik 2011; Ahlgren et al. 2013).
However, this method is unsuitable for identification of inorganic P (P;) species associated with soil
particles and requires an extraction step before analysis, which can alter the sample probe (Cade-
Menun and Liu 2013).

Complementary studies with the above mentioned techniques facilitate a substantiated characterization
of P speciation and precise quantification of predominant P species in agriculturally used soils on the
molecular scale (e.g., Kizewski et al. 2011; Liu et al. 2014a; Kruse et al. 2015). Such an approach has
been firstly applied in a study by Liu et al. (2013b), but have not yet been applied for the investigation
of fertilizer effects on the P status in whole soil profiles of long-term fertilizer experiments.

Therefore we would like to answer the following research questions in the present study: What is the
difference between the P stocks and the P speciation of the topsoil (0 to 30 cm) and the underlying
subsoil (30 to 60 cm, and 60 to 90 cm)? Which impact has long-term application of different P
fertilizers on the P stocks and P speciation in the topsoil compared to the subsoil? Is there a P
reserviour in the subsoil, which can be uitilized by the plants? Therfeore, our objectives were to (i)
estimate if different long-term P fertilizer applications altered the soil P stocks within the soil profile,
(ii) to evaluate the P dynamics and differences in P speciation under different P fertilizer treatments,
and (iii) to evaluate whether subsoil P stocks accumulated from long-term fertilizer applications can
contribute to an efficient and sufficient P plant supply. Consequently, the availability of predominant
inorganic and organic P species in top- and subsoils up to 90 cm depths from a long-term fertilizer
experiment were studied and related to the potential use efficiency of plants. We hypothesize that
fertilizer P inputs sustained or increased P distributions in the whole soil profile and with that also the
speciation of soil P affecting P bioavailability.

2 MATERIAL AND METHODS

2.1 Soil sampling and basic soil characteristics

Soil samples were collected from an agricultural long-term experimental site (54° 3’ 41.47’° N; 12° 5’
5.59”” E) at the University of Rostock, Germany, which was established in 1998. The soil is classified
as a non-calcareous soil, predominantly a Stagnic Cambisol according to the World Reference Base
for Soil Resources (IUSS Working Group WRB 2015). A full description of the experimental design
and soil characteristics were published by Requejo and Eichler-Lébermann (2014). For the present
study soil samples were taken at the end of April 2015 from four different fertilization treatments:
control with no P fertilization, compost (in total 378 kg ha™ P within 16 years; mainly green waste
from a composting plant near Rostock), triple superphosphate (TSP) (in total 393 kg ha™ P within 16
years), and a combination of compost and TSP (compost+TSP) (in total 771 kg ha™* P within 16 years).
Fertilization with compost was triennial at a level of 69 kg P ha™, while TSP was applied annually.
The N:P ratio in the compost was between 3 and 5.6 from the start of the experiment in 1998 till the
last triennial fertilizer application in 2016. To avoid soil nutrient imbalances, soil N was monitored by
mineral N measurements and if needed an additional mineral fertilizer application was performed.
Application concentrations were according to the plant need under consideration of the mineral N
concentration in soil in spring (before the vegetation period). However, the differences between
mineral N concentrations in soil between the treatment were low (Table 11-1). Maize was grown at the
various plots before and after soil sampling. For each treatment three replicate plots were sampled. At
each replicate plot, soil samples were taken at three randomly selected spots and three depths, namely
0 to 30 cm (topsoil), 30 to 60 cm (subsoill), and 60 to 90 cm (subsoil2) using an auger with 4 cm
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diameter. Afterwards, samples from the same depth interval of each plot were compiled into a
homogenous composite sample. The bulk densities of the samples were calculated for each depth by
multiplying soil dry weights (g) after drying at 105 °C and the auger volumes (cm?) at certain
sampling depths with a factor of 0.01.

The soil samples were air-dried and ground to pass through a 2 mm sieve. Soil texture was determined
after chemical disaggregation (H,O,, NasP,O;) by wet sieving (2 to 0.063 mm) and automated
sedimentation analyses (Sedimat 4-12, UGT GmbH, Miincheberg, Germany) according to Kéhn (DIN
ISO 11277) (< 63um to 2um silt, < 2um clay). Soil pH (0.01 M CaCl,) was measured according to
Godlinski et al. (2004). Soil C and N analyses were done using dry combustion followed by heat
conductivity detection of the released trace gases (vario MICRO cube, Elementar, Hanau, Germany).
Total elemental concentrations of P from bulk soil (Pyy), iron (Fey), aluminum (Aly), manganese
(Mnyy), magnesium (Mgyq), potassium (Kyy), calcium (Cayy), and sodium (Nay) were determined after
microwave-assisted digestion of 150 mg with 0.7 mL HNO; and 2 mL HCI using an inductively
coupled plasma-optical emission spectroscopy (ICP-OES; Thermo Fisher iCAP™ 7600). Total
elemental stocks were calculated for every sampling depth with the certain bulk density. Ammonium
oxalate extractable phosphorus (Po), aluminum (Aly), iron (Fey), and manganese (Mng,) were
determined by extraction with 0.2 M ammonium oxalate and 0.2 M oxalic acid (pH 3.1) for 2 h in the
dark (Schwertmann 1964) and elemental analysis by ICP-OES. The P sorption capacity (PSC) and the
degree of P saturation (DPS) were calculated according to Eckhardt and Leinweber (1997). The total
concentration of organic P (P, ) Was estimated by subtraction of the total concentration of inorganic P
(Pitor) from Py

2.2 Sequential phosphorus fractionation

A slightly modified sequential fractionation method according to Hedley et al. (1982), Tiessen et al.
(1984) and Tiessen and Moir (2008) was used to extract different P fractions from soil. In short,
0.5 g soil was weighed into 50 mL centrifuge tubes and 30 mL of double distilled water was added.
Samples were shaken at 22 rpm for 18 h followed by centrifugation at 10000 g for 30 min, and
decanted. Subsequent extractions were performed with: (1) resin (2), 0.5 M NaHCOs3, (3) 0.1 M
NaOH, and (4) 1 M H,SO,. The residues after each extraction step were washed with deionized water
to completely remove the extractant before the next fractionation step. The P fractions were interpreted
as suggested by Hedley et al. (1982); resin P (Resin-P) representing the easily exchangeable and soil
solution P, inorganic (NaHCO;-P;) and organic (NaHCO3-P,) bicarbonate P representing labile
(adsorbed) inorganic and organic P as well as microbial P, inorganic (NaOH-P;) and organic P (NaOH-
P,) hydroxide representing moderately labile inorganic and organic P sorbed and/or fixed by
aluminum- and iron (hydr)oxide (accessory minerals) and P in humic and fulvic acids potentially
bioavailable. The H,SO,-P fractions represent insoluble (stable) P associated with Ca and Mg minerals
being in occluded or non-occluded forms (Walker and Syers 1976; Hedley et al. 1982; Tiessen and
Moir 1993; Torrent 1997; Guo et al. 2000; YanHong et al. 2014). The P; concentration in the extracts
was determined colorimetrically using the molybdate blue method as described by (Ohlinger 1996)
using a UV-Spectrometer (Vario EL, Elementar Analysensysteme, Hanau, Germany). Total P in the
extracts was measured using an inductively coupled plasma-optical emission spectroscopy (ICP-OES;
Thermo Fisher iCAP™ 7600) and the concentration of P, was estimated by subtracting P; from Py.
The concentration of not extractable P (Residual-P) was calculated as the difference between the sum
of the P fractions and the P, concentration of the samples.
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2.3 Phosphorus K-edge XANES spectroscopy

To achieve a sufficient signal to noise ratio in spectra of the low P subsoil samples, we relatively
enriched P by isolating the < 20 um size fraction because most P is concentrated in clay to medium silt
(Leinweber et al. 1997). In this way we achieved a Py, -enrichment by a factor of 4 to 5 than in the
bulk soil samples. Spectra were collected at the Soft X-ray Microcharacterization Beamline (SXRMB)
at Canadian Light Source (CLS), Saskatoon, Canada. The air-dried and homogenized samples were
spread as thin film onto a double-sided carbon (C) tape and mounted onto a copper sample holder
before being placed in the vacuum chamber. The spectra were recorded in fluorescence yield mode
(samples) and total electron yield mode (reference standards), respectively, at photon energies between
2130 and 2200 eV (Fig. Al). For each sample at least two scans were recorded. Subsequent data
treatment and evaluation such as spectra averaging, background correction and normalization as well
as linear combination fitting (LCF) were done using the ATHENA software package (Demeter 0.9.20)
(Ravel and Newville 2005).

Linear combination fitting was performed on averaged, normalized spectra in the energy range
between -10 and +31 eV, relative to the E,. Fitting was done for all possible binary to quaternary
combinations of the 12 most probable P reference standards in the sample: CaHPO,, CaHPQO, - 2H,0,
Ca (H,PO,)2 - H,0, Cayg (PO4)s (OH),, AIPO,, FePO, - 4H,0, P adsorbed on gibbsite, P adsorbed on
iron goethite, Mgs(PO,), - 8H,0, Mg,0;P,, MgHPO, - 3H,0), and (C¢H150,4P¢ - Na - yH,0) = phytic
acid sodium salt hydrate). The R-factor values were used as goodness-of-fit criteria and their
significance between fits was evaluated using the Hamilton test (p <0.05) (Calvin 2013) with the
number of independent data points calculated by Athena, estimated as data range divided by core-hole
lifetime broadening. If by adding a further reference compound to a fit the r-factor was not
significantly better according to the Hamilton test, the fit with a lower number of reference compounds
was chosen. If fits with the same number of reference compounds were not significantly different from
each other, fit proportions were averaged.

2.4 Solution **Phosphorus-NMR spectroscopy

The NMR samples were prepared as follows: 5 g of air-dried and sieved (2 mm) soil from composite
samples from the three replicates per treatment were shaken for 16 h at 20 °C with a 1:20 solution of
0.25 M NaOH and 0.05 M EDTA (Cade-Menun and Liu 2013). The extracts were deep-frozen at -18
°C and lyophilized to dryness with a Christ BETA 1-8 LD plus freeze dryer. For *P-NMR analyses
500 mg of the lyophilized samples were re-dissolved in 1.5 mL 1 M NaOH and 0.1 M EDTA solution
and 250 pL deuterated water (D,O) were added for frequency-field lock. The standard compound
methylendioxypropylamphetamine (MDPA) was added as external standard, for controlling the
measurement conditions. After vortexing for 1 min, an additional centrifugation step (14000 g for
10 min) followed to separate fine particles caused by NaOH-EDTA re-dissolving (recommended by
Cade-Menun and Liu (2013). For estimating the extraction efficiency, several pellets of fine particles
were analyzed by microwave assisted digestion as described above (results are not shown).

The NMR spectra were recorded on a Bruker 600 Advance NMR-Spectrometer operating at
242.95 MHz. The spectra were recorded in 5 mm NMR tubes at 20 °C using a 30° pulse with 32 K
data points over an acquisition time of 0.7 s, and a pulse delay of 0.5 s. Chemical shifts were analyzed
using MestreNova 7. The organic P resonances were identified by their chemical shift deviation
related to the dominant ortho-P peak at 5.5 to 5.6 ppm, as recommended by Cade-Menun (2014). To
assign the measured resonances in the orthophosphate monoester region, spiking experiments were
performed (Fig. A2), and among others the resonances of the ubiquitous myo-inositol
hexakisphosphate (myo-IHP6) were confirmed. The signal ratio resulted in a pattern of 1:2:2:1, which
was previously reported by Turner et al. (2012).
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Spiking experiments were also conducted to test for diester hydrolysis. In our NMR spectra diesters
were not present, which is typical for an agricultural soil (Cade-Menun, 2005). However, we were
aware that small quantities of ortho-P diesters could be hydrolyzed to monoesters during extraction
times for NMR analysis. In order to assure that results are not significantly biased by hydrolysis,
literature recommends spiking experiments to identify the common known diester hydrolysis products
such as a- and B-glycerophosphate (Cade-Menun and Liu, 2013; Cade-Menun, 2014). For this reason
we ran spiking experiments (a- and B-glycerophosphate, Sigma Aldrich) with the topsoil sample of the
TSP treatment (Fig. A2), as from this treatment sufficient amounts of lyophilization product were left
which enabled to run multiple NMR measurements. The resonances of a-glycerophosphate were
present in the spectra between 4.4 and 4.3 ppm (Fig. A2), yet the signal was very weak and we had to
assume that the standard was degraded. Nevertheless, the $-glycerophosphate signal was distinct (Fig.
A2) and we obtained proportions for a- and B-glycerophosphate between 0 and 2.8%. However, it still
remains unclear, if these small quantities of diester hydrolysis products formed during processing or
were present in the soil before. Therefore, effects of hydrolyses on proportions of diesters and
monoesters were neglected. By comparing the chemical shifts reported in literature, it was possible to
identify additional resonances of the stereocisomers neo-, scyllo-, and D-chiro-IHP6 (Turner et al.
2005; Turner et al. 2012), in the following summarized as ortho-P monoesters. The Pi/P, ratios were
calculated by the sum of area integrals of the signals in the ortho-P and pyrophosphate region divided
by the sum of area integrals of signals in the ortho-P monoester regions.

2.5 Statistical analyses

Statistical analyses were carried out with Sigmaplot 13.0. For testing significant effects, a two-factor,
two-way analysis of variance (ANOVA) was used combined with a Tukey multiple comparison test
over all treatments and depths. Mean values are listed with () the standard deviation (SD).

3 RESULTS

3.1 Soil characteristics

The bulk density was higher in subsoil2 than in subsoill and the topsoil (Table II-1), but differences
were not significant. The soil pHcac)» Of all treatments and sampling depths was between 5.5 and 6.0.
Only the subsoil2 of the compost+TSP treatment had significantly higher pH values than the same
sampling depth of the control and the TSP treatment (Table 11-1). The C/N ratios averaged between
9.0+0.2, 99+£0.2, and 8.6 +£0.8 in the topsoil, subsoill, and subsoil2 across all treatments,
respectively. Yet only subsoil2 of the control showed a significantly lower C/N ratio than in subsoill.
In general, the C and N stocks in the topsoils of all treatments significantly exceeded those at the other
two depths but subsoill and subsoil2 were mostly not significantly different. Only in the compost
treatment the C and N stocks significantly decreased with depths (Table 11-1).

Among treatments the C and N stocks in the topsoil of the compost+TSP treatment were significantly
larger (C: by a factor of 1.5, N: by a factor of 1.4) than in the control (Table I1-1). In this treatment, the
Fewt, Al, and My, stocks in the topsoil were significantly lower than in the subsoil2. No further
significant differences between the sampling depths of treatments were obvious. The P, stocks varied
greatly between the sampling depths with generally lower Py, stocks in the subsoils (Table I1-1).
Among the treatments only the Py, stock of the compost+TSP treatment in subsoil2 was significantly
higher compared to the same depths of the control (Table I11-1). The highest topsoil Py, stocks were
found in the compost treatment, which exceeded that of the control by a factor of 1.4. Yet the Py stock
of the compost treatment decreased the most in subsoil2. The combined Py, stocks of both subsoils
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(sum of subsoill and 2) of the compost+TSP treatment exceeded the control by a factor of 1.5 and by
1.3 times in the single compost and TSP treatments, respectively. The proportions of the subsoil Py
stocks (sum of subsoill and 2) related to Py stock of the complete soil profile (sum of all sampling
depths) were 51+9% (control), 48+9% (compost), 53+£5% (TSP), and 54+5% (compost+TSP).

Across all treatments the P,y stocks were significantly larger in the topsoils than in subsoil2, whereas
the treatments with TSP had significantly larger topsoil P, stocks than in both subsoil depths (Table
I1-1). In contrast, the Fe, and Aly stocks showed no significant differences among the sampling
depths and treatments. Based on the Fe,, Aly, and Mny we estimated average PSC stocks of
90+3.5 mol ha™* (control), 99+4.2 mol ha™ (compost), 120+18.8 mol ha™ (TSP), and 112+2.0 mol ha™
(compost+TSP) over all depths, yet no significant differences between the sampling depths and the
treatments were found (Table I1-1). The DPS in the topsoil of all treatments were significantly larger
than those of the subsoils.

3.2 Sequentially extracted phosphorus fractions

The average P extractability in comparison to Py, was 61+£3% in the topsoil, 72+3% in subsoill, and
70+7% in subsoil2 (Table 11-2). The stocks of all P fractions across the treatments and depths
increased in the topsoil in the order Resin-P < NaHCO;-P, < NaHCO;-P; < NaOH-P, < H,SO4-P <
NaOH-P;, in the subsoill in the order Resin-P < NaHCO;-P, < NaHCO;-P; < NaOH-P, < NaOH-P; <
H,S0O,-P, and in the subsoil2 in the order Resin-P < NaHCO;-P, < NaOH-P, < NaHCO;-P; < NaOH-P;
< H,SO,-P (Table 11-2).

Generally, P stocks of most of the fractions significantly decreased with increasing sampling depths.
Among the treatments, mainly the P; stocks in the subsoil of the fertilizer treatments were higher than
in the subsoil of the control; nevertheless, significantly smaller NaHCO3-P; stocks in both subsoils of
the compost treatment than in the subsoils of the control were found. The topsoil P, stocks were higher
in the fertilizer treatments than in the control. The differences in the NaOH-P, stocks between the
subsoil2 of the fertilizer treatments were insignificantly lower than between the fertilizer treatments
and the same depths of the control. By summing up the P fractions into labile (sum of Resin-P,
NaHCOs-P;, and NaHCO3-P,), moderately labile (sum of NaOH-P;, NaOH-P,), and stable (sum of
H,SO,4-P and Residual-P) P pools, we determined significantly higher labile P stocks in the topsoil
than in the subsoil2 within all treatments (Fig. 11-1). Across the treatments labile P stocks were only
significantly higher in the topsoil of the compost+TSP treatment than in the control (Fig. I1-1).
Similarly, within all treatments moderately labile P stocks were significantly larger in the topsoil than
in subsoil2. No significant differences of the moderately labile P stocks were found among the
treatments. The stocks of stable P were higher in the topsoils than in the subsoils, except for the
compost+TSP treatment with no differences of the stable P pool with depth. Among the treatments
significantly higher stable P stocks in the topsoil of the compost treatment as well as in the subsoil2 of
the compost+TSP treatment compared to the respective sampling depths of the control were found
(Fig. 11-1). Between the three sampling depths of the treatments no significantly different proportions
of Resin-P were observed (values in brackets; Table 11-2). Among treatments, subsoil2 of the
compost+TSP treatment had significantly lower proportions of Resin-P than the same subsoil of the
TSP treatment. Also the proportions of NaHCO3-P; were not significantly different between sampling
depths. Yet proportions were significantly smaller in subsoil2 of the compost treatment than in the
control and the compost+TSP treatment (Table 11-2). The greatest differences between fertilizer
treatments and the control were found for the proportions of NaHCO3-P, with significantly larger
proportions in the topsoil of the TSP treatment but significantly lower in subsoill of the compost
treatment. Furthermore, subsoil2 of the control and the compost treatment had significantly larger
proportions of NaHCO3-P, than subsoil2 of the compost+TSP treatment. The proportions of NaOH-P;
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were the highest, yet within the soil profiles (topsoil, subsoill, and subsoil2) they were inconsistently
distributed among sampling depths. Among the treatments the highest proportion of NaOH-P; was
measured in subsoil2 of the TSP treatment, which was significantly above the control. Moreover, the
proportion of NaOH-P; was significantly smaller in the topsoil of the compost treatment than in the
control. The proportions of NaOH-P, significantly decreased with depths across all treatments;
proportions of the compost and the compost+TSP treatments approached almost zero in subsoil2
(Table 11-2). Besides significantly reduced proportions in subsoill of the TSP treatment also the
proportions of NaOH-P, in subsoil2 of all three fertilizer treatments were significantly smaller than in
the control. The proportions of H,SO,-P were significantly larger in subsoil2 than in the topsoils
(Table 11-2). The same was true for subsoill of the compost+TSP treatment. The proportions of
Residual-P in the topsoil of the control and the compost treatment significantly exceeded those of the
subsoils. Nevertheless, no significantly different proportions of Residual-P among the treatments were
observed.
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Table 11-1: Basic soil characteristics and elemental stocks of the soil samples of the four studied treatments (control, compost, TSP, and compost+TSP), and
three sampling depths (0 to 30, 30 to 60, and 60 to 90 cm) with + standard deviation (SD).

Sample Unit Control Compost TSP Compost+T SP
0-30 cm 30-60 cm 60-90 cm 0-30 cm 30-60 cm 60-90 cm 0-30 cm 30-60 cm 60-90 cm 0-30 cm 30-60 cm 60-90 cm

Sand 66 78 89 65 64 59 62 60 58 65 66 59
Silt % 23 16 7.7 25 25 26 26 26 27 26 22 25
Clay 11 5.5 3.4 10 11 15 12 14 16 9.3 12 16
bulk density gcm?* 1.0+0.2" 1.2+0.2% 1.3+0.1% 1.1+0.2" 1.3+0.2" 1.3+0.2" 1.2+0.2% 1.3+0.1% 1.4+0.2" 1.2+0.1% 1.3+0.0" 1.4+0.1%
pHcaci2 - 5.8+0.07%2 5.5+0.3°B2 5.7+0.3 5.8+0.1°%2 5.7+0.1°B2 5.9+0.1°82 5.6+0.2°B2 5.6+0.2°52 5.7+0.2" 5.9+0.14B2 5.8+0.2AB2 6.0+0.7%
CIN - 8.840.44% 9.7+0.6™ 7.540.8%" 9.2+0.2" 10.2+0.8" 8.920.7% 8.9+0.2% 9.8+0.8" 9.01.6™ 9.1+0.5" 9.9+1.2" 11.4+4.6™
Cuot 2462+309%%  1305+3817%°  685+322"8° 33544514787  1964+362"%°  929+261°%°  2793+448"B%  1400+184"%°  948+180"%°  3612+1718%  1887+967”%°  1583+979"°
Nyt 279344 136+4818° 92445780 363+49°82 191+2078° 104+2348¢ 31554482 14643248 1064580 397+3852 185+734EP 131+3078°
Few 248593713 37275411862 49300430125 27864+1807"* 4256048401 55527+12585" 290405061 4789619350 58190+11814"* 33053+3381"* 48490+18725°* 67930+35089"°
Al 22327+3978"% 42170415599 54000+37647"* 26555+2590"* 47340+9561"% 60680+15819"° 26778+4595"% 54340422485 60620+13167"* 28804+4810"* 53820+19312"% 73789+40299"°
Mn,o, 815+56" 95043944 812+403" 859+70 956100 109442062 8974220 1043+272%2 1091+131%%  1014+114"%%  1164+209"® 1530+318*°
Cay g hat 4246632""  5388+1509™  6180+3488™ 64871716 6962+1182" 7587+1331" 4818+1280"* 6940+2362"°  7491+1518" 67091793  7553+1080"  8267+3583*
Mot 41354673  6559+2711"%  9138+6327°%  4962+641"°%  7632+1881"°% 10108+2742°% 4852+1230"% 838643659 10046+2588"% 5390+1598"® 915244754 1323248161
P oot 18904474752 1144+134"%° 794+190%°  2704+1004"%* 1474+255"°  1005+200°%° 22394449757  1282+1177%°  1198+338"%°  2556+132°%%  1645+429°F° 1332+179%°
P o 116143457 711+142°% 39443970 1354+334" 10454276  526+136"° 1380+264" 802452 693+271% 1608237/ 9824451 6832524
Feox 5420+1366"°  5217+449"%  5079+4536"* 5811+1108" 6394+562°*  6075+1532°%  6401+944”°  7017+1656"°  8616+477"*  6858+440" 67244734 723442768
Algy 1905574 19604297 19814737%%  2056+361°*  2219+185"*  1991+401"°  2130+238"*  2699+1054"° 30161102  2404+171" 23562717 22824464
Mn,y 542479452 492+196°52 39441594 578499482 56843482 684+195%%*  600+139”%%  570+161°%° 74042115 774111782 7056652 79241755
PSC mol ha®  89+23* 8846 94+41% 95+18" 10497 97423 102413 11827 14022 1138 110+12% 114+32"
DPS % 422" 26+5"° 16474 464" 32477 1742 444" 23474 1645 465" 29+13"° 21+117

TSP = Triple superphosphate
wot = total elemental stocks

Pox, Feox, Alox, Mg, = ammonium-oxalate extractable stocks of P, Fe, Al, and Mn
PSC = Phosphorus sorption capacity

DPS = Degree of phosphorus sorption
Significant differences at 5% probability level between samples are designated by different letters.
Depths between treatments: numbers with the same capital letter are not significantly different to the depth of other treatments. Depths within
a treatment: numbers with the same lower case letter within a treatment are not significantly different.

n=3
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Figure 11-1: Phosphorus (P) stocks of labile (sum of Resin-P, NaHCO;-P;, and NaHCOs-P,), moderately labile (sum of NaOH-P;, NaOH-
P,), and stable P fractions (sum of H,SO,-P and Residual-P) of the three sampling depths (0 to 30 cm, 30 to 60 cm, and 60 to 90 cm) of the
four treatments control, compost, TSP, and compost+TSP are displayed. Statistically differences are illustrated: Numbers with the same
upper case letter are not significantly different to the depth of other treatments. Numbers with the same lower case letter within a
treatment are not significantly different. n=3
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The summed proportions of total inorganic P (P;;) (sum of Resin-P, NaHCO;-P;, NaOH-P;, and -
H,SO,4-P) increased with depths in all four treatments, these proportions were significantly higher in
the subsoils than in the topsoil (Table 11-2). In contrast, the proportion of total organic P (P,) (sum of
proportions of NaHCO;-P, and NaOH-P,) was highest in the topsoil of the TSP and compost+TSP
treatments and in subsoill of the control and the compost treatment. In general, P, proportions in the
topsoils were significantly larger than in subsoil2. In the TSP treatment the proportion of P, decreased
significantly with every depth step. Between the treatments the proportion of P, in subsoill of the
control significantly exceeded those of the TSP and the compost+TSP treatments. Likewise,
proportions of P,; in subsoil2 were reduced; here also subsoil2 of the compost treatment was
significantly lower than the same depth of the control. The stepwise increases in the P;/P,; ratios
followed the order control < TSP < compost < compost+TSP (Table 11-2).

3.3 P-XANES analyses

Visually the obtained spectra had similar shapes in showing the major “white line” peak at around
2152 eV and only slight differences in the post-edge region (Fig. Al), indicating the dominance of
ortho-P in these samples. In general, spectral shape between treatments did not vary considerably but
differences, mostly peak intensities, were obvious between the topsoil and the subsoils. All samples
were characterized by a weak pre-edge feature around 2149 eV, which is characteristic for Fe
associated P. Spectral features known for Ca associated P (shoulder at the higher energy side of the
white line peak at 2161 eV) were not visually pronounced. The LCF of spectra using 13 soil-relevant
spectra of reference compounds indicated that overall the P composition among all treatments and
depths could be described with two to three compounds. P associated to Fe was always the most
dominant (46 to 92%), followed varying proportions of P associated to Al (0 to 40%), P associated to
Ca (0 to 21%), and organic P compounds (0 to 12%) (Fig. 11-2).
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Table 11-2: Phosphorus (P) stocks of the sequential P fraction and total P (Py;) stocks of the four studied treatments (control, compost, TSP, and
compost+TSP) and three sampling depths (0-30, 30-60, and 60-90 cm) with * standard deviation (SD). Values in brackets represent the proportions of the P
stock fractions (as 100%) in relation to Py, and significances are designated to both, the stocks and the proportions of the sequential P fractions.

Treatment Depth P ot extractable P Resin-P NaHCO;-P; NaHCO;-P, NaOH-P; NaOH-P, H,S0,-P Residual-P Pit Pot Pi/P,
cm kg ha™ (%) % -

Control  0-30 1890+474"% 11394308 (60) 2749 (1”58 166+60°8°P* (9789  23+16"® (1°°PF%) 339412352 (18°%%) 285+84% (15"5°P%) 29945572 (16”%)  751+168"5% (40" 443" 16+2°B°2 27
30-60 1144+1347B° 833+171 (72) 1948 (2888 107+31/BCD% (9ABR)  4347ABa (4ABCERD)  54146675% (2145%)  168+41°° (15°°P%) 254250752 (22°%)  311+44°%° (287%) 54+6"° 18+2°°%% 29

60-90 794+190"°  565+94 (72)  12+1°% (27B%)  g246/CPP (11A%)  18+5ABP (QABCDER) 13749740 (174%) 55+8A° (7ABCD) 267+64°% (34%%)  229+97°° (28"%)  63+5"° 9427 g

Compost  0-30 2704+1004"%% 14494234 (57) 4249 (2°B%)  169+5°8CD2 (7782  §1+1752 (2ABCDER) 466410272 (18759 307+66"* (12°%°P%)  404+67°%% (16”") 12554835757 (437%) 434117 14x378¢% 2 9
30-60 14744255"%° 11044197 (75) 26+12"" (2°B%)  85+1°B" (6% 48414782 (3ABCPEFa) 387450787 (26”5Y) 1974674 (13°BCP%) 36147377 (24")  371+98"F" (25%%) 5842 17437BCPa 35

60-90 1005+200"%° 627459 (63) 11+3"" (1°B%) 43115 (459 2842483 (3ABCDEY) 990428482 (227B)  g4gA (0ABPY) 323427752 (33%)  379+14”F" (3779  60+6"" 3x0"™ 20.3

TSP 0-30 2239+449”5% 14344284 (64) 42413 (2°B%) 156+50"5CP% (7AB%) 804125 (4BCPEF) 474480752 (2175%) 322462/ (14"BCP%) 35947072 (167%)  805+169°%2 (36"%) 461" 18+07B°D* 2.6
30-60 1282+117°%® 913+125 (71) 2643"° (2°B%)  88+8ABCPP (748 304]ABd (QABCDERD) 334477482 (2677 11742277 (95CPY) 316441772 (25%%)  370£72°%° (297 6045 12+#15°%" 52

60-90 1198+338"5° 900+195 (78) 2043”7 (2°%)  94+8ACDP (8AB%)  2347ABP (2ABCDER) 33019384 (29B%) 48+47" (17809 418+102°%% (36™°) 444428175 (22°%) 75+24"° 3+178P¢ 185
Compost+ 0-30 25564132752  1505+122 (62) 42+2" (2°B%)  23442175CPa (9AB2) 5G40 B2 (2ABCDERS) 463450482 (18488 35547372 (1478CPY) 445457482 (1779 9614+55"52(38%%) 461" 16+£3°8°D* 29
TSP 30-60 1645+429°%° 11164277 (68) 22+8"" (1°B%) 153+647BP® (9ABY)  34494ABD (DABDEFR)  343497AB® (97AB2)  170470”0 (107BCP%)  391+4178% (24”%) 529+163°B® (3279 5+3"° 12+3BCD2 44
60-90 1335+215%°  865+109 (65) 126" (1%%)  130429°°" (10%%)  11+1175° (17BCDF8) 27343440 (214B%)  36126"° (07®P*)  433+110%% (32°°) 470+124%% (35"%) 64+6"° 14275 184

TSP = Triple superphosphate

Pi. = total extractable inorganic phosphorus

P, = total extractable organic phosphorus
Significant differences at 5% probability level between samples are designated by different letters.

Depths between treatments: numbers with the same capital letter are not significantly different to the depth of other treatments.
Depths within a treatment: numbers with the same lower case letter within a treatment are not significantly different.

n=3
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Figure 11-2: Phosphorus (P) speciation (% proportion of total P (P)) as obtained by linear combination fitting (LCF) on averaged (n=3)
P K-edge XANES spectra of four different treatments (control, compost, TSP, and compost+TSP). All possible combinations with up to
four standard components (total 12 standard components) were calculated. Best fit was chosen according to the lowest r-factor and fits
were tested for significant differences using the Hamilton test (p <0.05). Proportions of fits not significantly different from each other
were averaged.
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The visible spectral differences between topsoil and subsoil were also reflected in the LCF results. In
all topsoils of the fertilizer treatments Fe associated P was still the dominant P compound
(46% to 56%), followed by Al associated P in the form of AIPO, - 2H,0 (31% to 42%) and varying
proportions of apatite (8% to 15%). A treatment effect in the topsoils was not indicated by LCF, if
taking an error of approximately 10% into account. In general, the proportions of P associated to Fe
were higher in all treatments in the subsoils (92 to 65%) than in the topsoil, with indications of a trend
towards lower proportion in subsoil2 (Fig. 11-2). Proportions of P, compounds were assigned only in
both subsoils of the compost+TSP treatment and the subsoils of the compost treatment. In the latter the
proportion of P, compounds is uncertain as another not significantly better fit did not indicate P,.
Proportions of P associated with Al were always lower in the subsoils than in the topsoil. In the
subsoil, P adsorbed predominately to Al. This might indicate that a higher proportion of P is stronger
bound to Al. Only subsoil2 of the control treatment showed contributions of AIPO, - 2H,0, whereas
both subsoils of the compost+TSP treatment showed no Al-associated P. Subsoill of the
compost+TSP treatment showed clear contributions of apatite (21%), whereas the obtained small
proportions of apatite from insignificantly different fits in subsoill of the control (2%) and subsoil2 of
the compost treatment (4%) are insecure.

3.4 Solution *'P-NMR spectroscopy

Results from *P-NMR showed that the resonance intensities and chemical shifts of the designated
P species were not visibly different from each other (Fig. A2). The P recovery of the NaOH-EDTA
extraction step before lyophilization on Py stocks ranged between 51% and 77%. All spectra were
dominated by the orthophosphate peak at 5.5 to 5.6 ppm (Fig. A2). Several resonances in the
orthophosphate monoester region between 6.1 and 3.3 ppm and distinctive resonances in the region of
pyrophosphates (-4.6 to -4.7 ppm) were detected but no resonances in the diesters region
(2.0 to 0.0 ppm) appeared (Fig. A2). Corresponding to the observed negative depth gradient of Py, in
the soil profile, also the summed total peak areas of the NMR spectra and so the calculated stocks of
the identified P, compounds of all treatments successively decreased from the topsoil to the second
subsoil sampling depth (Fig. 11-3). The proportions of orthophosphate on NaOH-EDTA extractable P
increased with depths across all treatments; here the topsoils of TSP and compost+TSP had the highest
proportions of orthophosphate. Vice versa, proportions of the sum of orthophosphate monoesters
decreased with sampling depth in all treatments, following the order compost > control > TSP >
compost+TSP. Among the treatments, proportions of orthophosphate monoesters in the topsoils were
relatively equal; here the compost treatment showed the highest proportions followed by the control
(Fig. 11-3). The biggest differences appeared in subsoil2; the orthophosphate monoester stocks of the
compost+TSP treatment were higher than in the other treatments. This finding was supported by the
small P;/P, ratio of 7 in subsoil2 of this treatment and wider P;/P, ratios in the TSP (ratio: 13), compost
(ratio: 11), and the control (ratio: 13) treatments (Fig. 11-3).
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Within the orthophosphate monoester region neo-IHP6, chiro-IHP6, scyllo-IHP6 and myo-IHP6 were
identified (Fig. A2). The latter was always most dominant with higher proportions on NaOH-EDTA
extractable P in the topsoils than in the subsoils of all treatments (data not shown). The proportions of
myo-IHP6 on the total orthophosphate monoester signal (summed as 100%) increased substantially
with depths across all treatments (data not shown).

4 DISCUSSION

4.1 Influence of fertilizers on phosphorus stocks and proportions

The significantly increased Py stocks in subsoil2 of the compost+TSP treatment compared to the
unfertilized control (Table 11-1) indicate P accumulation of P from fertilizer above plant P uptake after
16 years. Requejo and Eichler-Lébermann (2014) showed for the same experiment that after 14 years
the differences between Py, removal (P removed in the harvested biomass) and P input was marginal
among all treatments (including the control). Thus, the observed difference in the P balance between
the treatments (ranging between -345 to +258 kg ha™, see Requejo and Eichler-Lébermann (2014))
was mainly due to differences in the amount of P application, especially for the compost+TSP
treatment. The higher Py, stocks in the subsoil of the compost+TSP treatment (about 54% above the
control) suggest a downward movement of the surplus fertilizer P within the soil profile. This was also
observed when P applications by far exceed plant uptake, and if the P sorption/storage capacity of the
topsoils was exhausted (e.g., Godlinski et al. 2004; Kautz et al. 2012). This so called P leaching into
deeper soil layers can be facilitated by preferential flow pathways, along biopores or in water flow
areas that are depleted by P sorption sites, such as Fe and Al (hydro)oxides (Sinaj et al. 2002).

The comparison of the Py, stocks of soil profiles (control 3828 kg ha™; compost 5184 kg ha™; TSP
4720 kg ha'*; and compost+TSP 5532 kg ha*; Table 11-1) with the annually P inputs indicates that the
latter account for only < 2% of soil Py stocks. Thus, the impact of fertilizer P on the soil P stocks
seemed to be low after 16 years, and only the excessive compost+TSP treatment seemed to effectively
affect the soil P pool. By contrast, a negative P balance (-345 kg ha™) was reported for the control
treatment (Requejo and Eichler-Lobermann 2014). This implies that the P fertilization in the single
TSP and the compost treatments may have maintained the original profile P stocks at start of the
experiment and the compost+TSP treatment increased the Py, stock due to higher application levels,
whereas plant P removal in the control reduced the P stocks, which was also reported by Oehl et al.
(2002). The plant uptake in the control treatment might be facilitated through P mobilizing from
moderately labile and stable P pools, as also assumed by Gransee and Merbach (2000), who measured
negative yield responses in their unfertilized control treatment first after 25 years. Also Liu et al.
(2014a), stated the release of P from soil Al-P and Ca-P sources. This might explain the low NaHCO;-
P, stocks — especially in the topsoil — found in the control treatment. This suggests a more progressive
P, mineralization of incremental more stable P, pools to compensate P; removals by plants, which is
more or less compensated via fertilization in the other treatments. Hence, in cultivated soils the
mineralization of P, depends on the amount of P; in the soil. Therefore, P, mineralization does not
seem to be a main pathway for the supply of easily plant available P; in soils with high available P;
concentrations, whereas when the available P; concentrations are low (e.g., in an unfertilized soil)
NaHCOs-P, mineralization contributes to efficient plant P availability by refilling soil solution (Guo et
al. 2000).

The generally higher labile P stocks in the topsoils of the fertilizer treatments (Fig. 11-1) can be
explained by the addition of easily available P forms to the soil via the fertilizers. This P; is rapidly
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turned over or can be fixed by interacting with soil sorption sites. However, Dorahy et al. (2007)
reported that this P still remains adequately accessibly by the plants. Other authors showed that
fertilizer P; was insufficiently available in the year of application especially in soils known for high
sorption capacities (McLaughlin et al. 2011; McLaren et al. 2016). Therefore, the residual value of
applied fertilizer P still improves P availability and P supply rates for plants within the following
seasons (Morel et al. 1989). Another aspect which explains the higher labile P, especially in the
compost+ TSP treatment, is the application of mineral P fertilizers in combination with organic
amendments. The combined application of these fertilizers can lead to a competition for sorption sites
between fertilizer P;, organic anions and low-molecular acids released during decomposition processes
of the organic amendments (Hue 1991; lyamuremye et al. 1996; Reddy et al. 2005). Blocking of
sorption sites by these organic anions and acids can result in an increase of free P in soil solution
(Reddy et al. 2005), which in the following also affects the PSC (Table 11-1). However, as stated in a
review by Guppy et al. (2005), it is most likely that this is rather a result of higher P releases by
decomposition of organic matter rather than from competition for sorption sites by the organic matter.
Guppy et al. (2005) further suggested a potential increase of DPS through metal-chelate linkages
mediated by humic- and fulvic acids, which by implication reduced soil sorption sites in the soil.
Indeed, the DPS of subsoill were higher after the introduction of organic amendments (compost
treatments) (Table I1-1), indicating a lower capacity of P retention in the soil due to organic
fertilization. This positively influenced soil P availability by increasing the soil P solution
concentration, and thus improving potentially plant P availability (Nziguheba et al. 1998; Xavier et al.
2009).

It can be concluded that the significant increase of labile P stocks in the compost+TSP treatment over
all soil depths compared to the control (Fig. 11-1) is likely, apart from the higher P quantities, an effect
of high solubility of TSP (Siebers et al. 2013) and a generally enhanced P solubility due to organic
matter (Negassa et al. 2008). Therefore, the high labile P stocks have facilitated P leaching in the
compost+TSP treatment (as stated above). In order to avoid the risk of P leaching a further
accumulation of subsoil P due to excessive P fertilizer application must be avoided. However, future
management and fertilization strategies should be adjusted to enable a more efficient utilization of the
already existing but often unused subsoil P reserves.

Different to mineral P fertilizers, compost directly introduces moderately labile and stable P species
(Audette et al. 2016). This was also visible in our results as significantly higher stable P stocks in the
topsoil of the compost treatment were observed compared to the other treatments (Table 11-2 and
Fig. 11-1). However, Reddy et al. (2005) stated that in treatments fertilized with organic amendments
or in combination with mineral fertilizers both the labile (Resin- and NaHCO3-P; +P,) and moderately
labile P pool (NaOH-P, and NaOH-P;) build up, whereas after application of mineral P fertilizer short-
term transformations of the applied P; towards moderately labile and stable P compounds (only NaOH-
P;) occurred. This was partially also confirmed by our results, where topsoil NaHCO;-P, was
significantly increased (Table 11-2) and the moderately labile and stable P pools were most pronounced
in the subsoils in all fertilizer treatments (Fig. 11-1). In a long-term view, this can contribute to the
refilling of labile P reaction by a continuous release of P; (Hedley et al. 1982; Tiessen et al. 1984).

The general distribution of the proportions of the five P fractions (Table 11-2) agreed with the
proportions found in other studies (e.g., Negassa and Leinweber 2009; Siebers et al. 2013). The low
influence of fertilizer application on the P proportions likely resulted from the small amount of applied
P in relation to the large Py, stocks already in soil profiles. This is supported by the fact that the
proportions of the labile, moderately labile and stable P pools did not significantly vary with depths
and/or due to fertilizer application compared to the control. A P fertilizer effect was mainly visible in
decreasing P, proportions with depths as a result of a decreasing migration ability of complex P,
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species with soil depths (Hedley et al. 1982). Inconsistency between P, stocks and proportions is
explained by the presence of high proportions of P, in the residual-P pool, that resists extraction and
its P compostion still remains vague (Sattari et al. 2012; Velasquez et al. 2016).

4.2 Influence of fertilizer on phosphorus speciation

Most differences in XANES spectra appeared between sampling depths instead of treatments which
indicate a stronger influence of P speciation during pedogenesis and soil profile formation on the soil
P composition rather than from fertilizer applications (Fig. 11-2). Phosphorus associated with Fe and
Al (hydr)oxides was identified as the dominant P form followed by Ca-P compounds. This agrees with
results from sequential fractionation also showing highest P proportions in the NaOH-P; and H,SO,4-P
fractions (representing P associated to amorphous Fe and Al (hydr)oxides and Ca minerals). The
dominance of P associated to Fe (hydr)oxides in all samples and especially in both subsoil samples is
explained by the high content of secondary Fe and/or Al minerals in the weathered glacial till. This
also corresponded well to the high proportion of Py, in all treatments, accounting for 50% to 71% of
Pt (Table 11-1).

The fact that Fe-associated P species increased with depth and were always the highest in subsoill can
be explained by secondary enrichment and formation of Fe (hydr)oxides at this depth, which is the
diagnostic property for the weathered brown B horizon of a Cambisol between 30 and 60 cm soil
depths or even deeper. A similar trend of Fe-P accumulation in fertilized and unfertilized treatments
were reported by Liu et al. (2013b) and Liu et al. (2014a). However, they also reported declining
amounts of P associated to Al (hydr)oxides in the control, which we could not observe in our study.
Among treatments, P species associated to Al (hydr)oxides showed large proportions especially in the
topsoils (Fig. 11-2), which might be related to the low pH of soils being around 5.5 to 6, which also
favors the association of P to soil (hydr)oxides and accelerates the dissolution of Ca-associated P
(Hinsinger 2001).

The fact that only rather small amounts of Ca-P were detected in contrast to relative large proportions
of H,SO,4-P (16% to 36%) (Table 11-2 and Fig. 11-2) can be explained by the use of particles < 20 um
for XANES analyses. It is generally known that the weathered primary Ca minerals (mainly of the
apatite type) which are usually enriched in the silt to fine sand fraction (Saunders 1959) are lost when
isolating the small particle size fractions (Tiessen et al. 1983; Schoenau et al. 1989; Eriksson et al.
2015). This also agreed with Eriksson et al. (2015) who found a depletion in apatite-P in the clay
fraction in favor to P associated with poorly crystalline Fe and Al (hydr)oxides along a soil profile.
Proportions of P, — represented by phytic acid — were detected only in the subsoils of both treatments
that received compost. This disagreed to low proportions of NaOH-P, and the highest Pi/P, ratio in the
sequential fractionation (Table 11-2), but can be plausibly explained by known low sensitivity of
XANES to identify and quantify P, species (Kruse et al. 2015). For this reason, it is likely that
P, proportions were underestimated by XANES and portions of other P forms with similar spectral
features might be overestimated. Especially the high proportions of assigned AIPO, - 2H,O may partly
also represent P, compounds, as spectral features of AIPO, - 2H,0 are not distinctively different from
the used P, reference compound phytic acid. XANES spectroscopy cannot clearly differentiate
whether P; or P, is sorbed on Al and Fe (Kruse et al. 2015) and the evidence of high specific sorption
affinities of P, species on soil Al (hydr)oxides (Liu et al. 2013a) may support the underestimating of
P, by XANES. The same may be true for the assigned proportion of P sorbed on Fe (hydr)oxides (here
the reference standard P; sorbed on goethite was used). Therefore, it is likely that particularly the
topsoil proportions of P sorbed to Fe also include P, sorbed to Fe, especially in the particle fractions <
20 um, which are known to be enriched in organic matter and thus P,. This would correspond to the
observed Pi/P, ratios that were always the smallest in the topsoils.
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The complementary liquid **P-NMR spectroscopy showed that orthophosphate was the most abundant
P species in the NaOH-EDTA extracts, which increased with depth in all treatments (Fig. 11-3). Such
findings were also reported by McKercher and Anderson (1968) for Chernozems. The fact that
application of organic fertilizer did not lead to an enrichment of NMR P, stocks agrees to Ahlgren et
al. (2013), who did not find any accumulation of P, under long-term fertilizer application with both
mineral and/or organic fertilizers in a wide range of soil types. This affirmed that the applied P, in
both compost treatments undergoes a rapid and nearly complete turnover (Annaheim et al. 2015) and,
thus, contributes to plant nutrition by the steady release of more plant available P; (as already stated
above). In the present study the majority of P, was identified as IHP6 monoesters including all of its
known stereoisomers, with myo-IHP6 being always the most dominant form (Turner et al. 2012; Liu et
al. 2013b). It is well known, that myo-IHP6 has a great affinity to react with the surface of soil
particles (Celi and Barberis 2005; Jgrgensen et al. 2015), such as amorphous Fe (Celi et al. 2003) or
amorphous Al soil compounds (Yan et al. 2014). Especially, the affinity of myo-IHP6 towards
goethite is higher than that of inorganic orthophosphate (Yan et al. 2015), which underlines the strong
ambition of this orthophosphate monoester to form less plant available P, complexes (Celi et al. 1999).
The fact that NMR detected significant proportions of non-complex, NAOH-EDTA extractable
orthophosphate monoesters (up to 28% in the compost treatment), especially in the topsoils, supports
the suggestion that XANES may have overestimated proportions of P; sorbed to Fe at the expense
of P,

The absence of orthophosphate diesters (such as phospholipids) in the NMR spectra, which was
previously reported in small quantities for agricultural soils (Cade-Menun 2005), can be explained by
their fast hydrolytic degradation towards orthophosphate monoesters during the extraction and
measurement preparation (Turner et al. 2003a). Therefore, the long extraction step of 16 h applied in
this study may have facilitated this degradation (Cade-Menun and Liu 2013). However, the presence
of small quantities of diesters, e.g., phosphatidyl choline, before extraction is rather likely, as
distinctive main degradation products such as a- and B-glycerophosphates (Doolette and Smernik
2011; Cade-Menun 2014) were detected in the spectra mainly in the topsoil and subsoill (Fig. A2),
where they accounted for up to 3% of NaOH-EDTA extractable P (data not shown). The fact that
proportions of orthophosphate diester breakdown products only occurred in the upper soil layers seems
reasonable because of predominating aerobic conditions, facilitating fast microbial turnover, and thus
support the above discussed degradation of the organic P fertilizer sources. This can be explained by
the higher amount of microbial biomass (soil bacteria and fungi) at these soil depths than in subsoil2,
whose degradation products are the important sources of orthophosphate monoesters and diesters in
soils (Bunemann et al. 2008). However, proportions of diesters in agricultural soils are often relatively
small < 9%; (Condron et al. 1990)), also when shorter extraction times were used.

5 IMPLICATIONS

This study combined wet-chemical and spectroscopic analyses and evaluated the effects of different P
fertilizers on soil P status and P speciation of whole soil profiles of a European agriculturally used
Stagnic Cambisol. Our results suggested that the largest differences on P stocks and P speciation were
found between the three soil sampling depths rather between fertilization treatments. Sequential
fractionation showed that irrespective of the fertilizer P source the moderately labile NaOH-P fraction
was predominant in the soil profiles. This was in line with results obtained by XANES spectroscopy,
which identified P associated to Fe and Al (hydr)oxides followed by Ca-P compounds as the main
dominant binding forms. The **P-NMR analyses revealed no differences between the P, pools among
the treatments, with always IHP6 monoesters as the predominant P, form.
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Therefore, we assume that 16 years of continuous fertilizer application and cropping were too short to
lead to pronounced management-induced differences in P stocks, P speciation, and P dynamics in the
soil profiles. However, in the fertilized topsoils there were significant, but minor fertilization effects
on labile P pools, when compared to the unfertilized control. These marginal effects on P pools and
speciation, as well as the constant and comparable removals of P via crops within all treatments
irrespective of P application, suggest that redistribution and turnover even within the soil-inherent P
pools is sufficiently dynamic to supply enough P to the bioavailable P pool to meet plants’ P
requirements even in the unfertilized control treatment. However, the combined application of mineral
and organic fertilizers exceeded the levels of plants’ P uptake and thus over the longer term will lead
to a further accumulation of P in the profile. This, together with exhausting P sorption capacities in the
topsoils may lead to progressive leaching of P into the subsoil, which will further increase the subsoil
P stock but will also increases risk for groundwater contamination. Therefore, excessive P application
exceeding plant needs must be prevented in order to stop future P leaching in to the subsoil ground
water. However, already existing P stock in the subsoil built up from past excessive P fertilizer
application might act as a valuable P nutrient reservoir, implying that such subsoil P stocks are also
accessible by plant roots. Since the subsoil P reservoirs are currently ignored in soil P tests for
fertilizer recommendations, ongoing studies should focus on management strategies to increase the
plant accessibility of these unused P stocks in subsoils.
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1 INTRODUCTION

To optimize crop growth, P fertilizers are frequently applied to topsoils, disregarding the supply
potential of subsoils, the soil below the plough horizon (> 30 cm), for sustaining P for crop nutrition
(Gransee and Merbach 2000; Kautz et al. 2012; Barej et al. 2014). Little is known about subsoil P
utilization, but it is generally determined by interdependences of soil and plant factors. For instance,
the spatial accessibility of subsoil P depends on beneficial soil conditions, such as soil moisture, soil
structure, and topsoil nutrient concentrations (Kuhlmann and Baumgartel 1991; McBeath et al. 2012;
Bauke et al. 2018). Promoted root growth at the early stage of plant growth accesses a greater soil
volume and is beneficial for multiple resource acquisition (R6mer and Schilling 1986; Ho et al. 2005;
Bauke et al. 2017a) also from the subsoil. Hence, subsoil P stocks can only be efficiently utilized by
plants if the physical conditions of both the topsoil and the subsoil are adequate, allowing the plant to
exploit soil fertility throughout the soil profile.

Beside beneficial physical soil conditions, the soil chemistry controls bioavailability of soil P forms
(Hedley et al. 1982; Beauchemin et al. 2003; Eriksson et al. 2016b). Subsoil P forms can be seen as a
potential P repository but are often present in moderately labile and stable P forms and thus cannot be
directly taken up by the plants (Kautz et al. 2012; Weihrauch and Opp 2018). In highly weathered,
clay rich soils, e.g., Ferralsols and Ultisols, the majority of P is associated with or precipitated by
secondary soil minerals, e.g., Fe and Al (hydr)oxides, accompanied by low available soil solution
P concentrations (Dubus and Becquer 2001; Bertrand et al. 2003; Igwe et al. 2010). Similarly,
secondary minerals (oxides and hydroxides) play also in many European agricultural soils an
important role as predominant soil P sorption sites (Eriksson et al. 2016a; Gérard 2016). However,
mediated by biotic and abiotic dissolution processes, also these non-soluble subsoil P forms are
suspected to effectively contribute to the plant available soil P pool (Kuhlmann and Baumgartel 1991;
Gransee and Merbach 2000; Kautz et al. 2012). Although the importance of P-oxide reactions in
controlling soil P mobility and plant availability in the soil solution is well known (Hinsinger 2001),
specific knowledge on subsoils (hydr)oxide-P contributions to plant nutrition are still lacking.

General information on speciation as well as sorption desorption dynamics between dominant soil P
pools may be obtained from wet chemical extractions and spectroscopic approaches (Kruse et al.
2015). However, only when applying direct isotope tracing (**P/**P) a reliable quantification of P
uptake by crops from specific soil P pools is feasible (Fardeau et al. 1995; Di et al. 1997; Frossard et
al. 2011), since plants do not discriminate between *'P and its radioisotopes (Bihler et al. 2003;
Randriamanantsoa et al. 2013). Thus, an approach using **P associated to Fe and Al hydroxides,
homogenously located in soil, may allow quantifying the role of P forms of variable solubility for
plant nutrition.

The complex issue between soil physical conditions and soil P availability has not received much
attention in the past. An approach using *P associated to Fe and Al hydroxides in different soil orders
may allow for the first time to gain insights into the linkage between the role of moderately labile soil
P forms and soil physical conditions for plant nutrition. Therefore, the objectives of this study were (i)
to analyze the effect of soil order on P use efficiency in the early stage of plant growth and (ii) to
determine the plants P utilization potential of subsoil P sources having different availabilities. For this
purpose, we performed a rhizobox experiment with subsoils of a Ferralsol and a Luvisol from which
we expected different plant P uptake evolving from different physicochemical soil conditions. Soil
bands were blended with *P spiked P forms of different availability (i.e., **P associated to synthetic Fe
and Al hydroxides and easily available **P spiked KH,PO, solution) to assess the short-term uptake of
P by wheat. Initial water contents were adjusted to 75% water holding capacity to provide optimum
water supply at the beginning of the experiment; subsequent irrigation was not performed. The study
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was supported by digital autoradiography imaging in order to visualize the distribution of *P
radiotracer in the soil band and plant shoots.

2 MATERIAL AND METHODS

2.1 Soil characteristics

Subsoils (taken from 50 to 60 cm soil depths) of an Australian Orthic Ferralsol (> 60 % clay;
classification according to World Reference Base for Soil Resources, 1USS Working Group WRB
(2015)) and a German Haplic Luvisol (classification according to World Reference Base for Soil
Resources, IUSS Working Group WRB (2015)) were chosen for this study, since both exhibited low
soil solution P concentrations, along with high degrees of P sorption capacity, but different soil
textures and thus physicochemical conditions (Table I111-1). The Luvisol was obtained from an
unfertilized control plot (no P applied since 1931) at the former experimental research station
Dikopshof of the University of Bonn (50°48°17” N, 6°57°17” E), described in Mertens et al. (2008).
The Ferralsol subsoil was sampled from a conventional used arable land close to Kingaory
(26°35” S 151°49’ E), Queensland, Australia.

The soils were air-dried, sieved to 2 mm, and analyzed for particle-size distribution (DIN 1SO 11277),
pH (0.01 mol L™*CaCl,) at a soil:solution ratio of 1:2.5, total elemental concentrations of
calcium (Ca;), magnesium (Mgy), potassium (Ky), iron (Fe;) aluminum (Al), manganese (Mn,), and
P (P, after aqua regia digestion (Crosland et al. 1995), and subsequent analyzes using inductively-
coupled plasma optical emission spectroscopy (ICP-OES; Thermo Fisher iCAP™ 7600). The loam
soil reference ERMCC141 (Merck, Taufkirchen, Germany) was provided for analyzes and result
validation. The concentrations of soil P available to plants were determined by double lactate
extraction (DL-P) according to Riehm (1948). Olsen-P using 0.5 M NaHCO; extraction solution
(Olsen 1954) was performed to assess the amount of soil P that is potentially plant available. Although
Olsen-P is not recommended for acidic soils, Speirs et al. (2013) showed that Olsen-P produced
appropriate results in Ferralsols. Similar observations were reported by Horta and Torrent (2007)
claiming that Olsen-P was appropriate for estimating P release from acidic soils. Ammonium oxalate
extractable Fe (Feyy), Al (Aloy), Mn (Mn,y), and P (Po,) were determined after extraction with 0.2 mol
L ammonium oxalate and 0.2 mol L™ oxalic acid (pH 3.1) for 2 h in the dark (Schwertmann 1964;
McKeague and Day 1966) and subsequent analyzes with ICP-OES. Citrate-bicarbonate-dithionite
extractable Fe (Fep), Al (Alp), and Mn (Mnp) were determined according to methods by Holmgren
(1967) and Blakemore et al. (1977). The P sorption index of both soils was calculated using the P
buffer index (PBI) according to Burkitt et al. (2002).

2.2 Experimental

In total 16 growth boxes were prepared from square petri dishes (24.3 x 24.3 x 2 cm; Laboglob,
Gottmadingen, Germany), which were painted black on the outside. Every box was split into two
chambers and every chamber was horizontally divided into bulk soil (0 to 15 cm and 20 to 24 cm; 77%
of total soil volume) and a banded soil layer (15 to 20 cm; 23% of total soil volume) containing the **P
radioactive-labeled treatments (Fig. 111-1). The bulk soil space of the box was packed first (at day 0 of
plant growth) whilst keeping the space for the soil band with a space holder. Afterwards (at day 2 of
plant growth), this remaining space was filled with the same subsoil with different *P treatments
blended before in a drum hop mixer for 24 h.

35



111 %P UPTAKE FROM OXIDIC SUBSOIL PHOSPHORUS FORMS

Figure I11-1: Digital autoradiography image (left) and photo (right) of a representative example of 14 days
old wheat plants of a *P labeled KH,PO, treatment in the left chamber (1) and a **P labeled Fe-P
hydroxide treatment in the right chamber (2) grown in Ferralsol subsoil. The high contrasted regions in
the left picture represented the **P radiotracer distributions in the soil band and the plant tissues. High
contrasts are devoted to regions of higher *P activities. The imaging plates were exposed for 16 h to the
rhizoboxes, and then scanned in 100 pm sensitive mode (Bioimager CR35 Bio, ELYSIA-Raytest,
Straubenhardt, Germany) and processed with the software AIDA Image Analyzer 2D densitometry
program (ELYSIA-Raytest, Straubenhardt, Germany).

In both soils, the soil water content was individually set to 75% of the maximum water-holding
capacity (WHC) (determined according to Forster 1995) to establish soil moisture at field capacity,
yielding optimal water conditions for both soils at the beginning of plant growth. Thereafter, the soil
was pre-incubated for 24 h in darkness. Afterwards the growth boxes were filled with the pre-wetted
subsoils packed to a bulk density of 1.4 g cm™. This packing now resulted in only small differences in
matrix potentials using dielectric water potential sensors (MPS2; Meter Environment, Minchen,
Germany), yielding -12+ 1 kPa (below pF 2.2) for both soils (Fig. 111-2). Thus, starting water
availability in both soils was within the borders of field capacities (boarder of field capacity was
estimated to be around -33 kPa (pF 2.5) (Blume et al. 2011; Kirkham 2014). To monitor soil physical
conditions during plant growth, we continuously determined the volumetric soil water content with
moisture sensors and the soil matrix potential with the dielectric porous matrix potential sensors in
both soils (Fig. I11-2). Both sensors were carefully pressed into the soil of the control treatments (**P-
NoP, see below) during the filling process of the rhizoboxes (day 0) in order to ensure the maximal
sensor-soil contact for reliable measurements. The sensors were placed before the beginning of the
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radioactive soil band (from 20 to 25 cm depth) in a depth of 15 to 20 cm to avoid contamination of the
equipment.

The accuracy of measured and calculated water moisture levels was checked at the first onset of the
experiment and proofed functioning of soil moisture sensors (data not shown). For the Luvisol the data
of only one matrix potential sensor was used as the soil-connectivity of the second sensor was not
appropriate leading to erroneous results (Fig. B2). Overall, it is noteworthy that the sensor producer
Decagon Devices Inc. (2016) claimed accuracy of MPS2 sensors being + 25% over the range of -9 to
100 kPa. Therefore, the matrix potential starting values of both soils were assumed to be identical. In
addition, other scientists reported high temperature sensitivities of the sensor type MPS2 with artificial
matrix potentials at increasing temperature (Richter et al. 2012; Hartner 2013). This effect was also
visible in our data (diurnal shifts, Fig. B2); therefore, only data points of night measurements
exhibiting more constant temperatures were utilized in Fig. I11-2. Due to the adjustment of the soil
moisture content to soil water holding capacity and thus water availability, i.e., to a certain
potentiometric marker, soil water corresponded to slightly different gravimetric soil water contents (25
wt.% Ferralsol, 18 wt.% Luvisol), due to the different fine porosity of these soils at given packing
density.

2.3 Plant growth

Wheat seeds (Triticum aestivum L. cv. Cornetto, KWS Saat SE, Einbeck, Germany) were germinated
on filter paper and selected seedlings having the same development stage were carefully placed in the
rhizoboxes, with one seedling per chamber (two per rhizobox; Fig. 111-1), right after filling the boxes
with the bulk soil (at day 0 of plant growth). The wheat plants were grown in a climate chamber with
16 h day-length at a light intensity of 320 pmol m?s™. Day-time conditions were 20 + 5 °C and 60%
relative air humidity, while night temperature decreased to approximately 14 + 2 °C and relative air
humidity to 50%.

2.4 Radiotracer treatment and application

We applied four different treatments in the soil bands, which were all radioactive-labelled with
1.9 MBq *P-phosphoric acid (approximately 1.8 x 10 mmol P). The amount of *P introduced into
the system was negligibly small compared to the soil P concentration. In the soil bands, we applied *P
spiked KH,PO, either associated to Fe hydroxide (**P-Fe) or to Al hydroxide (**P-Al), as well as with
a carrier free KH,PO, solution (**P-OrthoP) or in **P trace amounts without any additional P
(**P-NoP). The maximal P surface coverage of the hydroxides theoretically amounted for the Fe
hydroxide: 0.75 mmol g oxide ™ and the Al hydroxide: 0.9 mmol g oxide ™ (Gypser et al. 2018). From
this information, the P amount (as KH,PO,) for the P loading on the amorphous hydroxides were
adjusted to cover about 80% of adsorptive mineral surface of the hydroxides in order to minimize
significant physicochemical desorption of weakly adsorbed P at the beginning of the experiment.
According to that, the Fe hydroxide were supplied with 0.64 mmol P g hydroxide * and the Al
hydroxide treatments with 0.77 mmol P g hydroxide ™ (oxide preparation described in Gypser et al.
(2018). The P associated to the amorphous hydroxides was assigned to build surface and structural OH
non-hydrogen P bindings (Gypser et al. 2018); however, the character of P adsorption depends, beside
the P concentration, on the hydroxide characteristics (Gypser et al. 2018), which were not further
analyzed here.
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Figure  111-2:  Soil  water
properties (matrix potential
[kPa], pF value [as LOG (-hPa)]
and soil moisture [Vol. 9%])
during 14 days of plant growth
in Ferralsol and Luvisol under
controlled  conditions. Soil
moisture was set to
approximately 75% of maximal
water holding capacity at the
onset of the experiment (day 0),
which equated water potentials
in the range of field capacity
(121 KkPa in both soils; the
frame represents the limit of
field capacity at -33 kPa). The
measurements were valid from
day 2 on (before day 2 shaded
lines), after soil bands of the
rhizoboxes were filled with the
®¥p  radioactive-labeled  soil
treatments and the rhizoboxes
were sealed with plastic foil).
The data was conducted by
dielectric water potential sensors
(MPS2) (Ferralsol, n=2; Luvisol,
n=1) and moisture sensors (both
soils, n=2) for the volumetric
water content. It is noteworthy
that only the data points from
night measurements are
presented here, as extreme and

artificial diurnal matrix
potential amplitudes indicated
significant temperature

influences on sensor reading (see
also Fig. B2). Sensor accuracy
error was estimated to be
around 25%.

In order to create a gradient of different P availabilities between the treatments, we increased the P
concentration of the hydroxide treatments and the *P-OrthoP treatment (applied in the soil band) by
about 100% of the endogenous soil P, being equal to P additions of 300 kg ha™ in the Ferralsol
treatments and 390 kg ha® in the Luvisol treatments. However, due to the mineral washing steps
during the adsorption process, the amount of total P in the hydroxide treatments was reduced to
290 kg ha™ (**P-Fe; Ferralsol), 224 kgha™ (**P-Al; Ferralsol), 382 kg ha® (¥*P-Fe; Luvisol), and
367 kg ha™ (¥*P-Al; Luvisol), which equates to a final hydroxide P loading of 0.62 mmol P g
hydroxide™ (Ferralsol) and 0.63 mmol P g hydroxide™ (Luvisol) for the **P-Fe treatments and of 0.58
mmol P g hydroxide™ (Ferralsol) and 0.72 mmol P g hydroxide™ (Luvisol) for **P-Al treatments,

respectively.

The plants were grown for 14 days in the rhizoboxes and not longer to avoid emerging microbial
mineralization, and thus, artificial P dissolution of the **P treatments. Overall, the combination of two
soils with application of four different *P treatments resulted in eight treatments being tested in
triplicate (n=3) for the Ferralsol and in quintuplicate (n=5) for the Luvisol. It was not possible to test
the Ferralsol also in quintuplicate due to the limited amount of this Australian soil available for
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experimental purposes. The hydroxide treatments (**P-Fe and *P-Al) were applied as powder to the
soil, whereas the other treatments (**P-OrthoP and **P-NoP) were blended with the soil as a liquid. For
all treatments a homogenous soil-radiotracer blending could be confirmed by using digital
autoradiography (data not shown).

2.5 Plant analyses

The shoot dry weights (DW) were measured after drying at 40 °C for 24 h. Dry plants were further
processed with pressure digestion of 0.5g in 4 mL nitric acid according to Bauke et al. (2017a).
Afterwards the plant shoot P; concentration was determined colorimetrically using the molybdate blue
method as described by Murphy and Riley (1962) using a UV-Spectrometer (Specord 250 plus;
Analytik Jena AG, Germany), a calibration curve measured before and after samples guaranteed
accuracy of measurements.

From subsamples of the above described digests the **P activity was measured in duplicate via liquid
scintillation counting (LSC), as outlined by Bauke et al. (2017a). All **P data were adjusted to the time
of application in order to account for the radioactive decay. The specific **P activity (SA) for *p
applied in the soil band at the beginning of the experiment and afterwards, translocated in the plant
and was calculated using equation I11-1. At the onset of the experiment, the *P-Fe and *P-Al
treatments blended in the soil had a SA of 0.023 MBq mg P (Luvisol) and 0.029 MBq mg P*
(Ferralsol). The SA of the liquid applied P in the soil (**P-OrthoP and **P-NoP) were for the Luvisol:
0.021 MBgmgP* (¥*P-OrthoP) and 0.022 MBgqmgP' (¥*P-NoP), and for the Ferralsol:
0.025 MBq mg P* (**P-OrthoP) and 0.030 MBg mg P™* ®*P-NoP). The P SA of the plant shoot
ranged between 0.002 and 0.022 MBq mg P (Table 111-2). In order to estimate which proportion of
the P taken up by the plants originates from the applied **P source in the soil band, we estimated the
proportion of P in the shoot derived from the applied *P treatments (PPDS) by dividing the *P SA in
the plant and **P SA of applied P sources at the beginning of the experiment (equation 111-2). The
plant’s recovery of **P applied in the soil band was calculated as shown in equation Il1-3. The
calculation of plant’s recovery of **P has been outlined by McBeath et al. (2012) and McLaren et al.
(2016). This parameter is helpful to study the fate of fertilizers in the soil and is a more accurate value
for the amount of total P taken up from a particular source in the soil, as it takes the whole plant’s
development into account.

(111-1) Specific activity (SA) (MBqmg P™?) =

33p in the shoot (MBq kg shoot DW™1)

x 100
total P in the shoot (mg P kg shoot DW~1)

(111-2) *P in shoot derived from applied P source (PPDS; %) =

SA of shoot (MBq mg P~1)

x 100
SA of applied P source (MBq mg P~1)

(111-3) Recovery of *P (%) =

0,
total P in sample (mg P shoot) x %(S/O)

total P applied (mg P applied with source)

Nearly all of the applied **P activity (Ferralsol: 100%:; Luvisol: 98.6%) could be accounted for at the
end of the experiment. In total, around 0.026% (Ferralsol) and 0.020% (Luvisol) of the applied *pP
activity was located in the plant, around 97.9% (Ferralsol) and 98.3% (Luvisol) of the *P activity
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remained in the soil bands. The rest of the **P activities, between 0.33% (Luvisol) and 2.9%
(Ferralsol), have to be accounted as losses during the experimental setup.

2.6 Digital autoradiography

Digital autoradiography enabled us to locate **P radiotracer distribution within the plant and the soil.
Due to the low penetration depth of **P radioisotopes, having an energy emission of 0.249 MeV, only
the P radioisotopes located at the direct surface of the soil band were tracked (see Fig. 111-1).
Immediately before harvest, the growth boxes were placed horizontally on a table and the surface of
the soil and the plant was covered with phosphor imaging plates (20 x 40 cm, normal resolution image
plate; DURR NDT GmbH, Bietigheim-Bissingen, Germany), wrapped in a thin plastic foil to avoid
contamination. The exposure time of the plates to the rhizotrons was 16 h to ensure the capture of low
radioactivity doses. Thereafter, the imaging plates were scanned with the scanner unit (Bioimager
CR 35 Bio, Raytest, Straubenhardt, Germany) in sensitive mode at a resolution of 100 um. The
scanner produced a digital image (DI), which was processed with software (AIDA Image Analyzer 2D
densitometry program; ELYSIA-Raytest, Straubenhardt, Germany). Contrasted regions as a spatial
map on the DI showed the signal intensities of radioactive decay and enabled to document the
3P radiotracer distribution and densities in the soil and the translocation in the plants (Fig. 11-1;
representative examples for all treatments see Fig. B1).

2.7 Statistics

All statistical analyzes were carried out using Sigmaplot 13.0.0.83 (Systat Software Inc., USA). Basic
soil characteristics were tested for significant differences by using t-test (p < 0.05). Normal
distribution and homogeneity of variance of the data was tested using the Shapiro-Wilk test and the
Brown-Forsythe test, respectively. If normality assumption of data was violated, a log transformation
of the data was performed. For determination of significant differences of the treatment means within
one soil and for the same treatment between both soils at the 5% level (p < 0.05) of significance, we
used a two-way analysis of variance (ANOVA) combined with the Tukey post hoc test for comparison
of means.

3 RESULTS

3.1 Soil characteristics and plant biomass

Gravimetric soil moisture contents decreased in both soils (Luvisol, -5.1 wt.%; Ferralsol, -5.2 wt.%) at
similar degree (see Vol.% at 1.4 g cm?® soil packing, Fig. I11-2). At the start of the experiment the water
availability in both soils was in the similar range of field capacity (pF values below 2.2 (day 2));
however, the soil water availability in the Luvisol declined steeper and reached the boarder of field
capacity (at -33 kPa and pF 2.5 (Kirkham 2014)) at day 9; thus, one day earlier than the Ferralsol (Fig.
I11-2). At similar starting water conditions (12 + 1 kPa) the matrix potential in the Ferralsol was more
stable, i.e., it declined less (by about -40 kPa (n=2)) than in the Luvisol (by about -78 kPa (n=1))
towards the end of the experiment (Fig. 111-2). Final water availability in the Ferralsol was thus more
favorable for plant growth than in the Luvisol.

The Ferralsol subsoil was more acidic, contained higher clay proportions, greater amounts of
sesquioxides with high crystallinities; moreover it exhibited a lower total soil concentration in base
cations, as well as in C, N, and P than did the Luvisol (Table I11-1). This also resulted in a lower soil
solution P buffering of the Ferralsol than in the Luvisol, as also confirmed by the analyses of DL-P,
Olsen-P, and PBI (Table I11-1).
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Figure 111-3: Shoot dry weights
[mg] (A), shoot P derived from
applied P source [%] (B), and
proportions of P recovery [%] (C)
determined from wheat plants
grown in rhizoboxes with banded
¥p sources (at day 14). The
radioactive-labeled *P treatments
(®P-Fe:  ¥p  associated to
amorphous Fe hydroxide; **P-Al:
%p associated to amorphous Al
hydroxide; **P-OrthoP: **P applied
in KH,PO, solution; **P-NoP: *p
radiotracer applied alone without P
addition) were banded in Ferralsol
(n=3) and Luvisol (n=5) subsoil.
Shoot dry weights were measured
after drying at 40°C for 12h at the
end of the experiment. Shoot *P
activities were determined by liquid
scintillation counting after acid
digestion of plant material.
Significant  differences at 5%
probability level between samples
are designated by different letters
(testing: two-way ANOVA
combined with the Tukey post hoc
test for comparison of means).
Treatment between soils: numbers
with the same capital case letter are
not significantly different from the
treatment of the other soil group.
Treatments within one soil: numbers
with the same lower case letter
within a soil type are not
significantly different.

The effect of different levels of soil

on the level of treatment is as follows:

Interaction between soil and
treatment (p = 0.05)

Shoot dry weights 0.111

P proportion derived

from applied P <0.001
source

Recovery of applied

P sourcey P 0.002
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Table I111-1: Soil characteristics of Ferralsol and Luvisol subsoil. Both subsoils were sampled below a soil
depth of 50 cm, air-dried and 2mm sieved. Significant differences at 5% probability level between samples
are designated by different small case letters.

Ferralsol Luvisol
Sand 13 9
Silt % 25 62
Clay 61 29
PHoul 5.33 6.38
C 9.6+0.5 ° 5.6+1.3°
N, 0.80.1° 0.940.2°
Ca, 1.940° 3.5¢0.3°
Mg, 1.2¢0° 5:0.2 °
K, 0.610° 6.540.4 "
Fe, 12240.9° 28+1°
Fepir okg’ 103.9+2.9° 12.5io.3b b
Feox 1.840.1° 2.240.1
Al, 113#5.7° 3241°
Alpie 5.7+0.2° 1.840.1°
Alo, 2.24¢1.1° 1.1+0.0°
Mn, 1.440.1° 0.6+0°
Mnoic 1.0£0.0° 0.5+0.0°
Mnoy 0.9+0.0° 0.5+0.1°
P, 381+3.2° 499+17°
Pox . 5142 ° 177+4°
Olsen-P me ke 11.9+0.5° 17.4+0.5°
DL-P <0.1 <0.1
PBI 325 98

Significant differences at 5% probability level between samples are designated by
different letters (t-test, with passed normality test (Shapiro-Wilk) and equal
variance test (Brown-Forsythe)).

bulk = bulk soil

(=total concentration

oit = Citrate-bicarbonate-dithionite extractable

ox = Oxalate-extractable

DL-P = double lactate extractable P

PBI = phosphorus buffer index

n=3

The plant shoot DW in the Ferralsol were 1.6 to 1.8 times greater for the **P-Fe (p = 0.009),
$p-OrthoP (p < 0.001), and *P-NoP trials (p = 0.006) than in the respective Luvisol treatments (Fig.
[11-3A). Only for the **P-Al treatments, the DW was not significantly different among the soils (Fig.
[11-3A). Within the Ferralsol treatments, the **P-OrthoP treatment showed a significant higher shoot
DW (factor 1.4; p = 0.024) compared to the *P-Al treatment of this soil. There were no significant
differences in treatment effects towards the DW in the Luvisol.

3.2 Digital autoradiography — **P distribution in plant and soil

The **P radiotracer-blended soil band was clearly visible in all digital images as a broad band with
high levels of *P activity (Fig. 111-1). There was no infiltration and diffusion of radioactivity into the
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surrounding soil and surrounding pores and soil solution. The digital images also indicated that **P
translocated into the plant shoots in all treatments except in the **P-NoP treatments. Generally, it was
shown that within the period of 14 days of growth, the quantities of **P activity taken up by the young
wheat plants varied between the different treatments and between soils. Digital autoradiography
allowed direct non-quantitative estimations of **P activity uptakes between the treatments, being in the
order of *P-OrthoP > ¥*P-Fe > ¥*P-Al > *P-NoP (Fig. B1).

3.3 Total shoot phosphorus concentrations and **P allocation

The shoot P concentrations in the Ferralsol were consistently but not significantly greater than in
treatments of plants grown in the Luvisol. Except of the **P-ortho-P treatments at which the specific
shoot P concentrations per kg dry matter in the Ferralsols exceeded those of the Luvisol by a factor of
2 (p <0.001; Table 111-2), no significant differences between the soils were measured. The interaction
between the soil and the P treatments were significant (p < 0.001). Among the treatments of a given
soil, both soils showed significantly greater total shoot P concentrations in the **P-OrthoP treatment
than in the other treatments, while no differences for the specific P concentration among the treatments
grown in the Luvisol were measured. Enhanced **P uptake from the oxide treatments relative to
%3P-NoP treatments were detected for the Ferralsol only (Table 111-2).

Dividing the **P specific activity (SA) of the shoot by the *P SA of the applied P source located in the
soil band allowed the calculation of the proportion of shoot P that derived from the applied P source
(PPDS). For the treatments of the Ferralsol, PPDS was 1.8 to 13 times greater than for those of the
Luvisol (p < 0.05); except for the PPDS of the **P-NoP treatments that were in a similar range
(Fig. 111-3B). Among the treatments of one soil (with significant interactions (p < 0.001)), the PPDS
was largest for the **P-OrthoP treatment and statistically different from the other ones (p < 0.01;
except of ®*P-Fe in the Luvisol p < 0.18; Fig. 111-3B). The *P uptake trends were confirmed by digital
autoradiography, which showed the sharpest contrast for *P activities between *P-OrthoP treatment
and **P-Fe treatments (Fig. B1).

The overall *P recovery (Fig. 111-3C), defined as the ratio of P in the shoot to the P amount applied to
the soil ranged from 0.01 to 089%. Between soils, **P recoveries were significantly greater for all
treatments of the Ferralsol than of the Luvisol (p < 0.05, Fig. I11-3C), with expectation of the
recoveries of the **P-NoP treatments. Generally, the recovery from the applied P source in the plant
was up to 13 times greater in the Ferralsol than in the Luvisol (Fig. I11-3C). Among treatments in the
Ferralsol, ®*P recovery rates declined in the order **P-OrthoP > **P-Fe = **P-Al > **P-NoP. No clear
trend was visible in the Luvisol treatments, except for significantly greater **P recoveries of the ¥*P-
OrthoP treatment compared to the *P-Al and **P-NoP treatment of this soil (p < 0.001; Fig. 111-3C).
Overall, the Ferralsol thus allowed better **P utilization than the Luvisol, despite more acidic soil
conditions.
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Table 111-2: Basic results of total shoot P concentration per plant, specific shoot P concentration, shoot **P
activity, and specific shoot *P activity (at day 14 of growth). The radioactive-labeled *P treatments (¥*P-
Fe: P associated to amorphous Fe hydroxide; *P-Al: *P associated to amorphous Al hydroxide; *P-
OrthoP: **P applied in KH,PO, solution; **P-NoP: carrier-free **P radiotracer) were banded in Ferralsol
(n=3) and Luvisol (n=5) subsoil. The P concentrations were determined colorimetrically using the
molybdate blue method. The *P activities were determined by liquid scintillation counting after acid
digestion of plant material.

Total shoot P Specific P Shoot Shoot specific
Treatment concentration concentration 33P-activity 33P-activity
ug P pIant‘1 gPkg pw* MBq kg pw* MBg mg shoot pt
Ferralsol 3p_Fe 127+16° 2.4+0.5° 29+8° 0.012+0.002°**
3p.al 88+20° 2.1+0.4° 15+8°* 0.007+0.003%*
33p_OrthoP 634£33° ** 9.9+0.4°** 219+41°** 0.022+0.002""
3p.NoP 74+13° 1.640.4° 3+1° 0.002+0.001°
Luvisol 3p_Fe 98429 3.140.8° 18+12% 0.0050.003%"**
3p_p| 80+24° 2.241.1° 542°% 0.002+0.001°*
*3p_OrthoP 138459"** 4.0+0.9%** 34429%%* 0.007+0.003%**
3p_NoP 73+13° 3.2¢0.9° 642" 0.002+0.001°
Interaction between <0.001 <0.001 0.001 <0.001

soil and treatment (p = 0.05)

Significant differences at 5% probability level between different treatments of the same soil are designated by
different small case letters. Significant differences between the two soils and the same 3P treatment at p<5%
probability are marked by *; and at < 1% probability level by **.

DW = dry weight

4 DISCUSSION

4.1 Soil phosphorus buffering capacity and plant development

Lower Olsen extractable P concentration along a smaller P buffering potential in the Ferralsol
confirmed that overall soil P availability was lower than in the Luvisol, despite this methodology is
usually biased towards better P extractability at more acidic soil conditions (Blume et al. 2011).
Generally, P availability is reduced under more acidic soil conditions (Lal and Stewart 2016),
evidenced here for the advanced weathered Ferralsol, leading to elevated concentrations of kaolinite,
soil Fe (hydr)oxides, and Al (hydr)oxides (Table 111-1), and greater P sorption strength (Schwertmann
and Taylor 1989; Burkitt et al. 2002; Gérard 2016), i.e., greater PBI values.

Nevertheless, we found greater shoot DW in the Ferralsol than in the Luvisol for all treatments
(Fig. 11-3A) which suggested improved plant growth despite reduced P availability. We attribute this
finding to the better maintenance of matrix potential. It maintained hydraulic conductivity and
provided more available water for plant growth in the Ferralsol than in the Luvisol (Fig. I11-2). In
Ferralsols, pseudo-silt and pseudo-sand structures usually maintain soil physical stability with larger
pores at similar degree of soil compaction (Balbino et al. 2002; Balbino et al. 2004). This probably
resulted in stable, large aggregates that did not collapse to form micropores upon wetting in the
rhizobox environment. As a result, the energy required by the plant roots to extract water was less than
in soils with siltier textures, such as the Luvisol. Therefore, the soil moisture in the Ferralsol but not in
the Luvisol remained in a range of optimal availability throughout the experiment as reviewed by
Glinski and Lipiec (1990). It should be noted that this difference in water supply may not only have
directly promoted plant growth, it may well also comprise indirect effects on improved performance,
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e.g., stimulation of rhizosphere microbial communities (Brockett et al. 2012), enhanced mineralization
of inorganic nitrate (Kladivko and Keeney 1987), or facilitated P diffusion (Bhadoria et al. 1991).

Overall, our data showed that differences between the soil orders affected the plant development
already after 14 days, and thus, influenced the P utilization capacity on commencing wheat
development between both subsoils. We therewith support findings by He et al. (2014) who modelled
higher water sensitivities by wheat in silty than in clayey soils. Our results also support findings by
McBeath et al. (2012) who showed that adequate soil moisture improved subsoil P utilization in a field
trail with high rainfall. On the plant basis, a sufficient and stable soil moisture improves root
architecture (Ho et al. 2005) and results in larger shares of subsoil roots (Bauke et al. 2017a), allowing
the plant to exploit larger soil volumes and, thus, to acquire more soil P.

4.2 3P acquisition from phosphorus sources having different availabilities

Initial seedling P requirements are sufficiently covered by seed reserves for less than 10 days;
thereafter, plants’ vigor soon depends on P uptake from soil (Veneklaas et al. 2012). Similarly,
Nadeem et al. (2011) reported that maize already took up significant amounts of 3P only five days
after sowing, indicating that the present short-term P uptake study was appropriate to analyze early
growth related uptake of **P. The P amounts added in the soil bands were above the P fertilizer
requirement of wheat being about 40 kg P ha™ for a season of growth (LWK Nordrhein-Westfalen
2015). However, this was intended since spatial P soil accessibility of young wheat plants is restricted.
Rémer and Schilling (1986) reported that root density of wheat plants was as low as 0.27 cm cm?3 soil
before Feekes stage 3 (before tillering; Large (1954)), which was the development stage the plants
reached at the end of this study. Thus, even though the rich **P resources in this experiment where
homogenously blended in the soil bands, only small P proportions in the soil bands were encountered
by root surfaces, which consequently reduced spatial P accessibility. The relative low recoveries of the
%p tracer in the plants were much smaller than those reported in literature (3% to 30%; (Sharpley
1986; McLaughlin et al. 1988a; McBeath et al. 2012), which may also be attributed to the early
development stage of wheat plants in the present study. The recoveries of the **P radiotracers generally
followed the order of increasing bioaccessibility of P among the treatments (Fig. 111-3B+C).

Abiotic desorption experiments with the same hydroxides showed that less than 1% of P associated to
Fe-hydroxide and only 37% of P onto Al hydroxides desorbed after more than 14 d (Gypser et al.
2018). In this regard, P availability in the present study decreased in the order: **P-OrthoP > **pP-Al >
%p-Fe > ¥P-NoP. Nevertheless, elevated shoot P concentrations in the plants (Table 111-2) and PPDS
(Fig. 111-3B) of *p from the Fe hydroxide treatments compared to the Al hydroxide treatments
suggested improved plant P accessibility of this P form. This was unexpected since the P sorption
strength of the Fe-hydroxide was actually stronger (potentially desorbing P < 1%) than that of the
Al-hydroxides (potentially desorbing P < 37%) (Gypser et al. 2018). Yet the pH value in the soil band
of the Al hydroxide treatment was lower by one unit: it dropped from 5.3 to 5.1 in the Ferralsol and
from 6.4 to 5.6 in the Luvisol (Fig. I11-1). While this is still outside common pH values for AI**
toxicity (< pH5) (Panda et al. 2009), it likely reduced the availability of sorbed P by forming
amorphous analogues of variscite (Veith and Sposito 1977) or other insoluble solid phase Al-P
compounds (Lindsay et al. 1959; Subbarao 1977). However, these findings were also indicated by the
mass ratios of non-radioactive P-loaded Al hydroxide samples after digestion and ICP-OES
measurement. The mass ratio of Al with 27.5+0.9% was close to that of AIPO, (around 22%) Table
D4). These assumptions are in line with Lookman et al. (1994), who proposed that P associated to Al
hydroxides dried at low temperatures (in this thesis at 45 °C) precipitated more rapidly to AIPO,4 than
at high temperature drying. However, detailed analyses of hydroxide speciation were beyond the scope
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of this thesis and thus characterization of P loaded (hydr)oxide samples is highly recommended in
future studies.

Intriguingly, and despite the generally low plant availability of P adsorbed to Fe and Al hydroxides,
these P sources still contributed up to 30% to overall plant P uptake (Fig. 111-3B) (when PPDS of
%P-NoP treatment representing soil P acquisition is subtracted). Our data thus support the
classification of Negassa and Leinweber (2009), who designated the applied P associated with the
hydroxides as moderately labile soil P forms, i.e., as a P form that may still be acquired by the plant.
Overall, the results demonstrated that wheat plants are unlikely to meet their early P requirement for
growth from sorbed oxide-P compounds only, especially because requirements are larger at early
growth stage (Romer and Schilling 1986).

The **P-OrthoP treatment showed 8 and 13 times greater shoot P and *P recoveries than the oxide
treatments in the Ferralsol, respectively (Table 111-2 and Fig. 111-3C). By overwhelming soil P sorption
sites with excess additional P the *3P-OrthoP treatment likely produced a P surplus. Consequently, soil
P sorption capacity of variably-charged surface sites was heavily reduced, leading to elevated soil
solution P concentrations in both soils. This demonstrates benefits of banding high and easily available
P additions in soils leaving surplus P in soil solution and hence accessible by plant roots. However, the
soil P surplus was sufficiently accessed only by the plants grown in the Ferralsol. Due to restrained
physical conditions for growth, the plants in the Luvisol were unable to exploit the potentially
available P sufficiently, leading to lower shoot P uptake from the Luvisol than from the Ferralsol,
affecting the whole plant development.

5 CONCLUSION

Providing P to subsoil mineral phases showed that there were differences in P supply to young wheat
plants, which were largest after adding carrier-free potassium phosphate in solution and smallest for Al
associated P; P associated to Fe hydroxides showed an intermediate P plant supply. We showed that
under favorable soil physical conditions these subsoil P forms efficiently contributed to up to 30% to
the plant P requirements, already in the very early stages of plant growth. An analysis of the fate of *p
from the subsoil P forms into different soil P pools should also help to explain differences in plant P
uptake and should be focus of future investigations. Noteworthy, performing this experiment for two
different soil orders revealed an improved P uptake from the Ferralsol than from the Luvisol,
irrespective of the initially lower P concentration in the highly weathered Ferralsol. We attribute this
finding to the soil physical parameters. At similar gravimetric soil water losses during plant growth,
the Ferralsol maintained matrix potential and thus water availability at more favorable conditions for
plant growth than did the Luvisol, thus improving the P utilization potential from subsoil. In other
words, subsoil P forms appear to contribute sufficiently to plants P requirements only when optimum
soil physical conditions are established.

From a methodological point of view, our study renews old discussions on controlling soil physical
conditions when studying P uptake from subsoil. For a model-supported quantitative differentiation of
the interaction of physical and chemical effects on subsoil P uptake, future studies should likely
control all, water availability (as done here), gravimetric and potentiometric water contents, and
temporal variation of water uptake dynamics; the latter thus resulting in significant multiplication of
the trials, respectively.
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1 INTRODUCTION

The use of *P radioisotopes for tracing soil phosphorus (P) utilization in plants and soils has increased
in recent years. By adding P labeled P sources such as organic residues or mineral fertilizers to soil,
the P uptake of microorganism (McLaughlin et al. 1988b) and plants (McLaughlin et al. 1988a;
McLaren et al. 2016) can be studied in space and time in more detail. Determination of the *P activity
is typically done by destructive sampling followed by liquid-scintillation counting (LSC). In general,
autoradiography systems avoid destructive sampling by visualization of 3-emitters in a great variety of
organic tissues (e.g., Amemiya and Miyahara 1988; Johnston et al. 1990; Nakajima 1993). Compared
to the X-ray film autoradiography, this technique utilizes more sensitive imaging plates for two-
dimensionally resolved mapping of radiation (Nakajima 1993) and captivates due to the linearity in
response within a high dynamic range. The imaging plate consist of uniformly coated photostimulable
luminescence materials, also called phosphors, which are mostly solid inorganic materials such as
barium fluorobromide crystals containing traces of bivalent europium as the center of luminescence
(written as BaFX:Eu®* (X = Cl, Br, 1)) (Takahashi et al. 1985). In principle, the technology is based on
the detection of photostimulated luminescence (PSL), which involves two successive processes, i) the
absorption of energy (excitation process) from radioactive decay and ii) the subsequent emission of
photons (emission process) (Shinde et al. 2012). The general principles, as well as the advantages and
disadvantages, of digital autoradiography are summarized by Upham and Englert (2003).

In P research, digital autoradiography was applied to trace the transport of **P radioisotopes in leaf
veins (Hive et al. 2007) and to visualize **P plant uptake after translocation from soil (Bauke et al.
2017a). Until now, information obtained from digital images were only semi-quantitative (e.g.,
positive, negative or intermediate results) and no direct approach has been reported in literature to
quantify *P activities in soil and plants using digital autoradiography. Only in the field of medical
sciences, where Cremer et al. (2009) studied the hybridization of MRNAS, the authors stated that they
successfully quantified the **P activity in homogenized brain paste slices of rats. We therefore
hypothesized that a total quantification of *P activity should in principle also be possible using digital
autoradiography for plant materials.

Any quantitative imaging approach, to estimate radioactivity in a sample always requires the exposure
of references of known activity at the same time. It was the manufacturing of **P activity references
from brain paste that enabled a standardization of tissue thickness of paste slices and the valuation of
its influence on signal intensity response during autoradiography (Cremer et al. 2009). Similarly, we
have to manufacture standardized **P plant materials as referenced standards. However, both practices
are not suited for routine research, due to the short half-life of **P radioisotopes (25.34 days) and the
time consuming process of preparing reference standards. Therefore, a long-lasting and an easy-to-
manufacture reference standard is required for temporally resolved *P quantification of a soil-plant
system using digital autoradiography. A promising alternative reference substance is commercially
available **C polymers (Eakin et al. 1994; Cremer et al. 2009), with reference series of different
activities. Combining the latter with *P radioisotopes is suitable for autoradiography because of the
long half-life time of the *C radionuclides and the fact that both radioisotopes exhibit approximately
similar emission energies (Baskin and Stahl 1993). The PSL intensities of the *“C references therewith
comprise lower emission intensities (0.156 MeV) than for **P radioisotopes (0.249 MeV), since
exposed imaging plates indirectly capture information from the radioactive decay as a function of
radioactive energy (in the context of radiation flux; the amount of radiation received by an object from
a given source) and exposure time (Upham and Englert 2003). By using low-energy electron emitters,
unlike high-energy electron emitters such as *P, a finer resolution of captured radiation can be
facilitated. On the other hand, the imaging sensitivity of low-electron emitters (here the radiation flux)
is strongly affect by the samples composition. In the case of volume samples, absorption of radiation is
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primarily influenced by the density of the radioactivity containing material but hardly if at all by its
thickness (Robu and Giovani 2009) (provided that distance between the origin of radiation and the
imaging plate is small). For this reason, absorption of radiation in environmental sampled, due to, e.g.,
varying material densities have to be taken into account to validate the quantitative success of digital
autoradiography applications.

We hypothesized that digital autoradiography may easily be converted into a quantitative **P imaging
method for plants by simultaneous analyzes of **C polymer reference materials. To be able to achieve
this, it is necessary to establish a factor of equivalence between the PSL response of both
radioisotopes, which is adapted to the co-exposure of the standards and allows the calculation of the
true **P activities in plant materials. Hence, we applied this technique to excised leaves of maize and
wheat, therewith using both C3 and C4 plant materials for the establishment of **C radioisotopes as a
reference for quantitative **P imaging in digital autoradiography. In order to understand selective P
uptake and transformation processes, we should finally also be able to quantify *P radioactivity in a
spatially resolved manner into the respective above-ground biomass tissues.

2 MATERIAL AND METHODS

2.1 Standardized preconditioning of the digital imaging plates

It is well-known that phosphor imaging plates are highly sensitive towards photon emitting sources
such as day light or electric light as they contain photosensitive crystals. In order to obtain
reproducible high quality digital autoradiographic imaging we needed to standardize the sensitivity of
the imaging plates. We therefore conducted a two-step erasing process for resetting the imaging plates’
sensitivity to its maximal storage capacity. First, we erased the imaging plates for 30 min under a high
energy white light imaging plate eraser (Fujifilm, Tokyo, Japan) followed by erasing with the
Bioimager CR35 Bio (Raytest, Straubenhardt, Germany) before and after every exposure event.
Flooding the imaging plate with bright visible or high energy laser beam returns most of the phosphor
crystals to ground state and achieved the lowest background; important for quantitative purposes
(Upham and Englert 2003). The successful re-adjusting of imaging plate sensitivity and storage
capacity for *C radioisotopes was proven by repeated scanning and erasing events of the **C polymer
references (Raytest, Straubenhardt, Germany) for different imaging plates (20 x 40 cm; Raytest,
Straubenhardt, Germany) at the outset of the experiment (data not shown).

After plate erasing, it is highly recommended to avoid any light influence before plate exposure. For
quantitative purposes the plate exposure should take place in special cassettes for radiography (e.g.,
from Fujifilm, Tokyo, Japan) and in a lead shielded cupboard to avoid any influence of background
radiation. After exposure, imaging plates were immediately scanned with the scanner unit Bioimager
CR35 Bio in sensitive mode at a resolution of 100 um in darkness. During the scanning process the
photostimulated luminescence (PSL) intensities were measured and a digital autoradiographic image
was processed. The standard imager software, AIDA Image Analyzer 2D densitometry program
(ELYSIA-Raytest, Straubenhardt, Germany) was used for quantitative measurement of PSL intensities
of regions of interest (ROI). In the following, the established erasing and imaging procedures were
applied for every exposure event.

2.2 Co-exposure of *C polymer references and **P phosphoric acid

In order to estimate the relationship between **C and *P radioisotopes having different emission
energies, we analyzed their response of PSL by repeated co-application of different **P activities. For
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this purpose, an aluminum plate with 36 recesses, each 100 um deep with a surface area of 1 cm?, was
constructed (see technical illustration; Fig. C1). Within two experiments (here called EXP1 and
EXP2), we randomly applied **P phosphoric acid activities (**P activities) diluted in a volume of
150 pL deionized water (dH,0) to the spots, and exhibiting radioactive decays of 55, 270, 555, 1709,
3368, and 4597 Bq cm2 (EXP1) as well as of 55, 261, 708, 1583, 3094, 5053, 7969, and 10531 Bq cm’
2 (EXP2) (3 application aliquots measured by liquid scintillation counting (LSC) with daily calibration
of an external standard (Tri-Carb 3110 Liquid Scintillation Counter, Perkin Elmer, Waltham, US)).
The application solution covered the area of 1cm2, enabling an approximately homogeneous *P
distribution of the activity in every spot. Afterwards, the solution was evaporated at room temperature
overnight. Before plate exposure, *C polymer references with six activities, each also covering a
surface area of 1 cm? were applied on the plate, namely 66, 223, 692, 1867, 7067, and 18450 Bq cm™
(Fig. 1V-1). All **P data were adjusted to the time of the imaging event in order to account for the
radioactive decay. Overall, in EXP1 we supplied 24 spots with six *P activities in quadruplicate and
six C polymer references in duplicate and exposed them to three imaging plates (20 x 40 cm;
ELYSIA-Raytest, Straubenhardt, Germany). In EXP2 we applied eight **P activities in triplicate and
six *C polymer references in duplicate and exposed them to four imaging plates, respectively.

For imaging plate exposure, the prepared aluminum plate was placed in a radiographic cassette and a
freshly erased imaging plate, covered with a thin plastic foil (< 10 um cellophane; to avoid any
contamination), was placed on top and exposed for 4 h. Afterwards the plates were scanned and
processed with the imaging software AIDA Image Analyzer 2D. The ROIs, here the **P spots and the
YC reference squares, were selected manually. By also selecting background spots of a 1 cm? area, the
software calculated the PSL intensities per area of ROI under automatic background subtraction
(PSL cm™ - BKG cm™), which in the following are referred to as PSL intensities.

2.3 Quantification of **P activity in excised leaves

Maize and wheat seeds were germinated in a standard cultivation soil and grown with daily watering
in a climate chamber with 16 h day-length at a light intensity of 320 pmol m?s™. Day-time conditions
were 20 °C and 60 % relative air humidity, while at night-time temperature decreased to 16 °C and
50% relative air humidity. From plants in the three-leaf stage (approximately 14 days of growth),
single leaves of about 6 cm length from the top were cut and immediately placed in 200 pL dH,O with
additions of different **P activities, namely 23, 49, 100, 150, and 184 Bq pL™ (maize) and 12, 24, 49,
77 and 92 Bq pL ™" (wheat). After 2 days in a climate chamber, when most of the solution was taken up,
the leaves were dried at 40 °C for 12 h. Afterwards, the first 1 cm (maize) and 2.5 cm (wheat) of each
leaf, which had contact with the radioactive solution, were cut and discarded. The average leaf tissue
thickness was calculated after measuring the leaf thickness of the top and the bottom of every leaf
(Foil Thickness Gauge, Model 497; Erichsen, Hemer, Germany). Leaf density (g cm'3) was calculated
by the leaf area, leaf thickness, and the leaf dry weight (Table C1).

For imaging plate exposure, leaves were placed in a radiographic cassette keeping the horizontal space
on the imaging plate of one leaf to another free (similar to the *C reference material). This was
necessary since the applied bioimager unit horizontally scans the whole imaging plate surface at once
and photon emissions from high active areas create flare signals when the released photons reach the
sensitive photomultiplier tube of the scanner unit. Thus, if the horizontal space of one leaf overlaps
with others, the PSL intensities of leaves are artificially affected. A **C polymer reference was
enclosed and the imaging plate was exposed for 4 h in a lead-shielded box. After exposure and
scanning of the imaging plate, the digital image was processed and the total PSL intensities were
obtained with AIDA Image Analyzer 2D, by selecting the leaf areas as ROI. The **P containing leaves
were exposed to 3 (maize) and 5 (wheat) imaging plates in order to demonstrate reproducibility of
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results. To compare total **P activity, the leaves were digested (HNO; acid pressure digestion, 6 h at
180 °C) with subsequent LSC counting, according to Bauke et al. (2017a). The **P data were adjusted
to the time of imaging, considering the short half-life time for **P. Overall, for maize leaves we
exposed five **P activities in triplicate together with one **C polymer reference set with 6 different
specific activities to three imaging plates. For wheat leaves we exposed five **P activities in
quadruplicate together with two **C polymer references sets to five imaging plates (Fig. IV-1). This
resulted in 45 and 100 single PSL intensities, corresponding to the **P activities in the excised leaves,
respectively.
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and *C polymer reference activities (contrasted squares), and of (B) excised leaf experiments with maize and wheat leaves containing **P phosphoric acid and co-exposed
¢ polymer references. Imaging plates were exposed for 4 h to radioactivity, and then scanned in sensitive mode with a pixel size resolution of 100 pm. A: At the beginning
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3 RESULTS

3.1 Linear relationship between *C and **P activities

In a first step, the relationship between PSL intensity and exposed **C and *P activities of several
exposure events was analyzed. This aimed to replace a time consuming and inefficient preparation of
3p references by commercially available **C polymer references. From seven plate exposure events
(sum of EXP1 and EXP2), average PSL intensities for the known *P activities were obtained (Fig. IV-
1). From 4 h exposures, a linear relationship (**C: R2= 1, p < 0.0001; **P: R2=0.99, p = 0.001) for both
radioisotopes was estimated (Fig. 1V-2).
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Figure 1V-2: Linear relationship between photostimulated luminescence intensities (PSL) and exposed
radioactivity of *C and *P radioisotopes applied on an aluminum plate for the reference experiments.
Linear relationship between both radioisotopes was only found within the range of 50 and 2000 Bq cm™.
The exposure time was 4 h followed by digital autoradiography scanning. Results are averaged values
over 7 plate exposure events (including EXP 1 and EXP 2).

We found linear photostimulated-luminescence equivalence in the range between 50 to 2000 Bq cm™
by dividing the *C PSL intensities and **P PSL intensities. The linear relationship can be expressed by
the factor 9.73 (R?= 1, p < 0.0001) (called y in Fig. 1V-3). In the following, this slope will be referred
to as PSL equivalence factor y (Fig. IV-3). This allowed that **P activities can be calculated from
obtained *C slope co-exposed for single plate exposures.
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Figure 1V-3: Schematic illustration of the methodological approach for digital autoradiographic
quantification of **P by photostimulated luminescence intensity (PSL) in leaves, gained from the
co-exposure of **C polymer references. First, in reference experiments (EXP1 and EXP2), the ratio y
between *C and *P intensities at different known activities was analyzed. By using y to tranform the
known relationship abetween *C radioactivity and responding PSL, the activity of **P can be calculated
by dividing respective PSL intensities by [3cyc.

Our data showed in this context, that higher **P activities led to respective PSL intensities outside the
linear range (Fig. 1V-4). In EXP2 this led to a sigmoid exponential function (R2= 0.99, p < 0.0001)
(Fig. IV-4). The cut-off for linearity was different for both experiments being > 4000 Bgq cm?2 for
EXP1 and > 2000 Bq cm2 for EXP2. The linearity between PSL intensities for exposed “C activities,
however, was similar in both experiments (R2=1, p <0.0001) (Fig. IV-4). Based on these results,
sensitivity losses of imager plates occurring between the reference experiments at the beginning
(EXP1) and at the end (EXP2) of the experiment cannot be excluded, since imaging plates were not
used too often during the experiment: approximately 20 exposure events with approximately 80 h
exposure time in combination with the described erasing procedure. Usually, however data indicates
that this accounts for radioisotopes having higher emission energies than *C.
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Figure 1V-4: Relationship between photostimulated luminescence (PSL) intensities and applied **C and
®p activities over the whole range of applied radioactivity in two reference experiments (EXP1 and
EXP2). At the end of the study, after more than 20 exposure events the linearity in the plate response
reaction of PSL to increasing **P activities was lost (EXP2) and we therefore recommend to apply the
method within the dynamic linear range between 50 and 2000 Bq cm™ for **P radioisotopes.

3.2 3P activities in leaves calculated from digital autoradiography images

In an excised leaf experiment, *C polymer references were co-exposed with **P labeled plant leaves,
both designated here as ROI (Fig. IV-1). After exposure, the **C slope (different for every single
exposure event) was calculated and multiplied by the equivalence factor (Fig. IV-2 and Fig. IV-3),
which resulted in the equivalent *P slope, calculated from activities < 2000 Bq cm2 (Fig. 1V-2).
Afterwards, *P PSL intensities were divided by the calculated **P slope (Fig. IV-3), which resulted in
calculated **P activities for single ROIs.
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To estimate the effect of tissue density as a factor of **P activity absorption, the average leave tissue
thickness was measured and multiplied by the leaf area and the dry weight. The density ranged
between 0.29 and 0.48 g cm™ for maize and 0.44 and 0.49 g cm™ for wheat leaves. The relationship
between leaf density and the ratio of PSL intensities and applied **P activities showed no significant
correlation (maize: R?=0.08, p = 0.31; wheat: R*=0.007, p = 0.72) (Fig. IV-5). With greater leaf
densities no declining PSL to Bq ratios were found (Fig. IV-5).
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Figure IV-5: Relationship between leaf tissue density [g cm™] of maize and wheat leaves and the ratio of
measured photostimulated luminescence (PSL) assessed via autoradiography and **P activities assessed by
liquid scintillation counting (LSC). The **P labeled excised leaves of maize (n=3) and wheat (n=5) plants
were first dried and then exposed for 4 h to imaging plates and afterwards scanned by the Bioimager
CR35. For LSC analyses leaf materials were digested (HNOj pressure digestion) and 3 aliquots of every
digest were analyzed.

We plotted the calculated **P activities of plant leaves against their **P activities, which were
estimated by LSC analyzes (Fig. 1V-6). A significant linear correlation was found for both the excised
maize (R?=0.99, p < 0.0001) and wheat leaves (Rz= 0.99, p < 0.0001) (Fig. IV-6). Generally, the
calculated activities were in good agreement with the **P activities measured by LSC, with overall
recoveries averaging 100% + 12% (for single plant species: maize = 114%+8%; wheat = 94%+6%).
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Figure 1V-6: Relationship between measured *P activities [Bq cm™] assessed by liquid scintillation
counting (LSC) and calculated **P activities [Bq cm™] from autoradiography. All activities of single **P
excised leaves of maize (n=3; over 3 imaging events) as well as of wheat (n=5; over 5 imaging events) are
displayed. The results revealed a highly significant linear correlation between measured P activities in
the excised leaves (obtained via LSC) and the calculated **P activities using the outlined quantification
method.

4 DISCUSSION

4.1 Linear dynamic range and plate sensitivity

The present study aimed to develop a fast quantitative application of digital autoradiography. It
provides here for the very first time a standardized processing and calculation procedure to quantify
3P activities in plant leaves after uptake of labeled P. The high linear agreement of PSL response for
p and C activities (Fig. 1V-2) confirms earlier suggestions of Eakin et al. (1994) and Cremer et al.
(2009) who also found a constant relationship between **C and **P activities for a specific range of
activity. The procedure described here can be used routinely up to **P activities of 2000 Bq cm™ and a
routine limit of detection of approximately 50 Bq cm™, and it should be possible to adapt it easily also
to other radioactive isotopes such as *P, **S or *Fe. Notably, results with **P labeled wheat leaves,
however, indicated that the range of application can be expanded up to 3000 Bg cm™, or even higher
activities (Fig. 1V-6).

In this study, an exposure time of 4 h was found to be optimal. It captured the intensity responses of
the applied **C and *P activities, and avoided imaging plate overexposure in EXP1 and the excised
leaf experiment. A loss of linear PSL response at higher activities of *P radioisotopes occurred in
EXP2, the reference experiment at the end of the study. Results indicated that the imaging plate
sensitivity can be exceeded or exhausted by repeated exposure (Upham and Englert 2003), even after
repeated erasing processes. This was visible in the decrease of sensitivity in EXP2 towards the end of
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the study (Fig. IV-4); the increment of PSL intensities with increasing radioactivity was not linear
anymore. After 20 process iterations (approximately 80 h exposure with the outlined erasing
procedure), the total plate sensitivity losses were evident (Fig. IV-4). Reichert et al. (1992) stating the
same observation, therefore recommended to ‘flood’ imaging plates with white light for 24 to 48 h for
erasing remaining local artifacts on the imaging plate, which was not done here.

Interestingly, the loss of linearity occurred only for **P and not for the co-exposed *C in EXP2.
Generally, during imaging plate exposure, the energy emitted by radioactive decay is absorbed by an
activator ion of the phosphoric materials in the plate, and then transported through the luminescence
material to the host lattice. In the case of BaFX:Eu?", the quantum of energy emitted by the radioactive
decay ionizes the activator ion Eu®* and converts it to Eu®* (4f-5d transition). This liberates excited
electrons, which are trapped in a bromine vacancy in the host lattice (BaFBr’) to form F centers (type
of crystallographic defect in which an anionic vacancy in a crystal is filled by one or more unpaired
electrons). The electrons are thereby stored in a meta-stable energy state (Takahashi et al. 1984;
Takahashi et al. 1985; Takahashi 2006). Due to higher emission energies of **P radioisotopes,
compared to “C radioisotopes, the excitation from **P radioactive decay is larger during imaging plate
exposure. Hence, more electrons are captured from **P in the meta-stable energy state during a given
time interval. Therefore, the maximum imaging plate storage capacity was reached faster for **P than
for “C exposure. Care has to be addressed to the exposure time and the amount of the most active
radioisotope (Upham and Englert 2003). We recommend careful pre-testing and imaging plate
replacing after experiments with radioisotopes of high emission energies when quantification is
intended.

4.2 Quantification of **P leaf tissue concentration

The PSL responses of imaging plates to exposed radioactive decay can be described by a function of
distance of the radioactive source, its activity, and the material density (affecting self-absorption)
(Johnston et al. 1990; Robu and Giovani 2009). By multiplying **C PSL intensities with the
equivalence factor of 9.73 (Fig. IV-2 and Fig. 1V-3), and dividing it by the measured **P PSL
intensities (from the excised leaves) (Fig. 1V-3), we were able to provide a highly significant, linear
correlation between calculated and measured *P activities for both crops (Fig. IV-6).

The thickness of the leaf tissue correlated slightly negatively with both the PSL response (R2 < 0.24;
p < 0.005) on the imaging plate as well as with LSC response (R2 < 0.19; p < 0.05). Yet any absorption
and subsequent self-attenuation of radioactivity must result from interactions with tissue material, i.e.,
as outlined in the introduction section it is a function of tissue density rather than of tissue thickness
(Robu and Giovani 2009; L'Annunziata 2012). The leaf tissue densities, however, did not affect the
quantitation of **P activities (Fig. IV-5). As the measured leaf densities are representative for a range
of monocotyledon plants (Robu and Giovani 2009), we conclude that natural ranges of plant leaf
tissues are not significantly attenuating radiation.

A lacking impact of biological tissue thickness on the PSL response of **P activity appears to
contradict results found earlier by other researchers working with brain paste slices (Eakin et al. 1994;
Cremer et al. 2009). They analyzed *P activities in slices of different thickness and found a linear
increase of radioactivity with tissue thickness on the one hand and PSL intensity variations, especially
with increasing tissue thickness on the other. Eakin et al. (1994) recommended that uniformity of
tissue thickness is therefore important to obtain consistent quantitative results. This is reasonable for
materials with tissue densities close to 1 g cm™ as likely investigated for the brain slices used in that
study, because this at such density absorption of radioactivity is increasingly captured when thickness
increases. In dried plants and thus in our study, however, averaged leaf densities were
0.38+0.06 gcm™ (maize) and 0.46 +0.02gcm® (wheat), taking into account the mesophyll
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intercellular air spaces and total leaf dryness. At thus lower density, absorption of radioactive decay by
plant leaves obviously plays a minor role, which was also supported by the close agreement of
calculated and measured radioactivity concentrations in the plants (Fig. 1V-6). A subsequent study
using the described method for **P quantification in plant sections of whole plants (Fig. C2)
demonstrated that it is also applicable for random leaf parts, and not only leaf tips.

In summary, we developed an enhanced, fast and quantitative autoradiography method for imaging **P
activities, which is now applicable for plants and probably other biological systems up to a spatial
resolution of 100 um. Our results suggest that after drying, *P activity in specific plant compartments
can be appropriately quantified by digital autoradiography under the following conditions: (a)
appropriate erasing and sensitivity maintenance of the imaging plates, (b) co-application of *C
polymer references, (c) applications of the radiotracers within the linear response range of
radioisotopes (here, between 50 and 2000 Bg cm?), (d) adequate exposure times to maintain PSL
linearity, and (e) the calibration of an equivalence factor for PSL intensities of C and *P
radioisotopes, being 9.73 in our experiments.
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V FINAL DISCUSSION

1 SUMMARY OF THE RESEARCH OBJECTIVES

Uncertainties regarding scarcity of phosphorus (P) reserves for the production of mineral P fertilizers
in the long term, but also environmental effects resulting from excessively high concentrations of P in
surface waters and its value as essential crop nutrient to meet the demands of the expanding world
population’s food supply have encouraged scientific efforts to find ways to improve the efficiency of P
use in fertilized arable soils (Syers et al., 2008). There is a broad scientific consensus to improve the
understanding of the fate and residual value of P fertilizers supplied to the soil. Information gained can
be used to increase its use efficiency and utilization rate in order to reduce fertilizer usage to the
required level, while at the same time it ensures the mandatory high yields in agricultural production.
Therefore, an objective of modern P research is to orientate the already existing knowledge on soil P
dynamics beyond the frequently only methodologically defined P fractions towards a primarily
environmentally relevant understanding of the existing chemical P speciations in agricultural
important soils. The investigation of existing and sometimes massive soil P deposits, their quantities
and detailed chemical differentiation is indispensable and urgently required. This information can then
be linked to a sustainable fertilizer management. However, this also includes the evaluation of the soil-
inherent potential to contribute to adequate supply with plant available P (the so-called P buffer
capacity of a soil). An adequate soil P supply potential is particularly important when it is needed by
the crop, i.e., in the most active period of growth (Syers et al., 2008). Therefore, also the development,
combination and improvement of efficient methods for the evaluation of readily available P in soils
must be promoted in order to enable rapid and functionally-defined P analysis (Condron and
Newman 2011; Kruse et al. 2015).

This work comprises three interlinked areas of current P research outlined above. In a first study, the
dominant chemical forms of soil P stocks under the influence of different long-term fertilizer
applications were elucidated. Therefore, the effect of P fertilizer inputs on the composition of P in the
entire soil profile was considered and the hypothesis was pursued that the P fertilizer source and the
amount applied have direct influence on the dynamics of soil P as well as on the accumulation of P
from fertilization, especially in the subsoil. The knowledge gained formed the basis to investigate
efficient utilization of P stocks located in the whole soil profile. In the second study, the contribution
of predominant soil P forms to the overall soil P supply of plants was analyzed. This P accessibility
study comprised two soil orders since it was known from the literature that not only the chemical form
of P in the soil but also soil physical properties determine the efficiency of P uptake by plants. The
investigations carried out were mostly hampered by the destructive analysis of the plant materials for
p concentration analysis at the end of the study, which, however, also permitted a time resolved
monitoring of the uptakes of **P into the shoots. To avoid destructive sampling, therefore, a new
quantification method was established to determine the activity of **P radioisotopes in dry plant
leaves, and thus the plant’s P uptake. On the basis of a cost-efficient, fast, and high-throughput
application, this method contributes to the elucidation of spatial P dynamics and uptake of soil P, and
thus to an overall progress in P research.
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The results gained allowed to answer the main research questions outlined in chapter I:

I. How are phosphorus stocks and phosphorus speciation in arable soil profiles affected
by long-term application of inorganic and organic phosphorus fertilizers?

As agricultural productivity depends on the use of P — of which not only the topsoil but also the
subsoil can provide P to the plants — this study hypothesized that past P fertilizer inputs sustained or
increased the P stocks in the whole soil profile and with that influenced the P speciation and thus
bioavailability of soil P. To assess the availability of soil P forms for plant nutrition, the P status of
Stagnic Cambisol profiles (0 cm to 90 cm soil depth; long-term fertilizer experiment at the University
of Rostock) in experimental plots that received different P fertilizer applications for 16 years were
compared. Sequential fractionation was combined with P K-edge XANES spectroscopy and liquid
$'P_.NMR spectroscopy to characterize the chemical form of dominant, inorganic and organic
P species. Fertilized topsoils showed P stocks being larger by a factor of 1.2 to 1.4, and subsoil stocks
being larger by a factor of 1.3 to 1.5 than the unfertilized control treatments. The P-XANES analyses
revealed the predominance of mainly inorganic P species, such as moderately labile Fe- (46 to 92%),
Al- (0 to 40%) and Ca-P (0 to 21%) compounds besides organic P (0 to 12%). These findings were
supported by *P-NMR analyses who indicated decreasing proportions of orthophosphate monoesters
from topsoil (20 to 28%) towards the second subsoil layer (7 to 13%). In summary, the investigation
showed that fertilizer application maintained or increased P stocks along the whole soil profile but
only slightly altered the P speciation throughout the profiles after 16 years of fertilization. Hence, the
kind of fertilizers had no significant effect on the final soil P status, only the amount of applied P in
total affected mainly the inorganic P pools.

Results from another long-term fertilizer experiment located in Bad Lauchstadt (Haplic Chernozem,
4 different fertilized soil profiles 0 to 90 cm, longer duration (> 100 years); analyzed in accordance to
chapter II) are implemented in the following synthesis as they showed supporting trends of P stocks
and speciation in a different soil order. Differences between the fertilizer treatments and the
unfertilized control treatment were more pronounced, which may result from the longer duration of
this fertilizer experiment.

Il. Can P from oxidic (sub)soil forms sufficiently contribute to plants soil P demand?

There is currently relatively little available information on subsoil P use for crop production as a
function of soil order. In this study, a rhizobox experiment was performed using subsoils of two
reference soil groups, an Orthic Ferralsol and a Haplic Luvisol. To evaluate the immediate P uptake by
wheat (Triticum aestivum L.) from different subsoil P pools during 14 days of growth, subsoil bands
were spiked with KH,PO, solution associated to Fe-hydroxide (**P-Fe), to Al-hydroxide (**P-Al), in
free form (**P-OrthoP), or in trace amounts without any additional *'P (**P-NoP). At the beginning of
the experiment, the soil water content was set at 75% of water-holding capacity, corresponding to an
initial soil matric potential of —12 = 1 kPa. During plant growth, soil moisture decreased in both soils,
but soil matric potentials in both soils did not drop below field capacity (—33 kPa; pF 2.5). The shoot
dry weights of the Ferralsol were 1.2 to 1.8 times those of the Luvisol. The amount of **P taken up by
the shoots from the oxide phases was 15 to 40% greater in the Ferralsol treatments than in those in the
Luvisol treatments. It was concluded that the more favorable physical soil conditions facilitated **P
uptake from both oxidic phases from the Ferralsol subsoil relative to the Luvisol subsoil, despite better
P phytoavailability in the latter.
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I11. Is digital autoradiography an efficient, non-destructive and spatially resolved
method for **P radioisotope quantification in plant leaves?

Phosphorus uptake studies in the past were hampered by the processing and analyzing conditions of P,
i.e., the destructive pressure-digestion of the plant material and subsequent wet-chemical analysis of P
concentrations. This is also notably as P research still lacks techniques for rapid imaging of P uptake
by plants and P allocation in different soil, sediment, and biological systems in a quantitative manner.
In this study, we describe a time saving and cost-efficient digital autoradiographic method for in-situ
guantitative imaging of **P radioisotopes in plant materials. The described method combines digital
autoradiography of the radiotracer applications with additions of commercially available **C polymer
references to obtain *P activities in a quantitative manner up to 2000 Bq cm. | showed that linear
standard regressions for both radioisotopes are obtained, allowing to establish a photostimulated
luminescence equivalence between both radioisotopes with a factor of 9.73. Validating experiments
revealed good agreement between the calculated and applied *P activity (R? = 0.96). This finding was
also valid for the co-exposure of **C polymer references and **P radioisotope specific activities in
excised plant leaves for both maize (R?=0.99) and wheat plants (R?=0.99). The outlined digital
autoradiographic quantification procedure retrieved 100+12% of the **P activity in the plant leaves,
irrespective of plant tissue density. The simplicity of this methodology opens new perspectives for fast
quantitative imaging of **P in biological systems and likely, thus, also for other environmental
compartments.

2 SYNTHESIS AND OUTLOOK

The results of this thesis showed that long-term excess P fertilizer applications had increased the
stocks of P pools with different availabilities in the soil profile. However, it was also indicated that the
soil-inherent P availability without any P fertilization was still sufficient to supply P to the plants over
decades, even if the P uptake by the crop tended to exhaust the readily available soil-inherent P
reserves. It can be assumed that the subsequent replenishment of plant available P via, i.e., desorption
from moderately labile P forms (provided that they are spatially accessible) can compensate for the
absence of soluble P from fertilizer applications. The results, therefore, indicated that the current
fertilizer recommendations underestimate the intrinsic P supply potential of long-term fertilized arable
soils. It is conjecturable that especially European arable soils even without excessive P fertilization can
sufficiently cover the annual demand for P by the crop, presumed the subsoil P pool is physically
accessible (Gransee and Merbach 2000). In addition, other factors such as climate, vegetation control,
and a balanced nutrient ratio contributed to the general P use efficiency, which depended also on the
respective soil order and related physicochemical soil properties, such as the potential of soil water
replenishment. Moreover, with the third chapter of this thesis | may now offer an efficient modern
instrument on the basis of digital autoradiography, that enables a spatially resolved and quantitative
determination of P radiotracer concentrations in plants. The fields of application include further
biological systems as well as other environmental compartments.

2.1 Limitations of phosphorus supply in fertilized arable soils

Long-term fertilizer experiments have shown that soil P stocks were maintained or increased due to
the P inputs via fertilizers over many decades. However, also the unfertilized control treatments were
not lacking available P (Resin-P and NaHCOs-P stocks) over long durations of cultivation (Table 11-2
and Table D2) so that sometimes only after decades yield losses arose (Selles et al. 1995; Gransee and
Merbach 2000). The use of P fertilizers on arable soils in Europe can thus be seen as a kind of “luxury
treatment” considering that there is a sufficient supply of P to the crop P needs. A decisive reason for
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this is a low level of weathering in European soils, which implies that the soil-inherent P reserves, e.g.,
from the parent rock are sufficiently available. With pedogenesis, these reserves can be mobilized over
time and thus continuously contribute (however to a lesser extend) to the P supply of the crop (Bauke
et al. 2018). In heavily weathered soils, such as Australian Ferralsols, the available, soil-inherent P
reserves have been largely exhausted or lost through advanced pedogenesis (Walker and Syers 1976).
The advanced chemical weathering of these soils led to lower soil pH and high concentrations of
amorphous and crystalline Fe and Al (hydr)oxides (Table Il11-1), which limit P mobility and thus
sufficient soil P plant availability (Yang and Post 2011). Such differences between general soil groups
indicate right from the beginning, that the P dynamics and the general P supply of the crop in a given
soil are strongly related to the present chemical and physical soil conditions.

Since crop growth depends on adequate supply of dissolved P, an optimal P plant availability in the
soil can only be sustained by steadily maintaining a certain P concentration in the soil solution. During
the vegetative phase, especially in the first 6 to 10 weeks, when the P uptake by the crop is highest
(Rémer and Schilling 1986; Veneklaas et al. 2012), more P is required daily (approximately 0.3 to 0.5
kg ha™ (Syers et al. 2008)) than is actually present in the soil solution (less than 0.2 kg ha™ (bulk soil)
and 0.075 kg ha™ (rhizosphere) (Syers et al. 2008)). Therefore, the available P concentration in soil
solution is restricted during the period of the highest P requirement in the growing season. Due to
higher demands, the P concentration in the soil solution tends to be replenished multiple times a day,
e.g., by diffusion of desorbing soil-inherent P or by dissolving external P from fertilizers.

Fertilizer applications by introducing high soluble P into the soil should guarantee such a sufficient P
concentration in the soil solution according to crop requirements. After application, the main
component (monocalcium phosphate) of mineral fertilizers, i.e., superphosphate and triple
superphosphate, is initially converted by hydrolysis processes into a meta-stable acidic composition of
monocalcium phosphate, dicalcium phosphate dihydrate, and phosphoric acid. Within a short period,
the more stable dicalcium phosphate dihydrate continues to dissolve, while highly insoluble
components such as hydroxyl apatite precipitate (Sanyal and De Datta 1991). Due to this fast
solubilization of the superphosphate the soil solution is, on the one hand, saturated with freely
available ortho-P after fertilizer applications (Sample et al. 1980). However, on the other, in excess
applied P interacts with the soil matrix and is thus rapidly adsorbed by soil particles (this can account
for up to 76% of the fertilizer P applied) (Wechsung and Pagel 1993; Blake et al. 2000; Tunney et al.
2003). Overtime this “remaining fertilizer P” can be mobilized again and contribute to the supply of P
to crops (Pheav et al. 2003; McLaren et al. 2016).

The main limitations for an accurate determination of soil P supply to plants, which have to be
carefully considered, arise from the limited potential of the plant roots to explore the entire soil
volume. Estimations suggested that only 25% of the topsoil volume in a vegetation period stands in
close contact with the root zone (Jungk 1984). However, it can be assumed that the presence of roots
in the topsoil (especially the root length density) is always high, whereas the subsoil is less penetrated
by roots with increasing depth (Bauke et al. 2017a). Therefore, the spatial distributions and
guantities of P stocks in the soil profile are decisive for the evaluation of a sufficient supply of P
to the crop, irrespective of the soil depth where the external P fertilizers are applied.

Beside spatial limitations, adequate P supplies strongly rely on the chemical nature of the P forms
close to the plants’ roots, as it determines their availability for the plants. The P concentration gradient
in the root-ambient soil phase (also known as rhizosphere), mainly caused by the P uptake of the
crop, can reach sufficient P desorption and diffusion rates providing plant available P. This so-called
intrinsic soil P buffer potential is generally influenced by soil physical parameters such as soil
acidity, moisture and temperature. Hence, the “speed” and potential of P replenishment depends
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overall on the "soil P composition", i.e., the amount and chemical form of the P stocks in the soil. The
elucidation of the chemical nature of dominant soil P species must, therefore, receive attention
first in order to comprehensively assess the potential for P supply for plants in a specific soil.

2.2 Phosphorus stocks in fertilized arable soil profiles as modified by fertilizer usage

Phosphorus applications on agricultural important soils in Europe, i.e., Anthrosols, Luvisol,
Cambisols, and Chernozems, often exceeded the P requirements of the crop or are applied in an
unbalanced nutrient ratio. Surplus P from fertilizer applications thus subsequently accumulated in the
topsoil but also leached out into deeper soil layers (Khan et al. 2018). Results from 10 long-term
fertilizer experiments, summarized by (Hooda et al. 2001) showed a net accumulation of 16 to 232 kg
P ha' year. Gransee and Merbach (2000) published results of a long-term fertilizer experiment in
Halle (Luvic Phaeozem) which has received different amounts of P fertilizer (0, 15, and 45 kg P ha™
year™) for 50 years. The P balance (P inputs minus P output) over the duration of the experiment was
only positive (+800 kg P ha) for the treatment which has received 45 kg P ha™ year™. Literature
reported for the treatments with surplus P analyzed in this thesis (combination of organic and mineral
fertilizer applications) a surplus over 14 years of +258 kg ha™ (Rostock, Stagnic Cambisol, additions
of approximately 47 kg P ha™ year™ (Requejo and Eichler-Lobermann 2014)) and a surplus over 84
years of +2652 kg ha™ (Bad Lauchstédt, Haplic Chernozem, additions of approximately 50 kg P ha™
year™ (Wechsung and Pagel 1993; Kérschens 1994)). These fertilizer P surpluses were in line with the
here found significantly higher P stocks in the soil profile of these fertilizer treatments (total P stocks:
Table 11-2 (Rostock) and Table D1 (Bad Lauchstadt)).

However, at annual P fertilizer applications of up to 15 kg P ha™ year™ in Halle, the P balance was
already negative (-349 kg ha™). Hence, this P fertilizer dose did not meet the crops requirements,
leaving an average annual loss of approximately 7 kg P ha™ over the last 50 years behind.
Interestingly, despite the P surpluses in the treatment with highest P inputs the average yields of the
three fertilizer treatments (0, 15, and 45 kg P ha™ year™) were not significantly different (Gransee and
Merbach 2000), especially when compared to the control treatment which has received any P
additions. Hence, lower total P stocks in the soil profile of the treatments with negative P balances
suggested a re-supply and/or acquisition by the crops from soil-inherent P forms from deeper
soil depths (Gransee and Merbach 2000).

Assuming an average annual P removal of 20 to 28 kg P ha™ (estimated from P removals from the
investigated long-term fertilizer experiments Rostock and Bad Lauchstadt (annual removals stated by
Wechsung and Pagel (1993); Gransee and Merbach (2000); Requejo and Eichler-Ldbermann (2014))
the single fertilizer treatments with either organic or mineral amendments (average annual P
application of 25 to 34 kg ha™ year™) were able to cover the crops P requirements in the season.
Similar to the negative P balance in the fertilizer treatment with 15 kg ha™ year™ in Halle, Requejo and
Eichler-Lébermann (2014) stated that the P balance of the compost treatment in Rostock was still
negative (soil P removals of -4.4 kg ha™ year™). The opposite was found in Bad Lauchstédt, Wechsung
and Pagel (1993) calculated positive P balances for organic and mineral single P fertilizer applications,
leaving an annual P surplus of +7.4 to +16.4 kg ha™ year" over 84 years behind. In conclusion,
Wechsung and Pagel (1993) reported that P inputs of 12.9 kg P ha™ would have already compensated
for the P removals at the experimental site in Bad Lauchstadt. Hence, in the first instance an excess P
supply via the annual fertilization in Bad Lauchstédt could be assumed. However, if one considers the
average annual P requirement, e.g., of wheat of 35 to 40 kg P ha™ (LWK Nordrhein-Westfalen, 2017)
it has to be assumed here that these P fertilizer quantities have covered only a part of the P
requirements. This, however, legimates the official fertilizer recommendations (of up to 40 kg P ha™)
but also indicates that in the single fertilizer treatments (P inputs of up to 34 kg P ha™) soil-inherent P
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stocks must have undergone annual reductions over the duration of the long-term experiments,
if the crop’s P requirement in a season is not met by the applied P fertilizer quantities.
Concluding, a general fertilizer influence on the soil P stocks between the treatments was measurable
(lowest total P stocks were always found in the unfertilized control treatment and the highest in the
surplus treatments (Table 11-2 and Table D2)) but the sum of P stocks of the soil profile in Rostock
(total P stocks: 3827 to 5532 kg ha™) and in Bad Lauchstadt (total P stocks: 5019 to 9652 kg ha™) were
relatively high. This agrees to the fact that annual soil P losses of 4 to 7 kg P ha™ as outlined above,
affected these P stocks in the soil profile, even over many years only slightly.

With regard to the P stock in the soil profiles; all treatments showed comparable depth related
differences. The distribution of the P stocks in the soil profile of both long-term fertilizer experiments
decreased with increasing soil depth. This seemed reasonable, since the surface application of P
fertilizers, but also the exploration and acquisition of P from the subsoil or the parent rock by the crop,
generally leads to an accumulation of larger P reserves in the topsoil. However, the results also
showed that the P stocks in the soil profile were equally distributed half within the topsoil (0 to 30 cm)
and half within the subsoil (30 to 90 cm) irrespective of the fertilization regime. The migration of
surplus P (here with emphasis to the surplus treatments) into deeper soil layers due to increased
mobility of P can be explained by the saturation of the soil sorption sites (the degree of P adsorption
(DPS) was > 30% in the fertilizer treatments, Table II-1, Table D1), especially in the topsoil, and a
subsequent migration of unbound P, i.e., via preferential paths (Bauke et al. 2017b) into deeper soil
layers. Medinski et al. (2018) just recently reported increased P stocks up to soil depths of 60 cm in
Bad Lauchstadt due to P fertilizer inputs. On the other side, rhizotron experiments conducted by Bauke
et al. (2017a) clearly showed that the transport of topsoil P into deeper soil layers mediated by
plant roots has a decisive role for reallocations of soil P within the soil profile and thus has also
to be taken into consideration when analyzing soil P dynamics.

Limitations arose, since the exact contributions from massive soil-inherent top- and subsoil P stocks at
negative P balances cannot be estimated since no data are available reporting original P stocks up to
90 cm at the beginning of the long-term experiments. It is therefore not certain whether the treatments
with organic or mineral fertilization also led to an accumulation of P stocks or P additions just have
sustained the endogenous level of soil P stocks. Valid answers on the P status without fertilizer usage
can only be obtained by the control treatment without P inputs. As highlighted above, yields in the
control treatment were not reduced due to the absence of P inputs for many decades, which indicated
that the annual crop-related soil P removals in the control treatments also must have originated
from either readily available external P or from available P stocks from the soil profiles.

By mobilizing P from moderately labile and stable P fractions, the demand for P by crops can be met
for many years (Spratt et al. 1980). The sequential P fractionation revealed that, especially in the
control treatment in Bad Lauchstadt the P stocks of different P fractions in the topsoil but also in the
first subsoil layer were reduced compared to the treatments with P inputs (Table D2). In the relatively
young long-term experiment in Rostock these findings were not pregnant. Gransee and Merbach
(2000) also stressed the importance of the P re-supply from moderately labile P fractions with respect
to soil P dynamics of a long-term test site in Halle. The authors emphasized potential importance of
moderately labile subsoil P stocks providing readily available P, when labile P stocks in the topsoil are
depleted. It can be assumed that the differences found between both control treatments of the
long-term experiments indicate that not only the fertilizer application but also the period of
cultivation and thus the amount of easy available soil P removed from the soil profile is decisive
and significantly affects the P status (towards less available, stable P species in the long-term) in
the soil profile.
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2.3 Phosphorus speciation in arable soil profiles as modified by fertilizer usage

Current P research is still lacking information on the extent to which the P forms present in the soil
profile are physically available (spatial accessibility with depth) to the crop, and if, how they are
utilized in terms of their chemical availability (Kuhlmann and Baumgartel 1991; Syers et al. 2008;
Kautz et al. 2012). The use of soil depth-resolved sequential P fractionation in combination with
spectroscopic methods in this thesis made it possible to elucidate P forms at the molecular level as
influenced by the use of P fertilizer.

Independent of the type of fertilizer applied (i.e., inorganic or organic), the soil P forms vary only
slightly, since both inorganic and organic P fertilization generally result in the introduction of soluble
inorganic P being present in the soil solution (Sharpley 1986; Hao et al. 2008; McLaren et al. 2016).
Selles et al. (1995) analyzed the effect of fertilization on soil P availability and found that fertilizer P
not taken up by the plants (above already designated as “remaining fertilizer P’) accumulated
predominantly in plant available P forms. Thus, in the first instance, fertilizer P increases the inorganic
labile (NaHCOz-extractable) and moderately labile (NaOH-extractable) soil P fractions (Pheav et al.
2003) in the topsoil. Similar hints were found in chapter Il of this thesis. When considering the
P fractions of the fertilized treatments as delta to the control, in Bad Lauchstédt the delta of the labile
(Resin-P and NaHCOs-P) and moderately labile P fractions (NaOH-P) dominated in the treatments
with P inputs (Fig. D2). As assumed above, this indicated that especially in the control treatment in
Bad Lauchstadt the labile and moderately labile P stocks were more depleted (effects of seasonal
depletion due to P removal by the crop has to be expected) most likely because of the long-term
absence of P inputs with continuous soil P utilization by crops and the subsequent removal of harvest
products. A similar trend, was already shown by Blake et al. (2003) and suggests a soil P re-supply
potential by continuous replenishing of P in soil solution from the soil, if no yield losses occurred
(Korschens 1994). This may have reduced the moderately labile soil P species over time — as already
assumed above — leaving less available, stable P species in the control treatment augmented. However,
the delta of the stable P fractions (here mainly Residual-P) dominated the soil profiles in Rostock
(Table 11-2 and Fig. D1). In such a relatively young long-term fertilizer experiment, labile P depletions
in the absence of P inputs seemed not far advanced (low delta of the labile P fractions in the fertilized
treatments, Fig. D1) and thus the effect of P re-supply from moderately labile P pools was not that
pronounced. However, it is known that also seasonal variations affect the soil P pool (Saunders and
Metson 1971; Magid and Nielsen 1992), which limits the significance of a comparison between the
fertilizer induced effects on soil P pools in both long-term experimental sites; the samples in Rostock
were taken before and in Bad Lauchstadt after the cultivation season in 2015. These differences were
especially visible in the concentrations of readily available P in soil solution (Pca. values, Table D1).
In Bad Lauchstadt differences between the fertilized treatments and the control treatment were
significant (between 6 to 26 times higher Pca. concentrations); whereas in Rostock no significant
differences appeared (0.9 to 1.4 times higher Pca concentrations; hence here a re-equilibration after
the cropping period, during winter can be assumed). This indicated that effects on P availability
affected by plant growth and harvest have to be considered too, also for further conclusions.
Nevertheless, from these findings also fundamental indications arose that the moderately labile
P species indirectly contributed to the P supply of the crop by assumingly buffering the available
soil solution P concentrations in the long term.

When P is being applied in excess to the soil, i.e., above the short-term requirements of the crop, it is
distributed between different soil P pools with time. In dependence on the soil group, it can be
predominantly fixed by surface-reactive amorphous Fe and Al (hydr)oxides (Sanyal and De Datta
1991). This was also found here with fertilizer-induced shifts towards higher NaOH-P; proportions
(representing moderately labile inorganic P sorbed or fixed by Fe and Al (hydr)oxides) especially in
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the mineral fertilizer treatments in Rostock and Bad Lauchstddt as revealed by sequential P
fractionation (Table 11-2 and Table D2). This was confirmed by higher proportions of P associated
with Fe and Al soil compounds in the soil profiles of all treatments in the Cambisol (between 46 and
92%, Rostock), but also in the Chernozem soil (between 0 and 50%, Bad Lauchstadt) as determined by
XANES spectroscopy (Fig. 11-2 and Table D3). The proportion of P associated to Fe-species
increased with depth in all treatments, whereas the opposite was found for Al-P species.
Therefore, slight influence on the inorganic P speciation due to the introduction of fertilizer P
can be confirmed in this thesis. These trends were also found by other scientist showing that
especially mineral fertilizer P was first associated with Al compounds in the topsoil (Eriksson et al.
2015).

Audette et al. (2016) suggested that the remaining fertilizer P not taken up by crops, either applied as
inorganic and organic form, transforms into labile and moderately labile P forms in the first place
along the migration into more stable P pools with time. Hence, a trend towards phase saturations can
allow migration into deeper soil layers, which then can also contribute to the formation of less-soluble
Ca-P species in the subsoil (Schmieder et al. 2018). Khatiwada et al. (2012) showed that 6 month after
fertilizer application (if not taken up by the plant) most of the remaining fertilizer P was transformed
into stable Ca-P and Fe-P soil species, irrespective of the form the fertilizer was applied to the topsoil.
Similarly, Ahlgren et al. (2013) showed in a *!P-NMR study, that the amount of extractable inorganic
P did not increase as much as the total inorganic P proportions under fertilizer applications. They
assumed that a part of the inorganic P-build-up from fertilizers went into more stable, not extractable P
pools. However, the altering of P speciation due to fertilization and thus also the formation of Ca-P
species is influenced by the soil group (including its properties such as weathering stage and parent
rock material) (Beauchemin et al. 2003; Ulen and Snall 2007; Eriksson et al. 2016b).

A general dominance of the stable P pool (especially the H,SO,-extractable P) in Chernozem soils as
present in Bad Lauchstadt, which build up on calcareous loose rocks being mainly loess from the last
ice age 12000 years ago (Altermann et al. 2005), was expected. The XANES spectroscopy revealed
that in Bad Lauchstadt up to 50% of P were Ca-P compounds (Table D3). These results were in line
with the relatively high H,SO,-P stocks comprising of mainly insoluble P associated with Ca and Mg
minerals (Chang and Jackson 1957; Golterman and Booman 1988; Pierzynski et al. 2005), which
increased with soil depth (Table D2). At soil pH in the neutral to alkaline range, as found in Bad
Lauchstddt, the precipitation of P as Ca-P (including amorphous Ca-P species in addition to subclasses
of apatite and hydroxyapatite) is probable (Lindsay et al. 1989). However, also in the slightly acidic
Cambisol in Rostock increasing proportions of H,SO,4-P stocks with increasing depths were found
(Table 11-2), whereas XANES spectroscopy did not show dominant proportions of Ca-P compounds in
these soil profile (Fig. 11-2). Since XANES spectroscopy is based on the use of standard substances,
which will hardly be present in the sample in such purity, but rather in mixed or transitional forms,
XANES results can only be an approximation of reality of the P speciation in the soil. Therefore,
XANES spectroscopy is used to detect the dominant P compounds (usually only up to 4 compounds),
but there is always a higher number of P forms in the sample than can be identified by linear
combination fitting (Kruse et al. 2015). More insights into soil Ca-P speciation may be obtained by the
complementary application of Ca-K-edge XANES spectroscopy. In the slightly acidic Cambisol, some
Ca-P may remain overall acidic soil conditions, i.e., in incorporated and complexed forms. A
sufficient comparison with the operationally defined fractions from sequential fractionation and
XANES spectroscopy will always vary imprecisely because of possible carryovers from one
fraction to another and re-adsorption of P during on extraction step which will enrich the proportions
of the acid extraction step (Williams et al. 1971; He et al. 2006; Condron and Newman 2011).
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The overall dominance of P associated to soil oxidic mineral phases but also Ca-P compounds in
fertilized arable soils was proven and thus P fertilizer applications may reduce the diversity of the
soil-inherent P species (Hawkes et al. 1984; Leinweber et al. 1997; Cade-Menun 2005). Mediated by
the annual P inputs, the concentrations but also relative proportions of the “most affected” P species
increases, whereas without P additions the P species that are less affected/ less accessible by the crop
increase. Therefore, this may explain the low delta to the control of the stable P fraction in Bad
Lauchstadt, especially the H,SO,4-P fractions, being pronounced in the control treatments even after 84
years of continuous P removals (Table D2).

On the contrary to the inorganic P speciation, the organic P fractions in the soil profiles of both long-
term fertilizer treatments were of minor importance and not sustainably affected by fertilization. With
minor exceptions the Pi/P, ratios of the treatment with P inputs corresponded to the ratios found in the
control treatments (Fig. D3). Similarly to this, a trend towards a higher significance of inorganic P
with increasing soil depth could be routinely confirmed in all treatments (Table 11-2 and Table D2). In
the soil profile of the unfertilized control of the Chernozem in Bad Lauchstddt considerable
proportions of organic P were determined by XANES spectroscopy (Table D3); this seems reasonable
for the topsoil with its high soil organic matter content (SOM) but not for the subsoils, where the loess
layer is found already at shallow depth (approximately below 40 cm; Altermann et al. (2005)).

Despite of the total organic P concentration, the *P-NMR analysis of the NaOH-EDTA-extracts
showed that the composition of the organic P pool was relatively similar for the treatments of both
long-term experiments. A general accumulation of organic P in the topsoil independent of fertilizer
usage was not found. Also the annual input of organic residues from the organic fertilizer treatments
did not or only slightly increased the organic P content in the soils (Fig. 11-3, Fig. D4, and Fig. D5).
Same results were reported by Ahlgren et al. (2013) who found that the relative composition of
organic P species identified by NMR did not change, regardless of the amounts or the kind of P
fertilizer (either mineral or cattle manure, alone or in combination).

Low-molecular weight ortho-P monoester compounds dominated the organic P fraction in the topsoil
independently of the fertilizer treatment. In Bad Lauchstadt also small proportions of diesters were
found, which is generally quite atypical for mineral arable soils (Cade-Menun 2005) but may represent
the higher SOM in the topsoil of the Chernozem soil. The great proportions of ortho-P monoesters can
partly be considered as degradation products of ortho-P diesters, such as RNA and phosphatidyl
choline (Turner et al. 2003a). Bol et al. (2006) analyzed the short-term dynamics of soil organic P
derived from higher organic P compounds in cattle manure and explained that degradation of organic
P towards ortho-P monoester as the dominant soil organic P forms was positively correlated with the
manure applications. However, it can be assumed that ortho-P monoesters were already enriched in the
organic fertilizers as they normally show a high degree of decomposition and therefore already consist
to a large extent of inorganic P compounds and low-molecular organic, mainly monoesteric
compounds (Sharpley and Moyer, 2000; Turner and Leytem, 2004; Pagliari and Laboski, 2012). In
particular, the ortho-P monoester compounds, which comprise of stereocisomers of inositol
hexakisphosphate, are considered to be poorly mineralizable and thus its ortho-P is also not directly
plant available (Turner and Leytem, 2004). Their high stability and affinity to react with abiotic soil
constitutes (Celi and Barberis 2005) as well as the introduction by dead organic matter into the soil
explains their dominance in the topsoil and suggests an accumulation with increased supply. However,
the organically fertilized treatments had no or only slightly increased ortho-P monoester contents than
the mineral fertilizer treatments or the control treatments of both long-term experiments. Surprisingly,
the relative proportions of ortho-P monoesters in the control treatment were comparable or only
slightly lower than in the fertilized treatments (Fig. D4 and Fig. D5). A theoretical accumulation of
ortho-P monoester compounds and generally organic P in the topsoil by fertilizer application is

70



V FINAL DISCUSSION

therefore doubtful (Ahlgren et al. 2013). Hence, it still remains unclear if organic compounds
introduced by the application of organic fertilizer, especially including the ortho-P monoesters,
experienced a turnover in soil (e.g., in the case of low soil P availabilities) and thus providing
readily available P, as it was assumed by Turner et al. (2003b).

Alternatively, incorporation or complexation of organic P into stable and non-extractable Residual-P
compounds was likely (Velasquez et al., 2016). Residual-P, can consist of occluded inorganic P and
organic P forms, i.e., stable humic acids and larger humus-complexes (Cross and Schlesinger 1995),
but predominantly ortho-P monoesters (Veladsquez et al. 2016) being covered or physically
encapsulated. The increased stable P fractions (with emphasis to Residual-P) in the topsoil and first
subsoil layer of the organic fertilizer treatments as well as in the surplus treatments of both long-term
experiments supports this assumption. Interestingly, differences between the two organic fertilizer
forms were found. The fertilizer treatment with cattle manure in Bad Lauchstadt showed lower
proportions of the non-extractable Residual-P fraction than the treatment with green compost
applications in Rostock. In the latter the non-extractable Residual-P fraction dominated the P
proportions in the topsoil. Different degradation stages of the organic fertilizer forms, here cattle
manure with an advanced degradation stage, but also effects on soil pH (Sato et al. 2005) explain these
differences between the fertilizer types. Unfortunately, a direct comparison between the effects on soil
chemistry due to green compost and manure application are not available in literature. Furthermore,
a more detailed consideration of the chemical structure of the Residual-P forms is not given in
this thesis, but would be advisable for future studies, since the non-extractable Residual-P pool
build up considerable proportions in soils (proportions of 30 to 80% in dependence on the
weathering stage) (Turner et al. 2005; Condron and Newman 2011). Hence, due to its composition, it
is expected that Residual-P is to a certain degree recalcitrant (Condron and Newman 2011). However,
its potential bioaccessibility is largely unexplored (Velasquez et al. 2016), mainly due to its chemical
complexity.

It can be concluded that the type of fertilizer is of minor importance for long-term P availability in
fertilized arable soils. However, the duration, the amount, and the frequency of P fertilizer application
to a specific soil group influence its P speciation (Blake et al. 2000). Soil P stocks associated to
mineral phases, such as amorphous Fe and Al hydroxides, increased or remained constant due to
fertilizer P applications, also described in literature (Delgado and Torrent 2000; Wang et al. 2010).
Also the opposite trend towards a replenishment of labile and moderately labile P species was
indicated in this thesis. The reduction of these soil P fractions in absence of P additions over decades
highlighted cropping induced effects on soil P pools in general (Blake et al. 2003), and especially on
the moderately labile P species. The soil physicochemical properties of these prominent highly-
adsorbing soil constituents were studied by several researchers (Barrow 1987; Fardeau 1995; Frossard
et al. 2011); however, information about the dynamics and plants P utilization from these soil fractions
under cultivation have not been resolved yet, despite their importance to control soil P mobility and
availability by refilling soil solution P (Hinsinger 2001).

2.4 Plant availability and accessibility of **P from dominant phosphorus forms

Plant P uptake is limited to P in soil solution; therefore, the restricting factors to meet a sufficient P
availability for optimal plant P supply are at first the concentration of ortho-P in soil solution and
secondary the amount of P that can potentially leave the solid soil phase (Buhler et al. 2003; Syers et
al. 2008). Soil P dynamics in fertilized arable soil profiles mainly rely on inorganic P stocks and
results (cf. chapter 1) showed that independently of the fertilizer regime, secondary soil minerals, such
as Fe and Al (hydr)oxides, are found to be the predominant soil mineral constituents soil P is
associated to or precipitated by (Walker and Syers 1976; Yuan and Lavkulich 1994; Gérard 2016). It is
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well known that their degree of crystallinity (representative for the reactive surfaces) highly
determines P adsorption levels, which in turn determines the P concentration in soil solution and thus
the overall P availability in soils (e.g., Schwertmann and Taylor 1989; Torrent 1997; Hinsinger 2001).
The relatively strong affinity of P for these mineral surfaces also affects the use efficiency of highly
soluble P fertilizers (Khasawneh et al. 1980; McLaughlin et al. 1988a; Syers et al. 2008), as also the
dissolving P from fertilizers is rapidly sorbed to or precipitated by the solid soil phase. Besides soil
specific thermodynamic and physical parameters such as texture, soil acidity, and ionic strength, the
equilibrium between P concentration in the liquid phase and P surface coverage, e.g., of Fe and Al
(hydr)oxides is one of the most important drivers that determines adsorption and desorption strength of
these P-loaded soil constituents.

In general it is important to emphasize that it remains questionable whether the individual sorption
and desorption assessment of single P species is fortunate to expand knowledge about the supply
from soil-inherent P forms for plants and thus on general P use efficiency in the complex soil
matrix. Studies that focused on the elucidation of the P supply from specific P species being
introduced into a soil matrix are limited, but being advised by literature (McBeath et al. 2012).
Especially, P accessibility of introduced P-loaded synthetic oxidic phases in soils have not been
reported yet; however, when combined with radiotracer techniques they can provide valuable
information to the understanding of plant uptake related soil P dynamics as they dominate soil P pools
(cf. chapter I1). Therefore, the rhizobox experiment in chapter Il served to investigate the accessibility
of these predominant amorphous Fe and Al hydroxide P forms to plants, blended in two subsoils of
different orders.

Different **P plant uptake rates and probably P availabilities between the soil orders can be related to
soil physical properties of the Ferralsol and Luvisol subsoil (Fig. 111-2 and Table I11-1). Most probably
the differences in plant development (shoot dry weights) arose from the fact that no irrigation was
planned in this experiment (irrigation can induce pH equilibrium changes, which can have influence
on sorption and desorption equilibria of cations and anions bound to mineral phases, which may have
affected P desorption behavior from the Fe and Al hydroxide surfaces (personal communication; F.
Gérard, May 2018)). Thus, soil water availability was highly dependent on the soil order-inherent
ability to replenish water, e.g., in the rhizosphere. Here, due to the more stabilized soil structure (Table
111-1) (Goldberg et al. 1990) the water supply for the plants was better in the more oxidic and clayey
Ferralsol than for the Luvisol (Fig. 111-2). Better growth conditions with improved root developments
and better spatial P accessibility in the Ferralsol manifested these results. However, improved P
diffusion properties from the bulk soil to the rhizosphere in the Ferralsol could also be assumed, which
guaranteed a constant P availability in soil solution for plant roots (Lewis and Quirk 1967; Bhadoria et
al. 1991).

Different **P plant uptake rates between the **P-treatments (with greater **P uptake rates in the **P-Fe
treatments, Table 111-2) can be related to insoluble solid phase Al-P compounds (cf. chapter I11) and a
certain Al-phytotoxicity in the **P-Al treatments. To verify phytotoxic side effects, | applied a plant-
agar system using either a *P loaded Fe and Al hydroxide treatment (see Table D5 and Fig. D6) with
the same hydroxide-P-loadings (cf. chapter IIl). Plant-agar systems were already applied in another
experiment (Schmidt et al. 2015) and provided good growth conditions for plants. After 18 days of
growth, a trend towards reduced plant dry weights in the Al hydroxide treatments (Table D5), likewise
in the rhizobox experiments (Fig. 111-3), along a slight yellowing of the plant leaves (Fig. D6)
indicated growth inhibiting toxic stress for the plants (Panda et al. 2009). These results, however, have
to be seen critically since no Al concentrations in the plant tissues were analyzed. Uncertainties
regarding phytotoxic Al availabilities for the young wheat plants could have been easily eliminated by
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ICP-MS analysis of the digested plant material, however, unfortunately this was not possible due to
contamination related problems for analysis, reducing interpretation of my results.

Overall, the 3P uptake rates in the rhizobox experiment indicated a trend towards better P utilization
from P-loaded Fe hydroxides (Fig. I11-3), which was in contradiction to desorption experiments
conducted in another study with the same hydroxides (Gypser et al. 2018). We therefore estimated the
plant available P fraction without plant growth by using the diffuse gradient in thin films technology
(DGT). A DGT sampler consists of a hydrogel layer containing an ion resin (ferrihydrite) covered by a
diffusion layer and protected by a membrane. It mimics the actions of P uptake by plants from the soil
solution by creating a sink for dissolved P but also for P which can be mobilized from the solid phase
due to the creation of a concentration gradient being comparable to a plant root (Degryse et al. 2009;
Santner et al. 2012). The application of DGT sampler to **P-loaded hydroxides being blended within
the Luvisol soil (Fig. E1; n=3) revealed that within 48 h of DGT deployment it appears that the **P
availability from the Fe hydroxides was greater (84+22 Bq cm) than from the Al hydroxides (53+54
Bq cm™®), even though the results were not significantly different (Fig. E2).

Hence, the outlined experiments with **P-loaded Fe and Al hydroxides mixed within different soil
orders, gave detailed insights into general P supply potentials for plants from oxidic bound soil P. The
results from the DGT experiment with lower *P diffusion rates into the gel sink from the **P-Al
source than from the **P-Fe source showed comparable results than the specific plant **P uptake rates
in the rhizobox experiment. Thus, the overall trends indicated lower P supply rates and thus lower P
availabilities for plants from subsoil Al-P species in arable soils. Concluding, the detailed information
gained in chapter 111 fundamentally supported the findings in chapter 1. Especially in the first subsoil
layer (from 30 to 60 cm soil depth) the dominance of Fe-P forms (in all treatments between 80 to 92%
P adsorbed to Fe, Fig. 11-2) was confirmed, which thus very likely represented great proportions of the
labile (11 to 15%) and moderately labile (31 to 40%) P stocks found in this soil depth (Table I1-2).
Hence, the careful and comprehensive elucidation of P stocks, the chemical speciation of dominant P
species (chapter Il) in combination with investigations towards P accessibility for plant P nutrition
(chapter I11), provided in this thesis may allow the conclusion that Fe-mineral soil P forms are of
greater importance for soil P dynamics in arable soils and thus overall control the P availability
and accessibility for plants by governing slow, long-term dissolution reactions and thus may
maintain continuous plant P supply.

2.5 Methodological advances of digital autoradiography for phosphorus research

Autoradiographic systems were developed for the visualization of conventional radioactive R-emitters
(e.g., Amemiya and Miyahara 1988; Johnston et al. 1990; Nakajima 1993). They have their infancies
in the early 50" in whole-body autoradiography for drug metabolism studies (mostly medical
purposes) followed by direct analysis of radio-thin-layer chromatography (implemented in plant
metabolism studies) (Barthe et al. 2012). Compared to the X-ray film autoradiography (which was
widely used in various fields from the 1950s on), digital autoradiographic systems (also referred to as
autoradioluminography being patented by Luckey (1975)) utilize sensitive sensor imaging plates
(Nakajima 1993). The imaging plates consist of uniformly coated photostimulable luminescence
material containing phosphors, which are mostly solid inorganic materials such as barium
fluorobromide crystals containing traces of bivalent europium, as the center of luminescence (written
as BaFX:Eu® (X = Cl, Br, 1)) (Takahashi et al. 1985).

Due to an exact spatial storage of signals from the origin of the radioactive decay on the imaging plate
material, this technique offers two-dimensional resolved mapping of radiotracers. In this thesis I
determined the spatial distribution of **P or **P radioisotopes in plants, soils, or gels (Fig. I11-1, Fig.
D6, Fig. E1, and Fig. F1). However, due to capturing exact intensities from the radioactive decay on
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the imaging plate and subsequent conversion into a digital signal, this method also allows quantitative
analyses. According to Barthe et al. (2012) autoradiography was first used in a quantitative manner by
Schweitzer et al. (1987) using a radioactive '“C labeled blood scale standard for comparative whole-
body autoradiography. In the following decades, many authors used **C standards for quantitative
purposes, not only for *C radioisotope autoradiography but also for other radioisotopes (e.g., Bhat and
Nye 1973; Miller 1991; Eakin et al. 1994).

In this thesis, digital autoradiography was applied (i) to analyze the distribution and success of
blending **P associated to mineral phases into soil (cf. Appendix F) and (ii) to compare the uptake
from *P associated mineral sources with different P availabilities by plants (cf. chapter 111). These
investigations raised the idea (iii) to advance and simplify analysis of P uptake studies by a non-
destructive quantitative method development, using **C standards as references for intensity
calculations of **P activities in leaf tissues (chapter 1V). In the following, the benefits of digital
autoradiography experiments but also further possibilities for its application are discussed.

The location of P fertilizer placement in a soil, i.e., when it is applied in a soil band, as point-source
(as hotspot) or as homogenous incorporated particles into the entire soil volume can have enormous
impact on its accessibility for growing roots (Borges and Mallarino 2001; Mallarino and Borges
2006). Fox and Kang (1978) proposed the advantages of a homogenous incorporation of P fertilizer
into the entire cultivated soil volume, being most sufficient for crop uptake. Thus, also for the
rhizobox experiments in this thesis (chapter I11), a homogenous blending of particulate and liquid *pP
forms needed verification first, since such a method was not available in literature. By using digital
autoradiography in combination with software-based pixel density evaluation after blending **P
sources into subsamples of the soils, | was able to proof homogenous *P incorporation in the soil
bands of the rhizoboxes of different **P treatments (Fig. F1 and Fig. F2). Hence, spatial disadvantages
between root **P uptakes grown in different treatments could be excluded by proofing nearly the same
spatial distribution and thus spatial conditions of the introduced **P sources in the soils (Appendix F).

Beside the evaluation of experimental conditions for the rhizobox experiment, digital autoradiography
was applied to verify and compare *P uptake and activities in wheat plants (Fig. B1 and Bauke et al.
2017a). Varying contrasted leaf tissues first allowed only the visualization of differences in **P uptake
of wheat plants and was then further deepened by the development of an approach enabling a
quantitative analysis of the *P activities within leaves (chapter 1V). However, the described
quantification method for **P activities in plant tissues is currently limited to the application to dried
leaves, since parameters for the shielding effects from tissue water content were not included into the
calculations (no data on **P shielding by water are available in literature). This currently limits the
application down to the level of dried plant leafs without the possibility of its application to living
plants. Hence, a time-resolved quantification of radiotracer uptake by the living plant is currently still
hampered. Real-time radioisotope imaging systems using photon counting camera units to analyze
nutrient uptake in plants were already developed (Kanno et al. 2012; Hirose et al. 2013). However,
they are still lacking true quantification in plants only analyzing radioisotopic activities relatively or in
solution spots, most probably due to shielding effects from tissue water contents. An approach
including multiple disciplines has to find ways to overcome this fundamental problem related to
radioactive shielding but also to imaging plate sensitivity and capacity related restrictions. However, a
conceivable area of applications for time resolved **P quantification may still be possible with the here
outlined method. By analyzing the **P activity per leave area of dried leaves cut from growing plants,
negative effects for the growing plant are limited and due to comparable conditions results can be
estimated for different treatments. However, this has to be adopted carefully since it can change the
physiological behavior of plants, and thus needs verification first.
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Another field of application is to quantify P dynamics via radiotracers in soils; however, here similar
constrains as for plants, i.e., shielding effects from soil constituents, shielding by soil water, and bulk
density related inhomogeneities have to be expected. In a first approach outlined in this thesis DGT
technology was applied to **P labeled soil (cf. Appendix E). It included the analyses of the direct soil
surface with homogenously introduced **P sources (cf. Fig. E1), which were compared to the bulk soil.
As outlined in section V-2.4, different **P soil treatments, e.g., blended with **P labeled hydroxides or
¥p_KH,PO, were added as round soil spots to the bulk soil in quadratic petri dishes. Afterwards, |
applied digital autoradiography and quantified the *P radiotracers following the order **P-Al
(496+30b Bg cm™®) > ¥P-Fe (358+37a Bq cm?), and ¥P-K (340+79a Bq cm™) on the direct soil
surface (Fig.E1). The quantified activity of the **P-Al treatment was slightly higher but still in the
same order of magnitude than to the other solid carrier P sources. On closer examination of the labeled
area of the *P-Al treatment inhomogeneous regions of high contrast hinting at a higher surfaces *p
activity were striking (Fig. E1, section B). Probably being the reason for the slightly higher **P activity
of that treatment. Significantly higher **P activities (3094+582c Bqg cm™) where found in the area
where the same activity of **P was applied as liquid carrier-free *P-solution to the soil surface (Fig.
E1, section D). Due to the application of DGT technique, the amount of bioavailable *P on the soil
surface was additionally quantified (Fig. E2). After two days the DGT gel was removed and the P
activities were quantified; following the order: *P-solution (3841+721c Bq cm?) > ¥p-K (1389+543b
Bg cm?) > ¥p-Fe (84+22a Bq cm?) = *P-Al (53+54a Bq cm) (Appendix E). Hence, this first step
indicated quantitative application of DGT to soils which suggests that the methods can successfully be
applied together in the future.

Furthermore, if the methods can be applied to soil and plants together, soil science may have a strong
tool to analyze soil dynamics of other radioisotopes. However, the here described restrictions of the
imaging plate material (cf. chapter Ill) limited its application only to radioisotopes with similar
R-emission energies than the **C radioisotope. The described method can be seen as first step, further
studies have to target these suggestions.

3 CONCLUSIONS

My thesis supports the general consensus that fertilizer applications beyond the plants’ requirements
increase P stocks in the soil profile. Fertilizer levels maintaining P status in soils are recommended as
they sustain the soil P status, but, I have also critically discussed that in unfertilized arable soils the
soil-inherent P supply from primarily non-available P forms seemed to be adequate to replenish annual
P removals from crops for several years or decades. The statements are subjected to limitations, as the
general lack of reference soil samples at the beginning of the fertilizer experiment prevented
comprehensive comparison with any initial soil P status in both long-term experiments.

However, the general assumptions made from the presented results are further limited to overcome soil
order dependent variations, as results only comprise two soil orders under long-term fertilization in
Germany; most studies presented in the literature are based on several soil orders. Therefore, | suggest
that further investigations should include other agricultural important soil orders to confirm the results.
Only if sufficient data are available agronomic considerations to optimize P fertilization management
can also take the supply of soil P from preliminary non-soluble forms (soil-inherent P but also unused,
remaining fertilizer P), and thus also P forms from subsoils into account. If these P sources are omitted
in soil P tests for fertilizer recommendations, as is the case in the current extract-based methods, the P
fertilizer requirements can be still vastly overestimated. The DGT technigue can become a tool for soil
testing to overcome these limitations.
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V FINAL DISCUSSION

In a multi-method approach of well standardized single and sequential wet chemical extraction
methods combined with spectroscopic analyses, Fe and Al soil oxidic phases were identified as
predominant forms to which P is bound in agricultural used Cambisols and Chernozems. By refining
the understanding of P buffering and accessibility of exchangeable soil P associated with, e.g., soil
oxidic surfaces, | have tried to contribute to the general questions of P use efficiency in soil profiles
from 0 to 90 cm soil depth.

In a rhizobox experiment | have shown that such oxidic bound P forms can contribute to an adequate P
supply for growing wheat plants in Luvisol and Ferralsol subsoil. However, | did not succeed to
elucidate how the *3P became available (included abiotic or biotic processes) for the wheat plants. The
rhizobox results also suggested that despite the chemical form of P in the soil, soil physical conditions
are important drivers for P mobilization from subsoils and can overrule chemical availability of
moderately labile P forms for plant nutrition. This study can be considered a pioneering achievement,
as for the first time the accessibility of moderately labile P forms by living plants grown in a soil-plant
system under controlled conditions was investigated. In order to review these conclusions beyond the
limited scope of this thesis, further investigations should focus on more controllable soil physical
conditions and extend the range of P forms used in such an approach. Special emphasis is on clay
mineral surfaces, being often neglected in soil related P dynamic studies.

As a promising technique for improving P research, digital autoradiography enabled me to conduct a
comprehensive study of **P radiotracer uptake from less-soluble soil constituents by plants. Due to
method refinement, a new methodology was conducted which should be further improved to utilize its
advantageous application for broader analyses, e.g., soil nutrient dynamics as well as management
strategies that promote efficient soil P acquisition strategies of plants to overcome the insufficient use
of the limited P resource.
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Figure Al: Stacked normalized P K-edge XANES spectra of used P reference compounds and the four treatments separated by

sampling depths 0 to 30 cm, 30 to 60 cm, and 60 to 90 cm.
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Figure A2: Solution *!P-NMR spectra of the NaOH-EDTA extracts of the topsoil and subsoil samples from 0 to 90 cm soil depths of the control and the
fertilizer treatments compost, TSP and compost+TSP with highlighted orthophosphate and orthophosphate monoester region. Shift regions of P compounds
are marked with capital letters. Showing orthophosphate (A), the orthophosphate monoester region (B), the orthophosphate diester region (C), and the
pyrophosphate region (D). The identified orthophosphate monoester species, are illustrated with small letters from a to e, displaying (a) neo-inositol
hexakisphosphate, (b) chiro-inositol hexakisphosphate, (c) orthophosphate, (d) myo-inositol hexakisphosphate, and (e) scyllo-inositol hexakisphosphate.
Spiking experiments revealed the diester degradation products (f) alpha-glycerophosphate, and (g) beta-glycerophosphate.
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Figure A3: Spiking experiment of a topsoil sample of the TSP treatment, showing the orthophosphate and orthophosphate monoester
region. The original solution **P-NMR spectrum is presented (black line) and the spiked spectra (dotted line) of (I) myo-inositol

hexakisphosphate, (I1) alpha-glycerophosphate, and (l111) beta-glycerophosphate is superimposed to identify and separate these
monoesters.
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VIl APPENDIX B
Luvisol

Figure Bl: Digital autoradiographic images of 14 days old wheat plants grown in rhizoboxes with
different **P labeled treatments (**P-Fe: 3P associated to amorphous Fe hydroxide; **P-Al: **P associated
to amorphous Al hydroxide; *P-OrthoP: *P applied in KH,PO, solution; *P-NoP: *P radiotracer
applied alone without P addition) in Ferralsol and Luvisol subsoil. Imaging plates were exposed for 4 h to
the plant material followed by a 100 pm sensitive scan with the scanner unit Bioimager CR35 Bio. Images
are processed with AIDA software and presented with a gamma resolution at 2.
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Figure B2: Average diurnal temperature [°C] and soil matrix potentials [kPa] data points from Luvisol
(Luvisol sensor 1 + 2) Ferralsol (Ferralsol sensor 1 + 2) subsoil during a 14 days growth period of wheat
plants in rhizoboxes. VValid measurement started after filling the **P radioactive-labeled soil treatments in
soil bands of rhizoboxes, which were sealed with plastic foil at day 2 of growth. The data was conducted by
dielectric water potential sensors (MPS2) and moisture sensors for the volumetric water content. In this
figure all data points from night and day measurements are presented. It is obvious, that matrix potentials
were artificially affected by increasing temperature at the start of each day time similar observations are
stated by other users. Others authors also assumed effects by plant transpiration when plants reached the
sensor area, but these effects were not that pronounced than the effects of temperature variations.
However, plant transpiration can be expected to gain influence on the matrix potential after day 7.
Furthermore, matrix potential producer estimated the sensor accuracy at -9 to -100 kPa to be
approximately 25% (Decagon Devices Inc. 2016). However, these variations cannot explain the steep
increase of the matrix potentials measured by Luvisol Sensor 2, and we therefore assume that sensor-soil
connectivity was not appropriate for this sensor.
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IX APPENDIX C

Table C1: Average leaf tissue thickness, leaf area, weight, and density of the excised leaves of maize and
wheat plants.

Maize Wheat
Average Leaf Leafweight Leaf density Average Leaf Leafweight Leaf density
thickness area thickness area
Leaf Leaf
No. pm mm2 g gcm® No. pm mm? g gcm®
1 114 353  0.01323 0.33 1 104 137 0.00719 0.45
2 127 275  0.01343 0.38 2 105 166  0.00865 0.45
3 128 248  0.00974 0.31 3 103 168  0.00957 0.49
4 77 340  0.01091 0.42 4 117 196  0.01025 0.49
5 89 371 0.01581 0.48 5 112 154  0.00777 0.44
6 104 322 0.01442 0.43 6 119 153  0.00828 0.46
7 85 346  0.01354 0.46 7 121 143  0.00857 0.47
8 134 303  0.0119 0.29 8 112 178  0.00997 0.49
9 92 239  0.00859 0.39 9 102 195  0.00925 0.46
10 88 270  0.0092 0.39 10 101 173  0.00811 0.45
11 106 319  0.01197 0.36 11 99 169 0.00776 0.45
12 152 219  0.00955 0.29 12 109 170  0.00896 0.45
13 80 280  0.00895 0.40 13 116 173  0.0085 0.44
14 91 330 0.01141 0.38 14 117 160 0.00834 0.44
15 85 248  0.00819 0.39 15 116 158  0.00843 0.44
16 108 152  0.00766 0.45
17 116 179  0.00801 0.44
18 117 183  0.00859 0.47
19 128 178 0.00818 0.46
20 113 175 0.00858 0.45
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BKG 33p_Maize 1 BKG 'C-reference

BKG 33p_Maize 2 BKG 'C-reference

Figure C2: In this example, the **P activity in specific plant sections of whole plants was analyzed. Results
showed that 101+4% (n=2; 3 plate exposures) of the measured activity by liquid scintillation counting
(LSC) (in both, M1 and M2) was quantified. Whole maize plants in the three leaf stage were cut at the
rhizome and directly placed in 20 mL of dH,O spiked with 3.6 Bq pl L™ ¥P. After 2 days of incubation in
a climate chamber, the plants were carefully removed from the solution. Thereafter, the first 2 cm from
the bottom of the stem that were in contact with the solution were cut and discarded. The plants were
dried at 40 °C for 24 h and thereafter leaf sections of 5 to 10 cm were marginally incised at the edge of a
leaf. This was done to retrieve the specific leaf area for processing with AIDA Image Analyzer 2D
software (ELYSIA-Raytest, Straubenhardt, Germany). For plate exposure, single plants were placed
together with a **C polymer reference set in a cassette for radiography and exposed for 4 h to a freshly
erased imaging plate, covered with a thin plastic foil. The ROI, representing the labeled leaf section were
surrounded within the software, giving the PSL intensity and the size of the region in mm2. Overall, 3
different imaging plates were exposed to two maize plants (giving n=6), respectively. After exposure, the
marked leaf sections were carefully cut at the incisions. Then, the tissue thickness was measured and the
material was digested with subsequent **P activities liquid scintillation counting (LSC). The Figure
demonstrates that even within a whole plant it is possible to identify and quantify **P uptake into
individual plant sections.
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Supporting information for chapter V

Additional data of long-term fertilizer experiments located in Rostock and Bad
Lauchstadt. The data from Bad Lauchstadt are already summarized in a master thesis
(Theresa Funk, FZ-Julich 2018).

Additional data of the **P loaded hydroxides from analysis for Chapter I11 and from a
plant-agar system testing Al phytotoxicity is included.



90T

Table D1: Basic soil characteristics and elemental stocks of the samples of the four studied treatments (control (no P additions), manure,
superphosphate (SP), and manure + SP), and three sampling depths (0 to 30, 30 to 60, and 60 to 90 cm). Long-term fertilizer experiment Bad
Lauchstédt (data analysis by Theresa Funk — Master Thesis FZJ 2018)

Treatment control manure SP manure+SP
Soil depth 0-30cm 30-60cm 60-90cm 0-30cm 30-60cm 60-90cm 0-30cm 30-60cm  60-90cm  0-30cm 30-60cm  60-90cm
Sand 28 19 16 26 25 19 28 27 19 25 26 20
Silt % 68 71 77 67 69 71 67 68 72 64 67 70
Clay 5 9 7 7 6 11 6 5 9 11 7 10
PHcacz 597+0,02 7,42%0,01 7,55+£0,06  6,94+0,04 7,37+£0,03  7,58+0,03 519+0,04 6,07+£0,08 7,13£0,04 6,77+0,04 6,92+0 7,47 £0,02
bulk density gecm®  1,6£0,002 1,4+0,002 1,40 1,5+0,001 1,4+0,002 1,5%0 1,6+0,002 1,20 1,4+£0,001 1,5+0,004 1,3+£0,003 1,4+0,003
C/N 13,4+0,1 27,5%+0,8 72,5+1,2 12,4+0,2 16,5+0,6 47,4+4,2 13,6+0,3 13,3+0,1 11,2+0,1 11,8+0 11,6 +0,1 16,2+0,2
Piot 2162+141 1473+82 1385+ 294 3504 + 263 1957 +125 1756 + 132 3577+191 1772+148 1564+169 4938 +437 2794+116 1920+ 167
Al 22539+451 79725 +450 61041+210 89398 + 350 98986+292 67381+351 111803 +525 72564 +627 74310+465 106550+810 87353 +582 83415459
Feor 92483 +376 70603 +573 62930+336 82478+ 394 83203+333 68654 + 263 97923 +572 70054 +591 75620507 90930 +900 77815+376 75441+ 376
Mnyq kg ha' 2613+14 1714+ 25 1566 + 8 2510+13 2245 +17 1589+ 26 2895+24 1834+ 15 1649+ 17 2611+32 2193 +16 1954 +17
Kiot 21053 +752 15953 +818 14106+798 21550613 22446 £708 15276 + 746 23944+715 14764+738 14921+803 27504+ 855 19946 +699 18370 + 835
Cayyt 20865+ 141 115762 +1227 232199+714 24266131 87451+833 234844+1317 20892+143 17458+148 19275+211 27504+270 21041+62 65630 + 668
Mgt 15522+75 23234 +245 35642+294 14542 +88 20697 £167 32966 + 219 15645 + 95 11553+111 13230+127 15260 + 180 13427+78 17869 + 125
Niot 5169 +47 2454 £ 82 1259 £42 7884 +175 4164 +42 1756 + 88 6678+191  4798+74  2113+42 9453 + 360 5821+116 3340+83
Ciot kgha! 71900+752 64222+82 84383+1092 100305+1139 70794+2124 90426+3073 93010+1622 62008 +591 24516+592 109386+4186 66747+737 51769+ 2296
Siot 1410+ 94 409 +41 420+ 42 2190+ 44 1249+ 83 878+ 88 1908 + 143 1107 +37 1691 + 42 2701+135 1552+ 39 835+83
Mn g, 2050 £ 63 93164 556+ 14 1873+ 44 1527 +83 760+ 50 2095 49 1621+ 19 1199+ 10 1881+20 1656 +4 1173+34
Pox . 959%8 420+10 380+14 1912 +31 812+35 53013 1965 + 21 1521+ 16 550+ 17 2783+27 143037 711£32
Feox kgha 6431+41 3513+134 2653 +137 5620+ 121 4168 + 180 2892 + 69 6892 + 60 5333+40 4715+ 60 6183+114 4773 £91 3625+ 25
Al oy 5728+5 3338+128 1762 £72 4457 90 4154 + 107 2206 +42 6012 +14 465221 3891+ 65 4774 £57 4240+ 49 3507 +46
PSC mmol kg 39 25 15 34 31 17 40 36 30 36 35 26
DPS % 17 13 20 41 20 23 33 21 14 56 34 21
PoL 121+6 00 0+0 1154+ 86 195+16 8+16 511+20 118 +142 55%5 2011 50 779+53 177 +£34
KoL kgha® 446+18 202+14 171+15 1898 +39 559+22 224+19 811+44 340+28 306+ 13 2215+66 978 +50 393+10
Mgp. 1183 +68 2161+ 20 2479 £63 1673+ 29 3387 £149 2881+ 46 906 + 45 716+21 591+38 1606 + 17 1150+ 13 2766 + 555
Peat 365 8+9 6+8 581+27 566 8+8 228+31 51+3 18+2 908 + 203 400 + 60 45+8
Keal kg ha' 185%85 132+26 107 £ 36 1225+171 347+71 132+53 480+ 41 185+7 167 £ 16 1227 + 486 538 +133 210+ 74
Mgcar 610+ 289 1665 + 273 1912 £511 1180+ 122 1961 +311 2241 +769 608 + 54 50211 413+35 905 +391 732+177 1455 + 440

SP =Super phosphate

tot = Total elemental stocks

Pox, Feox, Alox, Mnox = Ammonium-oxalate extractable stocks of P, Fe, Al, and Mn
DPS = Degree of phosphorus sorption
PSC =Phosphorus soprtion capcacity
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Table D2: Stocks of extractable P of the individual fractions determined by sequential fractionation (n=2) in kg ha™, extractability with respect to total P
stocks (Py), proportions of inorganic P (P;) and organic P (P,) in %, and the ratio of P; and P, stocks. The P stocks of the four fertilizer treatments, control (no
P additions), manure, superphosphate (SP), and the combination with manure and SP within three soil depths (0 to 30, 30 to 60 and 60 to 90 cm) and the
standard deviation are listed. Significant differences between the control and the treatments with fertilizer inputs are marked by * (p <0.5). Long-term
fertilizer experiment Bad Lauchstédt (data analysis by Theresa Funk — Master Thesis FZJ 2018)

L0T
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Treatment Depth Resin-P NaHCO;P; NaHCO; P, NaOH P; NaOH P, H,SO, P Residual-P P extractability P; P, P;/P,ratio
cm kg ha™ (%) %
0-30 92+3* (5%) 67+1* (4%) 58+27 (3%) 237+21* (13%) 313412 (18%) 611+53*(34%) 402+17* (23%) 2162+141 64 57 21 3
control 30-60 13119* (1%) 31+19* (2%) 1147 (1%) 16+22* (1%) 23+33* (2%) 84716 (64%) 374+49* (28%) 1473482 64 69 3 27
60-90 0x0* (0%) 6+8* (0%) 22131 (1%) 00 (0%) 00 (0%) 1213+6* (77%) 338427 (21%)  1385+294 89 77 1 55
0-30 49343 (15%) 172470 (5%) 92472 (3%) 446+32 (13%) 292+11 (9%) 1266+105* (37%) 635193 (19%) 3504+263 79 70 11
manure 30-60 162177 (8%) 8711 (4%) 4610 (2%) 133422 (6%) 123422 (6%) 929+112 (45%) 604129 (29%) 19574125 76 63 8 8
60-90 70443 (4%) 4145 (2%) 1445 (1%) n.a. n.a. 1154£19 (67%)  437%34 (25%) 1756132 73 74 1 90
0-30  423+4 (14%)  25616* (9%) 49148 (2%) 613+34* (21%) 41944 (14%) 77747 (26%) 445%19 (15%) 3577+191 71 69 16 4
SP 30-60 132+11 (7%) 7613 (4%) 3941 (2%) 249+9* (14%) 295+15* (16%) 565+16 (32%) 43718 (24%) 17724148 77 57 19 3
60-90 5743 (4%) 27428 (2%) 4019 (3%) 8716 (6%) 82+18 (5%) 782142 (51%) 444130 (29%)  1564+169 69 63 8 8
0-30  797+0* (16%) 353+2* (7%) 44116 (1%) 588+8 (12%) 4504203 (9%) 1805+19 (36%) 990+191* (20%) 4938+437 82 70 10 7
manure+SP  30-60 435+19* (17%) 161+6* (6%) 3316 (1%) 319+15* (12%) 248+51* (10%) 896+38 (34%) 506£58* (19%) 2794+116 75 70 11 6

60-90 95+7* (5%) 93+10* (5%) 3312 (2%) 9619 (5%) 5918 (3%) 939+41* (53%) 45130 (26%) 19204167 68 69 5 13
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Figure D1: Averaged stocks of labile (sum of Resin-P, NaHCOs-P;, and NaHCO3-P,), moderately labile (sum of NaOH-P;, NaOH-P,),
and stable P fractions (sum of H2SO4-P and Residual-P) of the three sampling depths (0 to 30 cm, 30 to 60 cm, and 60 to 90 cm) of
fertilizer treatments (compost, triple superphosphate (TSP), and the combination compost + TSP (n=3)) as delta to the P stocks of the
unfertilized control treatment (kg ha™). Long—term fertilizer experiment Rostock
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Figure D2: Averaged stocks of labile (sum of Resin-P, NaHCO3-P;, and NaHCOs-P,), moderately labile (sum of NaOH-P;, NaOH-P,), and
stable P fractions (sum of H,SO,-P and Residual-P) of the three sampling depths (0 to 30 cm, 30 to 60 cm, and 60 to 90 cm) of fertilizer
treatments (manure, superphosphate (SP), and the combination manure + SP (n=1)) as delta to the P stocks of the unfertilized control
treatment (kg ha™). Long—term fertilizer experiment Bad L auchstadt (data analysis by Theresa Funk - Master Thesis FZJ 2018)
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Table D3: Phosphorus (P) speciation (% proportion of total P (Py)) as obtained by linear combination fitting (LCF) on averaged
(n=3) P K-edge XANES spectra of two treatments (Control (no P additions) and Manure + Superphosphate (SP) from the
long—term fertilizer treatments Bad Lauchstadt. All possible combinations with up to four standard components (total 12
standard components) were calculated comprising P associated with calcium species (Ca-P and Apatite), aluminum species (Al-
P), iron species (Fe-P) and organic P species (here phytic acid). Best fit was chosen according to the lowest r-factor and fits were
tested for significant differences using the Hamilton test (p <0.05). Long—term fertilizer experiment Bad L auchstadt (data

analysis by Theresa Funk — Master Thesis FZJ 2018)

Treatment Depth Ca-P Apatite Al-P Fe-P  Phytic acid
cm

Oto 30 52.3 18.7 13.7 15.4

Control 30to 60 39.0 31.9 0.0 29.2
60 to 90 52.2 24.3 0.0 23.6

Oto 30 21.4 0.0 50.2 28.4

Manure + SP 30to 60 48.7 22.9 0.0 28.3
60 to 90 0.0 59.9 25.8 0.0 14.3

a XIdN3ddv X
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Figure D3: Inorganic P (P;) to organic P (P,) ratio, estimated from sequential P fractionation procedure in
three sampling depths (0 to 30 cm, 30 to 60 cm, and 60 to 90 cm) of fertilizer treatments of a fertilizer
experiment in Rostock (control (no P), compost, triple superphosphate (TSP), and the combination
compost + TSP (n=3) and of a fertilizer experiment in Bad Lauchstadt (control (no P), manure,
superphosphate (SP), and the combination manure + SP (n=1)).
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Figure D4: *P-NMR P stocks of orthophosphate (ortho-P), ortho-P monoesters and ortho-P diesters after NaOH-
EDTA extraction of fertilizer treatments (compost, triple superphosphate (TSP), and the combination compost + TSP
(n=3)) as delta to the NaOH-EDTA P stocks of the unfertilized control treatment (kg ha™). Long—term fertilizer
experiment Rostock
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Figure D5: *P-NMR P stocks of orthophosphate (ortho-P), ortho-P monoesters and ortho-P diesters after NaOH-EDTA
extraction of fertilizer treatments of fertilizer treatments (manure, superphosphate (SP), and the combination manure + TSP
(n=1)) as delta to the NaOH-EDTA P stocks of the unfertilized control treatment (kg ha™'). Long—term fertilizer experiment Bad
Lauchstédt (data analysis by Theresa Funk — Master Thesis FZJ 2018)
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Table D4: Phosphorus loading levels on amorphous Fe and Al hydroxide surfaces. The weight proportions
are shown after acid digestion of the P loaded hydroxides and subsequent inductively coupled plasma
emission spectroscopy (ICP-OES) measurement. For acid digestion 50 mg replicate sample were dissolved
in 3 mL HCI /3 mL HNOj; each and make up to 50 mL volume. For the ICP-OES element determination,
two aliquots of each of the sample solutions obtained were diluted to 1 to 100. SD = Standard deviation.

Ploading Replicates Fe SD Al SD P SD
pmol g* % wiw
1 53.5 0.3 <0.009 0.3
370 2 54.3 0.2 <0.009 0.3
. 3 55.2 0.2 <0.01 0.3
Fe hydroxide
1 53.5 0.2 <0.01 1.3 0.1
750 2 53.12 0.19 <0.01 1.3 0.1
3 53.3 0.18 <0.01 1.3 0
1 <0.02 28.9 0.17 0.4 0
370 2 <0.03 27.76 0.09 0.4 0
) 3 <0.02 27.75 0.14 0.4 0
Al hydroxide
1 <0.02 27.11 0.09 1.8 0
750 2 <0.02 26.27 0.14 1.7 0
3 <0.02 27.43 0.13 1.7 0

114



X APPENDIX D

Table D5: Dry weights (DW) and 32P proportions of selected plant compartments and agar nutrition medium
after 18 d of growth. 3?P recovery was between 96% and 100% at the end of experiment.
Significantat * p<0.05.n=3

Fe hydroxide Al hydroxide Control
P concentration 5mM (1a) 0,2 mM (1b) 5mM (2a) 0,2 mM (2b) 0,6 mM
Shoot DW [m(g] 178+33 183128 1206 146+15 176139
Root DW [mg] 42420 37+3 36+3 4142 45+9
Shoot 32P (%) 1.1+0.3 3.9+0.7* 0.1+£0.0 0.3+0.0 -
Root 32P (%) 1.2+1.0 1.9+0.0 1.1+£0.2 1.8+0.3 -
Agar 32P (%) 98+1.1 94+0.7 99+0.4 98+0.2 -

Figure D6: Photo and bioimager image of plant-agar system after 18 days of growth. P sources were provided as (1) P
sorbed on to amorphous iron oxide and (2) on to amorphous aluminum oxide, both labelled with 32P-orthophosphate
mixed in agar gel and implemented in surrounding agar gel with basal nutrition solution containing (a) 5 mM and (b) 0.2
mM of KH,PO,. The experiment was performed in a growth chamber with 16 h day-length at a light intensity of 320 umol
m-2s1 (PAR). Day-time conditions were 20 °C and 60% relative air humidity, while at night temperature decreased to 12
°C at 80% relative air humidity. Imaging plates were exposed for 6 h and scanned with 100um sensitivity.

Further information (Table D5 and Figure D6):

The experiment was conducted with *°P radioisotopes (beta emission energy of 1.7 MeV), since it enabled an
adequate contrasted imaging via digital autoradiography in agar (containing < 90% of water). *P radiotracer
activities in the 18 day-old wheat plants confirmed significant better *P accessibility from the Fe hydroxide
treatment (Table D5). However, the digital images showed contrasted regions of the agar area surrounding the
¥2p |oaded hydroxide spots (Fig. D6, red: Fe, white: Al) indicating abiotic **P desorption (free, unbound *P on
the hydroxide surfaces can be excluded because of two washing steps during hydroxide preparation).
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1 MATERIAL AND METHODS

1.1 Soil characteristics and **P labeling

The soil used in this study was an subsoils from a Haplic Luvisol (50 to 60 cm soil depths) taken from
an unfertilized control plot (no P since 1931) at the former experimental research station Dikopshof of
the University of Bonn, Germany (50°48°17” N, 6°57°17” E). Soil sampling and basic analyses are
described in Chapter I1l. The soil was characterized by 9% sand, 62% silt, and 29% clay, a pH (0.1 M
CaCl,) of 6.4, C/N ratio of 6.2, and the following total elemental composition: P = 500 mg kg™, iron
(Fe) = 28 g kg, and aluminum (Al) = 32 g kg™.

We prepared four different P sources of different availabilities, i.e., P adsorbed to i) Al-hydroxide, ii)
to Fe hydroxide, and iii) KH,PO, which were all labeled with 1.65 MBq **P-phosphoric acid, being
negligibly small compared to the soil P concentration. This was done by applying *P solved in
deionized water (dH,0) to Al hydroxide (¥*P-Al), Fe hydroxide (**P-Fe), and KH,PO, (**P-K).
Furthermore, in a fourth treatment, iv) we used carrier-free **P radioisotopes to mimic a 100%
bioavailable P-source (**P-solution).

For the **P-Fe and **P-Al treatment, respectively Fe and Al hydroxides were produced and loaded with
P according to Chapter Ill. For the **P-K treatment we spiked a KH,PO, solution with the **P-
phosphoric acid radiotracer and let it dry again to precipitate the KH,PO, with incorporated **P. The
P labeled and P associated Fe and Al hydroxides as well as the *P-KH,PO, were then homogenous
blended with a subsample of soil using a drum hop mixer for 24 h according to Chapter Ill. Thereby
the amount of Fe and Al hydroxide addition to soil was chosen to increase the total Fe and Al
concentrations in the treatments by 50%, equaling an addition of 14 g Fe kg™ soil and 15.75 g Al kg*
soil and yielding an addition of 40 kg P ha™, except for the *P-NoP treatment without additional P
application.

1.2 DGT application

For in situ chemical imaging of labile **P the front-lid of the soil container (quadratic petri dish 12 x
12 cm) was removed. We used 12 x 12 cm sheets of the polyethersulfone membrane as diffusive layer
overlaid by 10 x 10 x 0.06 cm (length x width x thickness) ferrihydrite gel sheets (DGT Research
Ltd.). These DGT sheets were applied 6 h after labeling and filling the soil spaces and DGT gels were
deployed at closed soil containers for 48 h to ensure potential **P gel-diffusion also from less labile P
sources. Afterwards, DGT sheets were carefully remove from the soil surface, the polyethersulfone
membrane was discarded, and the ferrihydrite gels pressed and dried for 24 h using a gel drier (Gibco
GD40/50, LIFE Technologies, Carlsbad, CA) to ensure spatial no distortion due to wrapping.

1.3 3P imaging

Imaging of the *P radiotracer 2D distribution in the soil and DGT gels were done using digital
autoradiography technology (cf. Chapter VI).

Spatial distribution of the total *P activity in soils was analyzed by placing imaging plates (20 x 40
cm). For this plates were wrapped in a thin plastic foil to avoid contamination directly on the soils.
After an exposure time of 2 h in shielded autoradiographic boxes the image plates were scanned using
a scanner unit (Bioimager CR 35 Bio, Raytest, Straubenhardt, Germany) in sensitive mode at a
resolution of 100 pum.

118



XI APPENDIX E

Dried DGT sheets were exposed for 15.5 h to the imaging plates to account for low activities in the
gels also from less labile P sources. Different to the exposure of the soil no plastic foil was necessary
during exposure of the dried DGT sheets. All obtained digital images were processed using the AIDA
software (AIDA Bio-package, Raytest, Straubenhardt, Germany).

1.4 ¥p quantification

To estimate the bioavailable **P concentration of the four tested different P sources the DGT sheets
were subsequently analyzed for their total **P activity using liquid scintillation counting (LSC; Tri-
Carb 3110TR, PerkinElmer Inc., USA). For LSC analyses all DGT sheet pieces were previously
digested and subsamples were supplied with 10 mL scintillation cocktail (Ultima Gold XR,
PerkinElmer Inc., USA). The *P activity quantification from digital images was conducted using the
approach as described in Chapter IV; thereby, as a first step AIDA 2D (Raytest, Straubenrath,
Germany) was used to correct the background of the obtained photostimulable intensities (PSL)
images by using areas in the image, which are known to originate from regions of the imaging plates
not exposed *P. For single plate exposures the P activities were calculated using the linear
interrelation between PSL intensities and activities in combination with **C reference standards
described in Chapter IV.

(A) B)

©) (®)

-

Figure E1: Exemplified ®*P autoradiographic image of soil blended with (A) ¥*P-Fe, (B) *P-Al, (C) *P-K,
and (D) *P-solution.
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(A) (B)

©)

-

Figure E2: Exemplified **P autoradiographic image of a diffusive gradient in thin films (DGT) sheet
applied for 48 h to soil blended with (A) #¥P-Fe, (B) ¥P-Al, (C) ¥P-K, and (D) *P-solution. Following the
order, ¥3P-solution (3841+721° Bq cm?)> **P-K (1389+543° Bq cm™) > **P-Fe (84122 Bq cm?) = ¥p-Al
(53+54* Bq cm™).
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1 ABSTRACT

Homogenous soil-radiotracer blending is essential for reliable data on fertilization and plant nutrition.
We tested homogenous blending of **P associated Fe and Al hydroxides and a carrier-free P spiked
potassium phosphate solution with a Ferralsol and a Luvisol using a drum hoop mixer and *P digital
autoradiography. The carrier-free **P radiotracer treatments were more evenly blended than *p
associated to hydroxides. We recommend liquid applications for good soil-radiotracer homogeneities.

2 INTRODUCTION

The use of ¥P and *?P isotopes as P radiotracers enables the characterization of agronomic effects,
e.g., the labeling of P forms added to soils to determine their spatial distribution within soil (e.g.,
Daroub et al. 2000; Biihler et al. 2002; McLaren et al. 2016) and the uptake and redistribution by
plants (e.g., McLaughlin et al. 1988; Biihler et al. 2003; Hive et al. 2007). In these studies the
radiotracers were applied associated to a surface, located in plant residues, as a powder, or sprayed as
a liquid and afterwards mixed thoroughly by hand or in a mixer, but however, with little quantified
knowledge of how well the radiotracer was mixed within the soil matrix. Several radioisotope
techniques are summarized by Frossard et al. (2011) and Di et al. (1997), but to the best of our
knowledge no practical guidance to achieve homogenous soil-tracer blending is detailed in the
literature. Homogeneous blending of the P radiotracers into soil is of particular interest to establish
equilibrium with and simulate the natural occurrence of P forms in soils, and does not affect soil P
dynamic by changing soil chemical equilibria and structure, as opposed to the buildup of chemical
gradients that occur in concentrated hotspots. Likewise, homogenous incorporated radiotracers also
ensure the maximum interaction of the proliferating plant roots with the labeled material in the bulk
soil. This ensures the reliability to answer scientific questions, which always are extrapolating to field
levels. The study was supported by a digital autoradiography which bases on radio-sensitive phosphors
image plates being a suitable tool to visualize radiotracer distribution of a variety of isotopes emitting
ionizing B-radiation (see Upham and Englert (2003)).

The aims of this work were to test (i) if the mixing process and the application form of **P radiotracers
are crucial determinants for homogenous blending into soils and (ii) if digital autoradiography is
suitable to document and statistically analyze homogenous spatial distribution of **P labeled P forms
in soils, being crucial before comparing P uptake from various forms in plant-soil systems.

3 MATERIAL AND METHODS

3.1 Hydroxide preparation and soil blending

In a rhizobox experiment, we introduced a radioactive labeled soil band, the radioisotope labeling and
soil blending were implemented as follows: Singly 1.9 MBq *P phosphoric acid spiked to potassium
phosphate either in powdered form (**P associated to iron (**PFe) and aluminum (**PAl) hydroxide) or
in liquid form (**P applied with additions of a potassium phosphate solution (**P-SurplusP) or without
KH,PO, additions (**P-NoP)) were blended with a Ferralsol (n=3) and a Luvisol (n=5) subsoil. The
treatments **P-SurplusP and **P-NoP were applied as liquid and added in 5mL drop by drop to 174 g
soil (which equals approx. 23% of total soil mass of the rhizobox), whereas the hydroxide treatments
(**PFe and *PAl) were applied in powdered form to the 174 g soil.

Every soil band, expect ¥*P-NoP was supplied with 2.1 mmol PO, (Ferralsol) and 2.8 mmol PO,
(Luvisol). Because of the high specific activity of the **P radiotracer the P concentration introduced
into the system by labeling was negligibly small (1.8 x 10® mmol P). For hydroxide P loading, the
same amounts of PO, spiked with **P were associated according to the method outlined by Gypser et
al. (2018). After hydroxide P loading, *P losses due to P-hydroxide preparation accounted in the
Ferralsol for 3.1% (**PFe) and 25.24% (**PAl), and in the Luvisol or 2.7% (**PFe), 6.4% (*PAl). In
sum we added 3.4 g with of **P loaded Fe-hydroxide and 2.9 g of **P loaded Al for the treatments in
the Ferralsol and 4.5 g of P loaded Fe and 3.7 g of **P loaded Al in the Luvisol treatments, having 1.5
to 1.9 MBq *P in 174 g soil of the soil band.
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After applying the four *P treatments to the appropriate soil amount of the soil band (174 g soil) the
labeled soils were blended in a drum hoop mixer (Rhénradmischer JEL RRM Mini-Il, J. Engelsmann
AG, Ludwigshafen am Rhein, Germany) with 25% to 30% of the total mixer volume filled with the
soil and a speed of 30 turns per minute for 24 h. The drum hoop mixer was previously used by
Mehmood et al. (2017) for soil blending of **'Cs and ®Sr, but no success of the blending was stated.

The bulk soil and the blended **P soil treatments were separately stored in darkness for 24 h at 5 °C at
75% of their water holding capacity (Luvisol, 207 g kg™ soil dry weight; Ferralsol, 264 g kg™ soil dry
weight) in order to equilibrate soil moisture. Afterwards, the *P soil treatments were placed in a
previously prepared, recessed band, within the depths of 20 to 25 cm of a two chambered petri dish
(243 x 243 x 20mm; Laboglob), with the area being 5 cm in length, 11.2 cm wide, and having a depth
of 2 cm. Every chamber was sealed with plastic foil to limit desiccation. After 14 days of plant growth,
we applied the digital autoradiography to the surface soil areas to document the distribution of P
radiotracer in the soil bands.

3.2 Validation of blending

To trace the spatial distribution of **P within blended soil, we analyzed the surface of the chambers
using imaging plates (20 x 40 cm; Raytest, Straubenhardt, Germany) as described in Bauke et al.
(2017). Rhizoboxes were placed in lead shielded boxes and imaging plates were exposed for 16 h.
Imaging plates were analyzed using a Bioimager scanner unit (CR35Bio, Raytest, Straubenhardt,
Germany) producing a digital contrasted image (DI) with the mapped signal intensity distributions of
the radioactive emitters in accordance to the soil band plate area. The DI was processed using the
software “AIDA Image Analyzer 2 D densitometry program” (Raytest, Straubenhardt, Germany). The
image of each sample (acquired at 8-bit depth) was subsampled three times to create spatial replicates
60 mm by 50 mm (3000 mm?) using ImageJ (FIJI ImageJ 2.0.0.0-rc-56/1.5 h) (Schindelin et al. 2012).
These subsamples were allocated to regions where image clarity was the greatest. Images were
imported into R (R Development Core Team 2010) using the package ‘tiff’ (Urbanek 2013). A
mixture model with two Gaussian peaks was applied to the grey value histogram with the package
‘mixtools’ (Benaglia et al. 2009). The intersection of the two normal distributions was used to
determine which threshold values would later be used for image processing. The standard deviation of
the most common peak (indicating the ‘bulk’ soil) was used as a measure of the homogeneity of *P
distribution through the soil matrix since this measure avoided bias from localized regions either
higher than average or lower than average radioactivity. These phases (with the former more common
than the later) were quantified as regions above and below the intersection points of the two Gaussian
curves. Using the intersection points, the subsampled regions were thresholded using ImageJ to
identify either regions of high or low activity. These regions were then quantified using the “Analyze
Particles” tool to determine the number, average size and area (as a proportion of the image).

3.3 Statistical analysis

Statistical analysis was performed using the R statistical package (R Development Core Team 2010).
Linear models were fitted to the data. Subsample (spatial pseudo-replicate) observations were treated
as true replicates due to the small sample quantity available. Models were initially fitted with true
replicate (n=2) and treatment predictor variables where there was 3 pseudo-replicates (n=3) of each
combination. In no case was there any significant replicate effects or interactions with replicates and
so measures were analyzed at the treatment level (with n=6). Low activity regions were also measured
where present in samples. Since only one sample had measurable low attenuation regions statistical
analysis was not performed on this measure; instead means and standard errors are presented for this
sample. Model diagnostic measures were checked and models were transformed (boxcox power
transformation (package MASS)), where necessary, to uphold model assumptions. Having determined
the most parsimonious model, least squares means and multiple comparisons (Tukey’s method) were
performed using the ‘Ismeans’ package (Lenth 2016) with significance determined at the 95%
confidence level (a=0.05). Back-transformed model means and standard errors are presented.
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4 RESULTS AND DISCUSSION

Digital autoradiography bases on the photostimulable luminescence of radio-sensitive phosphor image
plates (IP), and was recently applied to trace the transport and distribution of radioactive labeled P in
the plant (Huve et al. 2007; Anil Kumar et al. 2009) but also for the spatial mapping of P influxes in
root systems (Rubio et al. 2004). In this study, which was part of a rhizobox experiment analysing the
P supply efficiency of P from oxidic surfaces to wheat plants, to the best of our knowledge for the first
time the technology was used to compare homogenous distribution of radioactive labeled P forms
blended in soil bands. Due to the high fixation potential of the two subsoils, being low in soluble P
concentrations and the small P uptake rates (< 1% of total radioactivity applied) of the wheat plants
grown in the soils for 14 days (data not shown) no modification of **P distribution and any soil P
diffusion during the period of growth were expected, however, plant roots indicated by low contrasted
lines in the digital autoradiographic image were visible mainly due to shielding of radioactivity
mediated by their higher water content (Fig.F 1).

For comparison of spatial homogeneity, regions of high resolution without plant roots were selected
and the standard deviation (SD) of the mean bulk soil area was calculated; generally, heterogeneity
was higher in samples of the Ferralsol compared to the Luvisol (Fig. F1). The SD of ‘bulk’ soil
indicated that the *PAl treatment in the Ferralsol had the highest inhomogeneity. This is most likely
due to the friable structure of the **P-hydroxides but also due to lower total radioactivity (approx. 22.6
% less activity) located in the same amount of soil in the soil band, which is thought to be a direct
result of the oxide preparation method. The SD of **P-SurplusP and **P-NoP treatments, in both soils,
was lower indicating that the spatial **P distribution was more homogeneous. It is thought this is a
result of applying **P as a solution.

The number of high activity regions and the average size of high activity regions (Fig. F2) in the
Ferralsol were on average 1.1 and 1.6 times higher than in those measured in the Luvisol. However,
number of high activity regions of **PFe in Luvisol was 2.5 times higher compared to the treatment in
the Ferralsol, while the average size of high activity regions of **PFe in the Luvisol was significantly
4.6 times lower than in the Ferralsol. The opposite was visible for the **PAl treatment with a
significantly 4 times lower average size of high activity regions in Ferralsol than in Luvisol but a 1.9
times higher number of high activity regions. Direct reasons for this can be addressed to the
differences in the total amount of activity in the **PAIl treatment compared to other treatments.
However, the importance of close contact of the IP and the radioactive material has to be highlighted,
being a limitation of resolution in this experiment.

For the **P treatments with and without carrier free KH,PO, addition, both soils showed high
homogeneity as indicated by low numbers of high activity regions and the average size of high activity
regions. This result was also visible by comparing the percentage area covered by high activity regions
(Fig. F2). Both of the P treatments that were applied as liquid (**P-SurplusP and **P-NoP) produced
the lowest area proportions that were covered by high activity regions. This intuitively indicated that
the liquid application produced a more homogeneous spatial distribution of **P in the soil band as
compared to the oxide application. In summary, the mixing procedure used lead to less-uniform
distributions of radioactivity for treatments with **P radiotracer associated with a carrier and applied as
friable powder, and thus the mixing procedure should be adjusted according to sample characteristics
(we recommend a longer mixing and/or a previous fine grinding procedure for particulate radiotracer
applications). However, these results also imply that labeling solid fertilizer samples results in more
discrete and heterogeneous distributions of labeled fertilizer in soil volumes than when applying
labeled liquids. Hence estimates of root interception and isotope recovery will vary with application
techniques where P is being measured due to the high reliance on spatial root interception in P
acquisition in soils. In addition, we showed that the digital autoradiography technology is a suitable
tool to visualize P distributions in soils to statistically quantify the homogeneity of incorporation
methods.
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Figure F1: Digital autoradiographic images of **P labeled soil bands of a Ferralsol and a Luvisol with
associated and *P radioisotopes (**PFe hydroxide, **PAIl hydroxide, **P-SurplusP, and **P-NoP) in
duplicates (two replicated chambers). The standard deviation (SD) + standard error of the mean bulk soil
signature is displayed below the digital image.
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Figure F2: Statistical analysis of blending homogeneities evaluated by the digital image data of the soil
bands (with the treatments **PFe hydroxide, **PAI hydroxide, *P-SurplusP, and **P-NoP). The analysis is
separated into the number of high activity regions, the average size of high activity regions, and the
percentage area covered by high activity regions as parameters for soil radiotracer blending homogeneity.
Significant differences at 5% probability level between samples are designated by different letters.
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