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“It’s not what you look at that matters, it’s what you see.”

Henry David Thoreau
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Zusammenfassung

Phosphor ist ein lebensnotwendiges Element. Die biologische Verfügbarkeit von Phosphor

in Böden limitiert die Produktivität vieler terrestrischer Ökosysteme. Diese Bioverfüg-

barkeit hängt nicht nur vom Gesamtgehalt des Bodenphosphors, sondern auch von dessen

chemischer Bindungsform, der „Phosphor-Speziierung“ ab. Je nach Ausgangsmaterial, Bo-

dentiefe und Grad der Bodenentwicklung enthalten Böden eine Vielzahl unterschiedlicher

Phosphorbindungsformen, darunter organische, okkludierte, adsorbierte, ausgefällte und

lithogene Formen. Des Weiteren wird die Bioverfügbarkeit von Phosphor durch die räum-

liche Heterogenität dieses Elements und seiner unterschiedlichen Bindungsformen beein-

flusst. Daher erfordert die Untersuchung der Verfügbarkeit von Phosphor für beispielswei-

se Mikroorganismen oder Waldökosysteme unterschiedliche Skalen der Betrachtung. Die

räumliche Heterogenität von Elementverteilungen auf der Mikroskala in Bodenfeststoffen

hat wegen ihres Einflusses auf Bodenfunktionen und Bodenfruchtbarkeit deshalb jüngst

gesteigerte Aufmerksamkeit in der Bodenkunde erhalten. Dennoch ist über die mikro-

skalige Verteilung von Phosphor und Phosphorbindungsformen in Bodenaggregaten wenig

bekannt. Auch die horizontale Verteilung von Phosphor im Bodenprofil, sowie die räumliche

Variabilität der vorliegenden Bindungsformen sind weitgehend unerforscht.

Um die Phosphorverteilung und -bindungsform in Böden auf der Mikro- und der Profilebene

zu untersuchen, sind sowohl häufig genutzte Bodenfraktionierungen als auch innovative,

fortschrittliche instrumentelle Technologien erforderlich. Fraktionierungen sind relativ güns-

tig und einfach in der Anwendung, wohingegen fortschrittliche Technologien oft kostspielig

sind und einen großen Aufwand bei der Datenerhebung und -analyse darstellen. Diese Dis-

sertation behandelt (i) die räumlichen Muster unterschiedlicher Phosphorfraktionen und

bedeutender Phosphorbindungspartner (wie z. B. organische Bodensubstanz und pedogene

Aluminium- und Eisenminerale) auf der Profilebene und (ii) die mikroskalige Verteilung von

unterschiedlichen Phosphorbindungsformen in Bodenaggregaten. Die untersuchten Cam-

bisole (nach deutscher Klassifikation, etwa Braunerden) haben sich aus silikatischem Aus-

gangsmaterial gebildet, waren größtenteils mit haubaren Rotbuche-Wäldern bepflanzt und
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wiesen unterschiedliche Grade der Versauerung auf. Ziel war, die räumlichen und pedo-

genetischen Veränderungen der standortspezifischen mikro- und profilskaligen Verteilung

von Phosphor zu beschreiben, um die Mechanismen für diese Veränderungen aufzudecken

und neue Erkenntnisse über Phosphorzugänglichkeit und -verfügbarkeit in Böden zu präsen-

tieren.

Die Gesamtkonzentrationen von Phosphor und weiteren Elementen wurden durch Auf-

schluss mit Flusssäure bzw. Perchlorsäure und Messung mittels optischer Emissionsspek-

trometrie mit induktiv gekoppeltem Plasma (ICP-OES) ermittelt. Gleichermaßen wur-

den im ICP-OES die Eisen-, Aluminium- und Phosphorkonzentrationen von Produkten

der chemischen Aufspaltung mittels Dithionit-Citrat-Bicarbonat- bzw. Ammonium-Oxalat-

Lösungen gemessen. Die Gesamtkonzentration organisch gebundenen Phosphors wurde

durch Glühverlust bestimmt. Durch Nutzung photometrischer Methoden wurde außerdem

der Anteil des anorganisch gebundenen Phosphors in den Ammonium-Oxalat-Extrakten

gemessen. Wie erwartet, ergaben meine Untersuchungen, dass die profilskalige Verteilung

des Gesamtphosphors dem Verteilungsmuster von organischem Phosphor am meisten ähnelt.

Beide zeigten an allen Standorten abnehmende Gehalte vom Ober- zum Unterboden. Anor-

ganisch gebundener Phosphor wurde hauptsächlich in Apatit und in silikatischen Primär-

silikaten nachgewiesen. Mit zunehmender Bodenversauerung nahm der prozentuale Anteil

an anorganischem Phosphor im Bezug auf die Gesamtphosphorkonzentration ab. Organi-

sche Bodensubstanz, pedogene Aluminium- und Eisenminerale sowie Eisen-/Aluminiumoxid-

Mischphasen wurden an allen Standorten als Hauptbindungspartner von organisch gebun-

denem Phosphor identifiziert. Mit zunehmender Bodentiefe nahmen die Korrelationen vieler

Phosphorfraktionen mit organischer Bodensubstanz ab, wohingegen jene mit pedogenen

Aluminium- und Eisenmineralen zunahmen. In mäßig entwickelten Böden zeigte sich dieses

Korrelationsmuster im Oberboden durch die Mobilisierung von pedogenen Aluminiummi-

neralen, in späteren Stadien der Pedogenese auch durch die Mobilisierung von pedogenen

Eisenmineralen.

Eine direkte Phosphorspeziierung kann durch Fraktionierungen wegen der umfassenden

chemischen Veränderungen durch die genutzten Fraktionierungsmittel jedoch nicht erreicht
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werden. Mittels Synchrotron-basierter Röntgenabsorptionsspektroskopie im Nahkanten-

bereich (XANES- bzw. NEXAFS-Spektroskopie) der Phosphor-K -Kante ist eine direkte

Phosphorsspeziierung jedoch realisierbar. Bei dieser Methode wird ein unbekanntes Proben-

spektrum als Linearkombination aus bekannten Standardspektren modelliert. Die Qualität

der Phosphorspeziierungsergebnisse wird jedoch kontrovers diskutiert, teilweise, weil geringe

Veränderungen der angewendeten Modellierprozedur zu deutlichen Veränderungen in diesen

Ergebnissen führen können. Da bei diesem Vorgehen bisher keine allgemein genutzte

Vorschrift bestand, entwickelte ich ein Standardprotokoll, um Speziierungsergebnisse von

Bodenphosphor reproduzierbar zu erzeugen. Dafür nutzte ich ternäre Mischungen unter-

schiedlicher Konzentrationen von Apatit, Aluminiumphosphat, Eisenphosphat und Inositol-

hexakisphosphat, da Phosphor im Boden größtenteils an Kalzium, Aluminium, Eisen oder

organische Bodensubstanz gebunden ist. Die Modellierprozedur mittels Linearkombination

wurde vornehmlich durch eine angepasste Basislinienkorrektur und Kantenstufennormali-

sierung verbessert. Auch wenn durch die Nutzung des neu entwickelten Standardprotokolls

die Phosphorspeziierung mittels XANES-Spektroskopie optimiert werden konnte, wurden

zum Beispiel geringe Konzentrationen einer Spezies oft nicht korrekt detektiert. Gemäß

guter wissenschaftlicher Praxis sollten Speziierungsergebnisse deshalb weiterhin mit anderen

Methoden nachgeprüft und Phosphoranteile kleiner als 5% des Gesamtphosphors aus den

Modellierergebnissen ausgeschlossen werden.

Die überarbeitete Modellierprozedur erlaubte des Weiteren die punktuelle Untersuchung

der mikroskaligen Speziierung von Bodenphosphor in silikatischen Bodenaggregaten. Diese

Phosphorspeziierung wurde ergänzt durch die mikroskalige Flächenuntersuchung mittels

Röntgenabsorptionsfloureszenz (XRF) und nanoskaliger Sekundärionen-Massenspektrome-

trie (NanoSIMS). Diese Thesis zeigt deshalb auch, wie die mikroskalige Heterogenität von

Bodenphosphor mit der Heterogenität von einerseits organischer Bodensubstanz, pedogenen

Aluminium- und Eisenmineralen und Tonmineralen und andererseits Faktoren der Bodenbil-

dung (Ausgangsmaterial, Pedogenese) in Beziehung stehen. Ich belegte, dass mikroskalige

Heterogenität von Bodenphosphor großteils durch Bodensubstrat und Bodentiefe bestimmt

wird. Abschließend bewertete ich den Einfluss der Podsolierungsintensität in Waldböden
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der gemäßigten Breiten auf die räumliche Heterogenität, Zugänglichkeit, und letztlich Ver-

fügbarkeit von Phosphor, die sich in der mikro- und profilskaligen Bodenvariabilität der

untersuchten Böden offenbarte. Die in dieser Dissertation dargelegten Ergebnisse unter-

stützen das Konzept unterschiedlicher Ökosystemernähungsstrategien auf den jeweiligen

Flächen: zu Beginn der Bodenentwicklung vornehmlich Aufnahme von anorganisch gebun-

denem Phosphor aus verwittertem Ausgangsmaterial hin zu Minimierung des Verlusts or-

ganisch gebundenen Phosphors durch effizientes Phosphorrecycling in stark entwickelten

Böden.
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Abstract

Phosphorus (P) is a crucial element for life, and soil P bioavailability limits the productivity

of many terrestrial ecosystems. This bioavailability depends not only on the total soil P

content, but also on the soil P binding form, the “soil P speciation”. Depending on parent

material, soil depth, and stage of pedogenesis, soils contain various different P binding forms

of organic, occluded, adsorbed, precipitated, and lithogenic P forms. Furthermore, the P

bioavailability is influenced by the spatial heterogeneity of total P and different P species.

Thus, different observational scales are required when studying P availability for example

for microorganisms or forest ecosystems. Recently, micro scale spatial heterogeneity of

element distributions has received increased attention in soil science due to its influence on

soil functions and soil fertility. However, little is known about the distribution of total P

and different P binding forms in soil aggregates at the micro scale. Additionally, only scarce

information exists on the profile scale horizontal distribution of P and the spatial variability

of the P binding forms.

Studying the soil P distribution and binding form on the micro and profile scale requires

using traditional bulk soil fractionations, as well as ground-breaking advanced instrumental

techniques. Soil fractionation techniques are widely implemented and rather affordable,

whereas advanced technologies are often costly and constitute large efforts in data acquisi-

tion and data analysis. This thesis presents novel information on (i) the spatial patterns of

different P fractions, and of major P binding partners (e.g. soil organic matter, pedogenic

aluminium and iron minerals) at the profile scale, and (ii) the distribution of different P

binding forms in soil aggregates at the micro scale. The investigated Cambisols have formed

from siliceous parent material, were mainly stocked with mature European Beech (Fagus

sylvatica) forests, and exhibited different grades of acidification. I aimed at describing the

site-specific spatial and pedogenetic changes of the micro and profile scale P distributions

to reveal the mechanisms for these changes and to introduce new insights on P accessibility

and availability in soils.

The total concentrations of P and other elements (e.g. Fe, Al) were assessed using in-
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ductively coupled plasma optical emission spectrometry (ICP-OES) after total digestion

with hydrofluoric acid / perchloric acid. Additionally, the concentrations of Fe, Al, and

P were analysed by ICP-OES after digestion with dithionite-citrate-bicarbonate and acidic

NH4 oxalate solutions. The total organic P concentration was quantified by ignition loss.

Using photometric methods, the acidic NH4 oxalate solutions were further subdivided into

organic and ortho-P. As expected, my results showed that the profile scale distribution of

total P was generally best matched by the distribution pattern of organic P, both showing

decreasing contents from the top- to the subsoil at all sites. Inorganic P was mainly bound

in apatite and in primary silicate minerals. The share of inorganic P decreased with increas-

ing soil acidification. Soil organic matter, pedogenic aluminium and iron minerals, as well

as mixed phases of these compounds were identified as main binding partners of organic P

at all sites. With increasing soil depth, correlations of various P fractions with soil organic

matter decreased, whereas those with pedogenic aluminium and iron minerals increased.

This pattern originated due to the topsoil mobilisation of pedogenic aluminium minerals

in moderately developed soils, and also of pedogenic iron minerals during later stages of

pedogenesis.

A direct P speciation is not achievable using soil fractionation techniques due to the

reactant-induced changes of the soil. Using synchrotron-based X-ray absorption near edge

structure (XANES or NEXAFS) spectroscopy at the K -edge of phosphorus, direct P spe-

ciation can be obtained by fitting an unknown sample spectrum as linear combination of

standard compound spectra. However, the quality of the P speciation results are debated

controversially, partly because minor modifications of the applied deconvolution procedure

can lead to considerable changes in these results. I developed a protocol for reproducible

spectrum deconvolution of soil P speciation results to standardise the data analysis us-

ing this advanced spectroscopic technique. Ternary mixtures of apatite, iron phosphate,

aluminium phosphate, and inositol hexakisphosphate in different concentrations were pro-

duced, as soil P is mostly bound to calcium, aluminium, iron, or soil organic matter. The

linear combination fitting procedure was mainly improved on the basis of the observation

that appropriate baseline correction and edge-step normalisation are crucial for correct fit-
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ting results. Even though P speciation was optimised using my newly-established standard

protocol for P XANES spectroscopy, for example, small amounts of a species were not

detected adequately or falsely claimed. Thus, P speciation results should still be double-

checked with other methods, and P portions smaller than 5% of total P should be excluded

from the fitting results.

Additionally, the new fitting procedure allowed for assessing the micro scale soil P speciation

of P hot spots in siliceous soil aggregates. This selective assessment was supplemented by

elemental mapping using X-ray fluorescence (XRF) and nano scale secondary ion mass spec-

trometry (NanoSIMS). Thus, this thesis also reveals how the micro scale soil P heterogeneity

is related to the heterogeneity of soil organic matter, pedogenic aluminium/iron minerals,

and clay minerals, as well as to soil forming factors (parent material, pedogenesis). The

results of this study showed that micro scale heterogeneity of soil P is largely determined

by soil substrate and depth. I concluded, that assessing the micro and profile scale soil

variability enables investigating the influence of podsolisation intensity in temperate forest

soils on the spatial P heterogeneity, accessibility, and ultimately P availability. The results

presented in this thesis support the concept of different ecosystem P nutrition strategies at

each of the investigated sites: ranging from acquiring inorganic P from weathered parent

material in early stages of pedogenesis to minimising loss of organic P by efficient recycling

in highly developed soils.
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1 Introduction

Phosphorus (P) is one of the macro-nutrients for life. When P is poorly available in

soils, this nutrient often limits growth in many terrestrial ecosystems, and P may even

become a limiting nutrient for humanity1. The bioavailability of soil P changes during soil

development, in this process altering soil P stocks and binding forms2;3;4;5;6. In 1976, a

model was introduced to describe changes of soil P forms and contents during soil succession

by Walker & Syers2. The authors stated that lithogenic apatite, the primary P source in

soils, is mobilised during the first 20.000 years of pedogenesis2. While total P resources

gradually decrease with time, the relative shares of organically- and soil mineral-bound P

increase with time7. Ongoing soil development then leads to a “steady state” in which P

losses from the system equal gains, however, leaving only scarce resources for plants and

microbes to nourish on.

Bioavailable soil P amounts increase in early stages of soil succession due to release of

bioavailable P forms, such as newly dissolved ortho-phosphate and labile organic P8. With

increasing organic P stocks, plant and microbial communities contribute successively more

to the P in the soil7;9;10;11. Phosphorus supply is optimal in an intermediate stage of

soil development when P binding forms are highly diverse2. After this phase, total soil

P stocks and particularly stocks of bioavailable P decrease9. This is due to P leaching,

P translocation during soil erosion, and P sequestration into biomass12. Bioavailable P

forms are slowly, but continuously, transformed into unavailable P forms13, such as stable

organic P and occluded P in pedogenic aluminium (Al) and iron (Fe) oxides and hydroxides

(oxi-hydroxides)3.

This dissertation project is a sub-project of the priority programme SPP 1685 which is

funded by the German Research Foundation (DFG). At various institutes in Germany and

Switzerland research is performed on the processes, interactions, and feedbacks that control

forest ecosystem P nutrition14. Five central study sites were selected, sharing three major

commonalities: (i) sites stocked with mature (mainly) Fagus sylvatica stands with an age of

about 120 years, (ii) soils formed from siliceous parent material, (iii) availability of long-term
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data sets on nutrient fluxes (obtained by federal institutes). A basic site description can

be found online at https://www.ecosystem-nutrition.uni-freiburg.de/standorte. The sites

differed in soil and in beech leaf P contents, characterising a P availability gradient15. The

online description shows that the soils on all sites were pronouncedly acidified. However,

only the soil formed from glacial sandy material exhibited marked podsolisation, whereas

the less developed soils often showed numerous hardly weathered rock fragments.

The initiators of the priority programme hypothesised that at sites which are rich in mineral-

bound P, i.e. in early stages of soil development, forest ecosystems nourish on P mainly

by P acquisition from soil minerals (referred to as “P-acquiring system”). In contrast,

at later stages of pedogenesis, P recycling is supposed to be increasingly important for

ecosystem P nutrition. Here, small cycling loops optimise plant-internal P re-allocation and

enzymatic mobilisation of organic P from shoot and root litter (referred to as “P-recycling

systems”). This sub-project, based at the Chair of Soil Science of the Technical University

of Munich, focussed on the functional links between strategies of P nutrition and speciation

and allocation of P in soils.

2 State of the art and objectives

2.1 Spatial heterogeneity of soil P

The SPP 1685 research programme focuses on how temperate forests on soils formed from

siliceous parent material are sufficiently supplied with P14. Even though almost all soils in

central Europe are geologically young, European forests often suffer from low or insufficient

P supply16;17. Phosphorus availability is expected to become increasingly important, be-

cause limiting P resources may limit net primary production of plants and ecosystems1;18.

Plant-available P is reduced by soil acidifaction and nitrogen eutrophication, which has been

increasingly intensified in many regions of Central Europe by anthropogenic deposits in the

last century19. Additionally, forest growth is limited in many ecosystems9;20 by strong P

sorption, e.g. onto clay minerals21, Al and Fe oxi-hydroxides22, or in humic-mineral com-
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plexes23, by P fixation in short-range order Al or Fe phosphates24, as well as by retarded

mineralisation of organic P5.

Organic P is to a large extent present in soils as inositol hexakisphosphate (IHP), and

inorganic P in soils is mostly associated with calcium (Ca), Al, or Fe22. A considerable

share of the organic and inorganic P existing in soils is not in bioavailable form25. To

investigate the bioavailability of P in soils and sediments, it is necessary to assess the

binding form of P, also referred to as “P speciation”26. Moreover, the small scale (µm to

cm) distribution of soil microorganisms, soil pH, Ca, Fe, and Al, as well as of soil P can

be a crucial factor governing root P uptake27;28. In former and many recent studies, soil P

distributions were assessed mainly by depth gradients29, missing to address the horizontal

variation of P in soil profiles. However, heterogenous horizontal spatial P patterns have been

determined as important factors that control P availability for plants30;31, or recently for an

alpine treeline32. Thus, it remains unclear how vertical and horizontal small scale spatial

distribution patterns of P and important P binding compounds affect plant P acquisition

and supply. Geostatistics is a powerful tool to elucidate these patterns, because it enables

the production of high resolution maps of P and important P binding variables.

Apart from profile scale distribution patterns, micro scale soil heterogeneity has received in-

creased attention in soil studies33;34. For example, micro scale coatings on mineral surfaces

of soil aggregates have been linked to microbial metabolites in a spatially-resolved element

speciation study35. Once micro scale spatial heterogeneity of soils is represented mecha-

nistically, micro scale structures and processes will help to soundly explain macroscopic soil

properties that have been examined for decades36. As an example, soil micro sites have

recently been addressed as independent, but interconnected micro-reactors of unique chem-

ical composition34, which more so emphasises the need for micro scale, spatially-resolved

element speciation studies when studying soil aggregates.

It becomes apparent, that a robust assessment of P availability in ecosystems requires

investigating not only bulk P speciation in soil compartments, but also spatial and chemical

P heterogeneity at the micro scale. However, at the moment scant information is available

on the spatial heterogeneity of physical and chemical soil properties of P in soils with
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different stages of soil development both at the micro, and the profile scale. Thus, soil

P availability assessments must account for spatial distribution patterns of P species and

contents in soils, as assessed by wet-chemical fractionation of soil, mapping techniques,

such as infrared and Raman spectroscopy37, and/or by advanced spectroscopic/-metric

techniques of P assessment38.

2.2 Spatial soil P assessment techniques

Available P is difficult to quantify and rather regarded as a concept6. Phosphorus in the soil

solution during the growing season (≈ available P) is supported by P desorption, dissolution,

and mineralisation39. Fractionation techniques have proven useful to answer questions

about P bioavailability, e.g. as reported in a study about long-term acidification effects in

spodic forest soils in Maine, USA40. The Hedley sequential fractionation method39;41 is the

most common. In this technique, P is removed sequentially first in labile, then in more stable

forms. The procedure is time-consuming, but affordable, and it thus allows a widely-used

assessment of P availability in soils42. However, the P fractions are operationally-defined,

and consequently, a direct P speciation in soils is still not accomplishable by the Hedley

sequential fractionation method. Other quantifying fractionation methods use e.g. acidic

NH4 oxalate43 (OX) or dithionite-citrate-bicarbonate44 (DCB) solution to dissolve Al and

Fe phosphate (surface) precipitates and minerals, as well as P adsorbed to pedogenic Al

and Fe minerals45.

Indirect soil P speciation techniques are characterised by two disadvantages: i) Phosphorus

binding forms can change during fractionation due to interactions with the reagents and

therefore lead to biased P speciation results26;46, ii) it is impossible to unambiguously assign

the operationally-defined P fractions to distinct P species45;47. To overcome these disad-

vantages, studies48;49 have tried to combine the advantages of sequential P fractionation in

soils with those of advanced P speciation methods, as e.g. solution 31P nuclear magnetic

resonance (NMR) spectroscopy50, synchrotron-based X-ray absorption near edge structure

(XANES) spectroscopy at the K -edge51 and L2,3-edge52 of P, and/or investigation after
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field flow fractionation53. In conclusion, fractionation techniques are indispensable when

studying P speciation, but only a combination of indirect and direct methods allows for a

comprehensive soil P speciation49.

Synchrotron-based XANES spectroscopy at the P K -edge has been used to study P spe-

ciation in soils for over 20 years54. Different P species vary in different XANES spectral

features, e.g. white-line intensity and position, edge energy (E0), pre-edge and post-edge

structures55. These differences can be and have already been used to “fingerprint” distinct

P species in P-bearing mineral standard compounds55. However, XANES spectroscopy

also allows for quantification of standard specimens in samples of unknown P composition.

These unknown sample spectra are regarded as a linear combination of known standard

spectra, which are fitted as proportions to sum an unknown spectrum with least-squares

deviation56. To obtain a measure of important standards for fitting, principal component

analysis57 was used. Partial least-squares regression58 was made use of successfully as fit-

ting procedure. It should already be apparent that unknown sample spectra can not be

treated as a black box, because pre-selection of standards and fitting uncertainties deter-

mine the quantification essentially. Consequently, the validity of the quantities of different

P species as determined by linear combination fitting (LCF) on P XANES spectra is still

debated controversially59. Nonetheless, LCF on P XANES spectra has been applied for

investigations of P speciation in poultry litter60;61, manure62;63, sequential extracts of fen

peat soils64 and organic substances65, soils58;66;67;68 and sediments69;70, organic soil sur-

face layers71, and soil colloids59;72. Three of the five SPP 1685 sites were investigated in

a recent study using K -edge XANES spectroscopy73, concentrating on a methodological

discussion of P speciation, and on the relationship of the P species with parent material in

soil horizons.

At present, it is unclear how accurately LCF can represent P speciation in environmental

samples, because the standard spectra selection simplifies complex environmental systems

like soils and sediments. To overcome these uncertainties, studies were conducted on P

sorption onto Al and Fe oxide minerals74;75, and on binary mineral standard mixtures76. The

latter authors compared the results from LCF on P K -edge XANES spectra obtained from
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various defined binary mixtures of three standard reference compounds (variscite, phospho-

siderite, and hydroxyapatite). They reproduced the mixture spectra with a relative error

of 0.8−17%, being particularly accurate in mixtures with large proportion of hydroxyap-

atite76. However, apart from Ca, Al, and Fe phosphates, soil organic matter (SOM) is an

additional major contributor to soil P5;77. Additionally, minor modifications in the correc-

tion and normalisation procedure have not been recognised to be leading to considerable

changes in the P speciation results by LCF until recently. Thus, standardised procedures

to ensure unequivocal and accurate results of P speciation by LCF on P K -edge XANES

spectra are required, because synchrotron-based XANES spectroscopy is increasingly used

for P speciation in environmental samples.

Combining advanced techniques allows for even more powerful analysis. For example, P

mapping and P speciation can be assessed to characterise the spatial and chemical P

heterogeneity at the micro scale, and ultimately P accessibility and availability in soil sys-

tems78. At the moment, only scarce data exist on spatial soil P micro distribution patterns79

due to the lack of affordable, but highly versatile analytical techniques, instruments, and

standardised data analysis80. Only few advanced techniques of P speciation meet these

demands, because the structure of soil aggregates is often destroyed, as e.g. in solution 31P

NMR spectroscopy81. Nano scale Secondary Ion Mass spectrometry (NanoSIMS) allows

preserving the structural integrity of a sample, while mapping high-resolution element dis-

tributions82. In-situ assessments of P distribution at the micro scale can also be mapped by

spatially-resolved synchrotron-based X-Ray fluorescence (µ-XRF), due to recent improve-

ments in instrumentation79. However, the use of both techniques are impeded by individual

technique limitations, such as the comparibly large beam penetration depth for µ-XRF83,

and matrix effects for NanoSIMS82. Thus, mapping techniques should be complemented

by direct P speciation, as e.g. by µ-XANES spectroscopy to overcome these individual

technique limitations and to effectively study micro environments in soils and sediments78.
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2.3 Research aim and objectives

The overall research aim of this study is to reveal how micro and profile scale spatial

and chemical heterogeneity of soil P determines P accessibility and availability in soils

formed from siliceous parent material. To achieve this aim, the following objectives were

constituted:

• How is P spatially distributed at the profile scale, both horizontally and vertically, as

investigated by grid sampling and geostatistical methods?

• What P binding forms, as distinguished by wet-chemical fractionation techniques,

characterise different stages of pedogenesis at the profile scale?

• How are different P fractions related to other important soil compounds (e.g. SOM,

Al and Fe oxi-hydroxides) in different soil depths at the profile scale?

• How can the LCF procedure of P K -edge XANES spectra be standardised after

appropriate spectrum deconvolution?

• What is the quality of a standardised LCF protocol, obtained with dilute ternary

mixtures of the four major P compounds present in soils?

• How is P distributed as related to the distribution of major soil compounds at the mi-

cro scale, as mapped by NanoSIMS and µ-XRF in undisturbed aggregates of different

horizons from two forest soils, with low and high P content, respectively?

• What major P binding forms can be detected at selected micro sites, as investigated

by µ-XANES spectroscopy?

3 Materials and Methods

3.1 Study sites and soil sampling

Soil samples were obtained from four of the five sites of the priority programme SPP 1685 of

the German Research Foundation (DFG). All sites are located in Germany and are stocked



3 Materials and Methods 8

with mature, about 120 year old stands of predominantly European beech (Fagus sylvatica).

The site Bad Brückenau (BBR), Gauss-Krüger-coordinates: 3566195 E, 5579975 N, is

located near Fulda, the Black forest site Conventwald (CON), Gauss-Krüger-coordinates:

3422803 E, 5321010 N near Freiburg. The third site is situated in the Bavarian forest near

Mitterfels (MIT), Gauss-Krüger-coordinates: 4564502 E, 5426906, and the most northern

site near Lüß (LUE), Gauss-Krüger-coordinates: 3585473 E, 5857057 N. The soils differ in

parent material and soil type (Table 1).

Table 1: Basic soil characterisation of the four study sites Bad Brückenau (BBR),
Conventwald (CON), Mitterfels (MIT), and Lüß (LUE).

BBR CON MIT LUE

parent
material Basalt Paragneiss Paragneiss Pleistocene

glacifluvial sands

soil type84
Dystric Skeletic

Cambisol
(Hyperhumic,

Loamic)

Hyperdystric
Skeletic Folic
Cambisol

(Hyperhumic,
Loamic)

Hyperdystric
Chromic Folic

Cambisol (Humic,
Loamic, Nechic)

Hyperdystric Folic
Cambisol (Arenic,
Loamic, Nechic,
Protospodic)

At each site, a soil profile was excavated at a representative pure beech location. Samples

were obtained from the mineral soil in a 70 x 100 cm rectangle (Fig. 1) at every 10 cm

intersection with a steel tube (� 2 cm, sampling depth 3 cm). Depending on profile depth

and stone content, 56, 63, 71, and 68 (BBR, CON, MIT, and LUE) samples were taken.

Within this grid, up to five smaller gridded nests (up to 6 samples with a distance of 3

cm, taken with the same steel tube) were included to improve geostatistical models85. Soil

samples were dried at 60° C for 48 h and subsequently sieved (< 2 mm).

3.2 Chemical fractionation

Finely ground subsamples were digested with hydrofluoric acid / perchloric acid (HF/HClO4)

to analyse the contents of total P (PTOT), Ca (CaTOT), Al (AlTOT), and Fe (FeTOT) by

inductively coupled plasma optical emission spectrometry (ICP-OES, Vista-PRO Simulta-
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cm

Figure 1: Sampling grid with nest for smaller gridded sampling and scheme of soil
region compartmentation. The profile is from the site Mitterfels.

neous ICP-OES, Varian Inc., Palo Alto, CA, USA). To ensure complete digestion of silicate

minerals and prevent underestimation of total P, this digestion was favoured over the aqua

regia digestion86. Total carbon (C) and nitrogen contents were analysed with an Elementar

VarioEL CN analyser (Elementar GmbH, Hanau, Germany). Because all soils were acidic

and carbonate-free, total C content is exclusively total organic C (CORG). Content of or-

ganic P (PORG) was quantified by ignition loss87, and the content of inorganic P (PINORG)

was calculated by subtracting PORG from PTOT. The content of P in poorly-crystalline

and crystalline Al and Fe pedogenic minerals was analysed by extraction with OX43 and

DCB44;88 solution, respectively. In addition, OX extracts were analysed for orthophosphate

P by colorimetry using the ascorbic acid method89;90. A more detailed description which

compounds are dissolved and which content of Al, Fe and P is detectable, is given in

Table 2.

The content of Fe in crystalline pedogenic minerals (FeCR) was calculated by subtracting

FeOX from FeDCB. The respective amounts of OX-extractable P (POX), i.e. P bound by FeOX

and AlOX, and DCB-extractable P (PDCB) were quantified concomitantly. By subtracting
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Table 2: Compounds detectable by the chemical fractionation techniques used in
this study.

acidic NH4 oxalate dithionite-citrate-
bicarbonate HF/HClO4

P bound to/as

detection of

1) organically-complexed Al
and Fe, 2) Fe in poorly
crystalline pedogenic

minerals, as well as Al in
Al(OH)3, interlayer Al

hydroxy polymers, imogolite,
and allophane, 3) amorphous
AlPO4 and FePO4, most

crystalline AlPO4 and some
crystalline FePO4

1), 2), and 3), however fewer
crystalline AlPO4 and 4) Fe
in crystalline pedogenic
minerals, as well as Al in

crystalline and amorphous Fe
minerals

complete
digestion

colorimetry90 yes no no

POX from PDCB, the content of P bound by crystalline pedogenic Fe minerals and by Al

in crystalline and amorphous Fe minerals (PCR) was calculated. Contents of Fe, Al, and P

in primary silicate minerals (FeMI, AlMI, PMI) were calculated by subtracting FeDCB, AlDCB

and PDCB from FeTOT, AlTOT and PTOT, respectively. The difference between POX and

POX.INORG was assigned to as organic P in OX-extractable Al and Fe (POX.ORG).

3.3 Bulk XANES spectroscopy

Phosphorus K -edge XANES spectra of unknown composition were fitted as linear combi-

nations of standard compound spectra to yield a quantitative measure of the containing P

species. For micro site soil samples, 17 P-bearing standard compounds, which represent

the most important P species in temperate forest soils were used. In the ternary mixtures,

four P standards, each representing a major soil P species, were used to test the quality of

the standardised LCF procedure (indicated by *).
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3.3.1 Standards and standard mixtures

Standard compounds. The 17 P-bearing standard compounds were: 1) crystalline

and 2) amorphous* FeIIIPO4, 3) crystalline* and 4) amorphous AlPO4, 5) phytic acid

sodium salt hydrate* (IHP; C6H18(PO4)6 × xNa + yH2O), 6) hydroxyapatite* (Hydap,

Ca5(PO4)3(OH)), 7) MgHPO4, 8) orthophosphate and 9) IHP retained by boehmite (rep-

resenting P adsorbed to Al oxi-hydroxides), 10) orthophosphate and 11) IHP retained by

ferrihydrite (representing P adsorbed to Fe oxi-hydroxides), 12) orthophosphate and 13)

IHP retained by Al-saturated montmorillonite (representing P adsorbed to clay minerals),

14) orthophosphate and 15) IHP retained by Al-saturated soil organic matter (represent-

ing P adsorbed to SOM via Al bridge cations), 16) P retained by precipitated Ca3-IHP

(representing Ca-bound IHP), and 17) IHP adsorbed to CaCO3
91.

Compounds were either purchased from Sigma-Aldrich (St. Louis, MO, USA) or synthesised

in the laboratory, as described in recent publications45;91. The compounds were tested for

purity by X-ray diffraction analysis. To avoid self-absorption using XANES spectroscopy

and to use P standard concentrations close to natural soil P abundances, the standards

were diluted (if needed) with fine-ground, high-purity quartz (Merck KGaA, Darmstadt,

Germany) to a concentration of 2 mg P g-1. This diluent was favoured over the often-

used boron nitride56 to more adequately mimic soil matrices. The diluted standards were

finely ground and homogenised with agate milling stones (Planetary ball mill Pulverisette

5, Fritsch GmbH, Idar-Oberstein, Germany) or agate mortar and pestle. The milling stones

were flushed with deionised water, subjected to ultrasound, and reused with pure quartz

after every grinding step. Mortar and pestle were flushed with ethanol and acetone after

every grinding step to avoid cross contamination.

Mixtures of standards. Sixteen ternary mixtures of AlPO4, FePO4, Hydap, and IHP

standards were produced by weighing defined different amounts of the standard compounds

in various combinations to 1 g of sample. The mixtures were homogenised manually with

agate mortar and pestle. They represent concentration distributions of three equal P pro-

portions (e.g., P in AlPO4, P in FePO4, P in Hydap, and no P in IHP; mixing ratio 1:1:1:0)
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as well as P proportion distributions in which one P species proportion is doubled compared

to the remaining two species (e.g., 2:1:1:0). This approach was chosen to validate the

general accuracy and the concentration disparities in particular.

3.3.2 Spectral data acquisition

The bulk XANES spectra were acquired at beamline 8 of the Synchrotron Light Research

Institute (SLRI) in Nakhon Ratchasima, Thailand92. The storage ring had an energy of

1.2 GeV and a stored current of 150 mA. The X-ray photon energy was scanned by an

InSb(111) double-crystal monochromator with an energy resolution of δE / E = 3 × 10-4

(i.e., ~0.6 eV at the P K -edge). The monochromator at beamline 8 was calibrated with

pure elemental P (2145.5 eV) every 12 h. There was no indication of movement of E0

throughout the entire beamtime. Fine-ground sample or standard powder was spread as

thin, homogeneous film on P-free Kapton tape (Lanmar Inc., Northbrook, IL, USA). All

spectra were recorded in fluorescence mode with a 13-element germanium detector. The

sample-holding tape was mounted onto a sample holder, which was placed in a 45° angle

from the incident monochromatic beam (beam size 10 mm × 1 mm) to increase fluorescence

yield. The sample compartment was constantly purged with helium gas to minimise X-ray

absorption by air surrounding the sample.

After calibration, spectra were measured in energy ranges from 2045.5 eV to 2495.5 eV

with a 2 s dwell time per energy step. These ranges were selected to collect data in longer

ranges (>200 eV)56. Energy steps were chosen as follows: From 2045.5 eV to 2105.5 eV

and from 2245.5 eV to 2495.5 eV: energy step of 5 eV; from 2105.5 eV to 2135.5 eV and

from 2195.5 eV to 2245.5 eV: energy step of 1 eV; from 2135.5 eV to 2195.5 eV: energy

step of 0.25 eV. A minimum of four spectra for the standards and mixtures, and two spectra

for the samples was acquired.
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3.4 Micro-scale assessments

Micro-scale P distribution and speciation was assessed in four undisturbed aggregates of

different horizons from the LUE and BBR soils (parent material with low and high P content,

respectively). Samples were taken from the mineral topsoil (directly below the organic layer)

and the subsoil (30 cm depth). The LUE soil showed at the sampled topsoil spot a total

P bulk concentration of 0.22 mg g-1 and at the sampled subsoil spot a concentration of

0.06 mg g-1. The BBR topsoil showed a total P bulk concentration of 3.12 mg g-1, and the

BBR subsoil 1.99 mg g-1.

3.4.1 Sample preparation

For each site and depth, three dried, intact soil aggregates (~1 - 2 mm3) were embedded

in an epoxy resin (Araldite 502 Kit, Electron Microscopy Sciences, Hatfield, PA, USA).

The embedded aggregates were then cured at 60° C for 24 hours, and subsequently thin-

sectioned, polished and coated with gold by physical vapor deposition93. One aggregate

per site was randomly selected for scanning electron microscopy (Jeol JSM 5900LV, Eching,

Germany) imaging to locate regions of interest for the subsequent imaging techniques.

3.4.2 Element mapping using NanoSIMS

The NanoSIMS measurements were conducted with a Cameca NanoSIMS 50L instrument

(Cameca, Gennevilliers Cedex, France) at Technical University of Munich, Germany. A Cs+

source with a primary ion energy of 16 keV was used to produce secondary ions of the sample

surface. The focused beam (lateral resolution about 100 nm) scanned over areas of 40 ×

40 µm2 while the mass signals of the secondary ions 12C-, 16O-, 12C14N-, 28Si-, 27Al16O-,
31P16O2

-, and 56Fe16O- were collected. In the latter three ions, ionisation is stronger than

that of the individual Al, P, or Fe ions. The ion images were acquired using a 10 ms per

pixel dwell time in an area of 512 × 512 pxs2. On each aggregate 5 – 7 measurements

were conducted.
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3.4.3 Element mapping using µ-XRF

Due to time restrictions, at less, but at the same locations as the NanoSIMS measurements,

µ-XRF was performed for measuring at the synchrotrons. Synchrotron-based µ-XRF mea-

surements were conducted at the TwinMic Beamline of the ELETTRA synchrotron (storage

ring energy 2.0 GeV) in Trieste, Italy, and at Beamline ID21 of the European Synchrotron

Radiation Facility (ESRF, storage ring energy: 6.03 GeV) in Grenoble, France. The Twin-

Mic Beamline was operated in low energy X-Ray Fluorescence (LEXRF) mode and was

equipped with a 600 lines per mm Au plane-grating monochromator. The fluorescence de-

tector consisted of 8 silicon drift detectors94. The samples were installed in a vertical plane,

orthogonally to the incident photon beam. The data were acquired at 2.19 keV to optimise

the P emission signal. The LEXRF dwell time varied between 1 and 7 s as a function of

the samples, and the maps were acquired by raster scanning with a 1 µm step size and a

minimum size of 40 × 40 pxs2 (= 40 × 40 µm2).

The ID21 Beamline95 of ESRF was equipped with a double crystal Si(111) monochromator

(resolution: 0.4 eV). The samples were tilted by 28° with respect to the incident beam

and the fluorescence signal was collected by a silicon drift detector, placed at a 49° angle

with respect to sample surface. After selection of the area of interest, raster maps were

recorded using a focused beam at 2.165 keV to intensify P K -edge emission, with a dwell

time of 150 ms and a step size of 0.5 µm. The elemental distributions were obtained by

deconvoluting the µ-XRF spectra after incoming flux and detector deadtime correction, on

maps of a minimum size of 80 × 80 pxs2 (40 × 40 µm2) with the PyMCA software96.

3.4.4 P speciation using µ-XANES spectroscopy

Micro scale XANES measurements were conducted at Beamline ID21 of ESRF to support

the elemental raster images by direct P speciation results from LCF with all 17 P reference

spectra. Phosphorus K -edge µ-XANES spectra were collected with a 0.2 eV step size,

a dwell time of 0.1 s, and in an energy range from 2130 to 2200 eV. For each P micro

site (minute sites of increased P content), 10 – 40 spectra were recorded and merged.
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Spectra were calibrated in energy by comparing apatite spectra taken at SLRI and ESRF:

a correction value of δE = -1.15 eV was applied.

3.5 Data analysis

Data were generally analysed with the software package R, version 3.3.297. One new R

package was published on CRAN as result of this study (package LCF ).

3.5.1 Wet-chemical fractionation data

Geostatistical Analysis. Bayesian Kriging was performed using geoR package, version

1.7-5.298. This approach was preferred over ordinary or universal kriging because covariance

parameters do not have to be considered known and to allow parameter uncertainty in the

prediction99. However, the default Bayesian approach of treating the parameters as random

variables often resulted in poor posterior distribution estimates due to small numbers of

support points. In these cases, we calculated covariance parameters from empirical vario-

grams to define the prior parameters. First, data were analysed for a depth trend. This was

performed by testing the data values and the y-coordinates for correlation using the Kendall

rank correlation coefficient and a scatter plot with a linear regression model. As second

step, the data were checked for normal distribution using the Shapiro-Wilk test. When the

assumption of normal distribution was rejected, the Cressie100 variogram estimator was used

to build robust variograms. In all other cases the classical method of moment estimator

was applied. All variograms were computed using the geoR-Package (ordinary kriging) and

the gstat-Package (universal kriging), version 1.1-3101. Each variogram was calculated for

the maximum distance between all samples, half of the maximum distance and one third

of the maximum distance. For each distance, variograms were computed for six to thirteen

bins in each variogram. For map computation, the variogram parameters with the lowest

root mean squared errors were set as prior parameter for Bayesian Kriging. Afterwards,

Bayesian Kriging was performed using a 1 cm prediction grid.
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Numerical Analysis. To characterise and compare the magnitudes of spatial variation

of the investigated soil properties among the three profiles, coefficients of variation (CV)

were calculated for the variables CORG, CaTOT, FeMI, FeCR, FeOX, AlMI, AlDCB, AlOX, PTOT,

PORG, PMI, PINORG, PCR, POX, POX.ORG, and POX.INORG. Additionally, in order to specifically

address the horizontal and vertical variation of the variables, a vertical and a horizontal CV

were calculated (CVver and CVhor). These were the medians of the coefficients for every

column and row, respectively, if the profile is imagined as a table consisting of rows (i.e. left

to right part of the profile) and columns (depth increments). The proportion of horizontal

CV by vertical CV (CVhor/ver) served as a measure of variability in profile width and depth;

i.e. values below 1 expressed a greater variation in vertical than in horizontal direction of

the profile, and vice versa. Correlation patterns among the studied variables were analysed

using the Spearman rank coefficient ρ. An upper profile region was defined by all sample

points starting from the mineral soil surface to those of 25 cm depth (Fig. 1). The middle

profile region included points less than 25 cm depth down to 55 cm depth, and the lower

profile region contained points from less than 55 cm depth and reached until 70 cm (CON),

80 cm (LUE), or 90 cm (MIT) of depth. Additionally, factor analysis was performed on all

variables of a given soil profile using psych package, version 1.6.9102 to infer explanatory

constructs from the observed variables. The Optimal Coordinate method was used to select

the number of factors. For rotation varimax and as factoring method principal axis factoring

was determined. Factor scores were identified using Thurstone regression.

3.5.2 XANES spectroscopy data

Spectrum Deconvolution. Initial spectrum deconvolution was performed with the pro-

gram ATHENA of the software package DEMETER103 (version 0.9.25). At first, E0 of

all raw spectra was calibrated to the zero crossing of the second derivative of the absorp-

tion. Replicate spectra of a given sample were then examined visibly for glitches, drifts,

noise, and general quality before merging them. The data was further processed using the

software R97. The exported spectra were initially baseline-corrected from –80 to –20 eV

(linear regression) and normalised and flattened to an absorption (edge-step) of 1 from
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+140 to +340 eV (linear regression) with respect to E0. These values reproduced a longer

spectrum (up to +850 eV) of IHP in the best way to make sure that our spectra were not

biased by small normalisation ranges. Because in the past no standard protocol existed for

the deconvolution of P K -edge XANES spectra, we concluded that the starting values for

baseline correction and edge-step normalisation could be set personally.

Spectra with Smaller Energy Ranges. We also fitted our data with baseline correc-

tion and edge-step normalisation energy values closer to E0 to test the applicability of

our standard protocol for P K -edge XANES spectra acquired in a smaller energy range.

These ranges (e.g., between 2140 and 2200 eV) have mostly been used for LCF in earlier

studies62;104, partly to avoid the superposition of P XANES spectra by the sulphur K -edge

(+326.5 eV, with respect to the P K -edge) in soils and sediments. In this approach initial

baseline correction of all spectra in the mixture study was performed from –40 to –10 eV

and edge-step normalisation from +35 to +65 eV with respect to E0. These values were

chosen from corrected and normalised standard spectra that represented best the spectra of

the respective standard compound obtained with the larger energy ranges described above.

Due to even smaller energy energy ranges in the µ-XANES spectroscopy study, the reference

spectra were initially baseline corrected from -36 to -15 eV and normalised from +37 to

+57 eV with respect to E0 of the respective spectra.

Linear combination fitting. Linear combination fitting, using quadratic programming,

was conducted from -14 eV to +46 eV (with respect to E0) with the function solve.QP of

package quadprog (Version 1.5-5). In the mixture study, all four standards were used to

create the fit. We allowed the baseline and normalisation parameters of the samples to be

modified, on the basis of the observation that minor modifications of these parameters can

lead to considerable changes in the P speciation results. Computerised combination of all

possible baseline correction and edge-step normalisation parameters using R code resulted

in over 65000 baseline-corrected and edge-step-normalised sample spectra. Among these

spectra, the lower energy level used for baseline correction varied between –80 and –40 eV
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(2.5 eV step), and the upper energy level varied between –30 and –10 eV (2.5 eV step) with

respect to E0. The lower energy level used for edge-step normalisation varied between +120

and +170 eV (2.5 eV step), and the upper level varied between +290 and +340 eV (2.5 eV

step) with respect to E0. All spectra were automatically fitted, using the initially baseline-

corrected and edge-step-normalised standard spectra as predictor compounds. The best fit

was chosen, as seen by the lowest R-factor (χ2 divided by the sum of the squared sample

data; same as in ATHENA). For the smaller energy ranges, parameters of the samples were

allowed to vary between –48 and –28 eV (baseline parameter at the lower energy level) and

between –18 and –8 eV (baseline parameter at the upper energy level) with respect to E0,

both with a 1 eV step. The edge-step normalisation parameter at the lower energy level

varied between +29 and +39 eV (0.5 eV step); the edge-step normalisation parameter at

the upper energy level varied between +60 and +70 eV (1 eV step) with respect to E0. All

other data processing was performed as already described before for the deconvolution of

XANES spectra with the larger energy ranges.

As for the µ-XANES spectroscopy, the first baseline correction parameter was allowed to

vary from -28 to -18 eV (step: 1 eV) and the second from -16 to -8 eV (step: 0.5 eV) with

respect to the edge-step. The first normalisation parameter was allowed to vary between

+29 and +39 eV (step: 0.5 eV) and the second between +42 and +48 eV (step: 1 eV) with

respect to the edge-step. The actual LCF was performed from -14 to 46 eV with respect to

E0 of a sample spectrum. Phosphorus speciation shares below 5% of total P were excluded

and LCF was repeated without the respective standards. Only fits with R-factors smaller

than 0.005 were included because fits with R-factors greater than this value were obviously

unreliable.

3.5.3 Micro scale distribution patterns

First, we performed k-means cluster analysis80 on every ion/element count rate of all Nano-

SIMS and XRF measured ions/elements to determine regions with similar element identity.

The count rates of every pixel were assigned to one of five cluster centres, respectively.

The three largest cluster centre values were combined to result images where each pixel
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is either assigned as “area rich in”, or as a negligible count value. For the NanoSIMS

images, ions of the elements and element pairs of P, Fe, Al, CN and Si were selected. The

latter four ions and their combinations were then assigned to soil compound classes: i)

Fe/Al oxi-hydroxides (Al, Fe, Fe+Al), ii) Fe/Al oxi-hydroxides + SOM (Al+CN, Fe+CN,

Fe+Al+CN, Fe+CN+Si), iii) clay minerals (Al+Si, Fe+Al+Si), iv) clay minerals + SOM

(Al+CN+Si, Fe+Al+CN+Si), v) quartz (Si), vi) SOM (CN, CN+Si), and vii) unspecified

(i.e. mainly resin). The total number of pixels, respective total area, of these compounds

and the compound-rich areas that were co-located with P were counted. Dividing the P-rich

area that is co-located with a specific compound by the total P-rich area resulted in a pro-

portional measure for P binding. Dividing the compound-rich area that is co-located with P

by the total compound-rich area resulted in a proportional measure for compound-specific

P allocation. Both measures are displayed as percentage of total P/compound-rich area,

respectively.

Micro scale XRF maps were processed alike, but the elements for co-localisation differed

due to different instrument conditions. The ELETTRA instrument also allowed all stated P

binding categories, however, CN was replaced by N only. The attribution to the seven cate-

gories persisted as stated. The ESRF instrument unfortunately did not provide information

on N, but on the L2-edge of Fe (719.9 eV). During compound classification, this element

was treated similarly as the other Fe edge. The compound classes, to which element com-

binations were assigned to, were therefore limited to only those that did not include SOM

(i, iii, v, and vii). This procedure and the heterogeneity of P and soil compounds resulted

in different proportions of P and soil compounds depending on the instrument used.

4 Results and Discussion

This section focusses on a general discussion and only summarises results from studies

performed for this thesis. Detailed presentations of the results are accessible on-line from

the publications and in the appendices.
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4.1 Compounds determining the profile scale spatial patterns of P

fractions

The data obtained at the profile scale showed that, as expected, the most important corre-

lation variable for organic P and adsorbed P fractions (PCR, POX) was SOM, represented as

CORG. The interpolated maps of PTOT, PORG and CORG also showed a noticeable similarity,

especially in the topsoil. Organic P forms, such as to a large extent inositol phosphates

(e.g. IHP), accumulate in the topsoil due to P inputs from shoot and root litter, as well

as root and microbial exudates, whereas more labile organic P forms are either mineralised

or translocated as dissolved organic P (DOP)105. Additionally, pedogenic Al minerals and

poorly crystalline pedogenic Fe minerals (AlDCB, AlOX, FeOX) were correlated with organic

P fractions, particularly in the middle and lower profile. It is well known that Al and Fe oxi-

hydroxides have a high capacity to adsorb both PORG
106;107, and PINORG species4;21. The

respective contents of NaOH-EDTA extractable Al, Fe and inositol phosphates showed a

positive relationship in boreal forest soils in Sweden108. Goethite, illite and kaolinite retain

IHP in higher amounts than PINORG
106, and phosphate adsorption to synthetic Al and Fe

oxides is minor influenced by humic soil substances109. It thus can be assumed that pre-

dominantly P-bearing SOM competes with inorganic phosphate for adsorption sites on Al

and Fe oxi-hydroxides. This assumption is supported by the fact that adsorption of PINORG

was negligible at sites CON and MIT due to competing adsorption of PORG.

Poorly crystalline metal oxides, organo-mineral complexes, mixed Fe–Al gels, goethite, gibb-

site, and allophane sorb more phosphate than clay minerals (montmorillonite, illite, smectite,

nontronite, kaolinite) because of the smaller surface areas of the latter compounds21. Ad-

ditionally, clay minerals have less importance for P translocation compared to Fe and Al

oxi-hydroxides, as the latter compounds often occur in the colloidal size fraction (1 – 500

nm)105. Clay mineral P retention, however, can be strongly intensified by Al-coverage110.

The OX-extractable fraction includes P retained by Al-saturated expandable clay minerals,

as oxalate is known to form strong complexes with Al111. In addition, clay minerals mainly

influence P retention by Al and Fe ions bound to the silicate surfaces rather than by the
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phyllosilicate lattice itself21;24. Thus, both the surface charging of clay minerals, and the

clay type affect the surface coverage by Al and Fe cations. They determine the amount of

clay mineral-bound P in the poorly crystalline pedogenic Fe and Al mineral fractions. On

the other hand, organic P - which is known to have a high charge density, particularly IHP -

is retained in soils by complexation, by adsorption to clays, or as precipitate with pedogenic

minerals112. Thus, especially in loamy soils (as e.g. at BBR and CON site), some P is

retained by clay minerals.

Dissolution of apatite is the primary P source in soils2. However, small P amounts can

be preserved as inclusion, e.g. in slowly weathering silicates113. At sites CON, MIT, and

LUE, correlations of predominantly inorganic P fractions with contents of AlMI and FeMI

were detected, especially high at MIT and LUE. This suggests that, even at later stages

of pedogenesis, the remaining unweathered primary rock, e.g. slowly weathering silicate

rock, bears some inorganic P forms. During soil development, adsorbed PINORG can desorb

when displaced by other soil solution anions21;111. This desorption was illustrated in the

spatial pattern of easily available orthophosphate (POX.INORG) at sites CON and MIT, where

POX.INORG showed maxima in the upper (CON) and the lower profile (MIT).

The horizontal, i.e. lateral, variability of soil properties is is commonly assumed to be rather

low compared to the vertical, i.e. depth, distribution, which is typically studied by core

sampling29;51. However, heterogeneous soil P distribution is known to affect plant rooting

patterns30 and mycorrhizal symbiosis31. Thus, it is important to assess the horizontal,

as well as the vertical profile scale variability when: i) detecting zones where e.g. PTOT

and PORG are relatively enriched or depleted, ii) investigating soil parameters to study soil

processes enduring decades or even centuries.

4.2 Effects of podsolisation on spatial patterns of P fractions at

the profile scale

At site BBR, podsolisation was not developed, due to slow weathering of the basalt bedrock,

the hill-top location, and oxide-richness in this soil114. Calcium was depleted in the acidic
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BBR topsoil, but its contents increased from the top- to the subsoil. However, Al- and Fe

oxi-hydroxide contents were largest in the upper profile, compared to lower profile compart-

ments. A higher PINORG content was detected in the upper and lower profile, whereas its

content was particularly low in the middle profile.

At site CON, an early stage of podsolisation was found. The hill-side soil showed many rock

outcrops from the regolith bedrock73. Significant translocation of pedogenic Al minerals

was detected; however, their contents were still high in the upper profile. In contrast, the

contents of Fe bound in poorly crystalline pedogenic minerals was highest in the uppermost

topsoil. In addition, SOM contents decreased gradually from the topsoil to a depth of 20

cm, and the vertical variation was larger than the horizontal. These compound distributions

indicate initial podsolisation, as characterised by mobilisation of Al, either as Al–Si hydroxy

sols or complexed by dissolved organic acids115. In the middle part of the CON profile, pedo-

genic Al minerals and poorly crystalline pedogenic Fe minerals showed increased importance

for P retention, supposedly because Al and Fe oxi-hydroxides and Al- and/or Fe-covered

clays have adsorbed P-rich SOM and PINORG. Mineral Al and Fe contents showed maxima

at depths of 40 – 70 cm, probably as result of ongoing Al and Fe mobilisation from the pri-

mary parent material. At these depths, additional enrichment zones of PINORG, POX.INORG,

and PMI were detected. This can be explained by formation of secondary crystalline AlPO4

which probably has formed after weathering of primary apatites116.

The Cambisol at site MIT was characterised by more advanced podsolisation, compared to

sites BBR and CON. This podsolisation was detected visibly by bleached sand grains in the

topsoil (Nechic subqualifier), and analytically by the distribution of pedogenic Al minerals

in the topsoil. Compared to BBR and CON, dissolution of Al oxi-hydroxides was advanced,

although poorly crystalline pedogenic Fe minerals were still abundant in the topsoil. At MIT,

contents of PINORG and especially POX.INORG increased gradually from the top- to the subsoil.

However, the hill-top MIT soil - also formed from regolith73 - lacked the rock outcrops

that retarded podsolisation of the hill-side CON and the basaltic BBR soil. The highest

contents of pedogenic Al minerals were detected in the middle profile at site MIT, indicating

constant dissolution of these minerals in the upper profile, translocation, and precipitation
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in the middle profile.. As a result of pedogenic Al mineral dissolution and translocation,

many P fractions showed low total and vertical variability. In general, the distribution

patterns of many P fractions were identified as comparably homogeneously distributed,

characterising intermediate stages of podsolisation. Additionally, the soil at MIT showed

this podsolisation also as a result of former large industrial, atmospheric S deposition117

and recent large N deposition. This is in accordance with results of a temperate forest soil

study of six watersheds in the eastern United States and Europe. The authors of this study

found that the dominant chemical fraction of P was (i) associated with secondary Al and

organic phases and (ii) responsive to experimental acidification118.

At site LUE, Al and Fe primary minerals were not provided abundantly by the sandy parent

material, resulting in pronounced podsolisation at this site, visible e.g. in the eluvial horizon.

However, small amounts of enriched pedogenic, and unweathered primary Al and Fe in

silicate minerals were detected at depths below 10 cm in a (proto-) spodic horizon. In this

region, the contribution of poorly crystalline Fe was largest just below the eluvial horizon,

whereas the contents of FeCR, and of pedogenic Al minerals were highest at greater depths.

This pattern is expected, as (i) organic acids and Al/Fe ions form strong, water-soluble

complexes114, and as (ii) Fe-SOM complexes are less soluble than Al-SOM complexes and

thus precipitate earlier29. Additionally, DOP is effectively retained by subsoils, in which

DOP was enriched in the mobile hydrophilic fraction, as shown for five acidic forest sites in

Germany119. It can therefore be assumed that the P enrichment in the middle profile of site

LUE is due to illuviation and retention of P-rich SOM. After dislocation of this P-rich SOM

from the upper and its retention in the middle and lower profile, it was probably adsorbed

to first mainly pedogenic Fe- (15 – 50 cm depth), and at 30 – 50 cm depth to pedogenic Al

minerals. High contents of many P fractions were detected in the uppermost LUE topsoil,

accumulated due to increased SOM contents in the topsoil. This highlights the importance

of topsoil PORG mineralisation and microbial litter for plant nutrition in P-deficient organic

soils, as e.g. demonstrated for boreal forest120. Diffusive P (P species transported into the

soil solution due to a concentration gradient) has supposedly an increasing importance with

increasing soil depth, as shown in a temperate forest soil study121.
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4.3 Improvement of linear combination fitting accuracy

Chemical soil fractionation techniques only reveal operationally-defined P species, though

do not allow for direct P speciation. Even though P K -edge XANES spectroscopy has been

used for P speciation in soils for over two decades54, the quantities of different P species

as determined by LCF is still discussed controversially59. Phosphorus speciation was tested

in dilute (2 mg P g−1) mixtures of the major P species present in soils (AlPO4, FePO4,

Hydap, and IHP).

Standard
protocolforlinearcom

bination
fitting

Set initial baseline and normalisation
parameters, consistently throughout
standard and sample spectra	
Define ranges for alterable pre-edge
and post-edge parameters of the sam-
ples (not reaching into the pre-edge
features, the white-line, or the near
edge structure) 	

Linear combination fitting with all
unchanged standard spectra and all
combinations of sample spectra with
changing range parameters	

Collect final result (from smallest
residual and best R factor) and com-
pare result with results from other
(e.g., chemical or spectroscopic) tech-
niques

Figure 2: Flowchart of the standard protocol for linear combination fitting. The
protocol has been tested on P K -edge XANES spectra of standard compound
mixtures and soil samples. Printed with courtesy of ACS.
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After applying baseline correction and edge-step normalisation according to the newly es-

tablished standard protocol LCF (Fig. 2), P species were reproduced with a mean deviation

between 3 and 9% (of total P) and a mean absolute deviation of 5%. This approached

considerably improved traditional LCF with the widely-used X-ray absorption data analy-

sis software ATHENA103. Furthermore, LCF was also enhanced using the new standard

protocol for spectrum deconvolution and subsequent LCF on P K -edge XANES spectra

on soil spectra. The accuracy of the LCF was improved mainly because the procedure

did not follow the often cited56 advice to apply normalisation “as consistently as possible”

between samples and standards122. Linear combination fits obtained using this rule were

sometimes obviously incorrect, and sample-specific adjustment of baseline-correction and

edge-step normalisation energy parameters markedly enhanced the fitting results, even when

performed manually in ATHENA.

The new standard protocol (Fig. 2) answers the call for urgently needed “systematic studies

to directly validate and improve the precision and accuracy of XAS fitting results”38. In-

organic P species were quantified more accurately than IHP in most cases. The procedure

can generally be transferred to any XANES spectrum representing a mixture of different

P species, provided that all reasonable standard compound spectra have been included to

create the fit. There was no difference between using short or long energy range parameters

with respect to P speciation results. In general, small changes in baseline and normalisation

parameters, not variation in range parameters lead to more accurate fits. Using ATHENA,

LCF fitting can also be optimised, adjusting baseline and edge-step fitting parameters and

repeatedly inspect the fit visually to minimise the residual of the fit. When doing so, spe-

cial care has to be taken, examining the pre-edge region and the energy range between the

white-line and 2190 eV. The results indicate that the newly established standard protocol

is broadly applicable for P K -edge XANES spectroscopy. However, some pitfalls associated

with the assessment of LCF results from unknown samples have to be taken care of: (i)

small proportions of a compound to total P, (ii) the fitting statistics, (iii) the selection and

plausibility of LCF standards, and (iv) difficulty to measure organic P.
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4.4 Linear combination fitting pitfalls

In some cases, small proportions (1 – 4% of total P) of a particular P species were claimed

erroneously by LCF. As good scientific practice, P amounts smaller than 5%, as identified

with LCF, are not reliable and should be confirmed with other methods or excluded from

the reported P speciation results. As XANES spectra can generally not be investigated as

black boxes without any knowledge of its origin, LCF results should always be interpreted

cautiously when additional information is lacking56.

The LCF statistics (χ2 and R factor) were used to compare adjustment of the baseline

and edge-step fitting parameters. However, they were unreliable as an absolute measure of

goodness-of-fit when comparing fits from different samples, because mean absolute devia-

tion of the respective fitting results and R factor did not correlate significantly. The fitting

statistics presumably are a poor indicator for the fitting quality because residuum informa-

tion is integrated over energy regions that are relevant for an accurate LCF result (e.g.,

pre-edge peak, white-line, post-edge features), but also over less relevant energy regions.

Besides carefully increasing the fitting quality and validating small P species amounts, the

plausibility of LCF results should still be examined critically because adding many different

P standard compound spectra may result in improved fitting statistics, even if some P

species are unlikely to occur in a given sample. The actual presence of a stated species

can additionally be questionable as the existence of a fitted amount can be chemically

impossible56. Gathering additional information about unknown samples from any available

source is thus strongly recommended.

Particulary organic P, which was reproduced with lowest accuracy in the mixtures, should

be cross-checked with other techniques, as e.g. solution 31P NMR spectroscopy81. The

unfocused X-ray radiation did probably not damage the samples, as observed for IHP with

a focused X-ray beam69 because the spectra did not show specific beam damage effects

when repeated. Organic P was reproduced best when no FePO4 was present. Both spectra

exhibit similar post-edge features at 2160 eV, probably influencing the fitting results of these

two standards, whereas the standard spectra of Hydap and AlPO4 differed distinctly from
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the latter two in this region. Nonetheless, even small changes in baseline and normalisation

parameters were the main drivers for more accurate fits.

4.5 Soil depth considerably influences micro scale P heterogeneity

at advanced stage of podsolisation

Phosphorus speciation using P K -edge XANES spectroscopy with a focused beam was ap-

plied at 15 P-rich micro sites (definition: see Section 3.4.4) of four aggregates from the

low-P LUE and the high-P BBR top- and subsoil, respectively. The distribution and micro

site speciation of P varied more pronouncedly for the low-P top- and subsoil at site LUE,

than for the high-P aggregates at BBR. The speciation results from LUE suggest that soil

depth more strongly determines P speciation at the micro scale at later stages of podsolisa-

tion. Using µ-XANES spectroscopy, spatially-resolved P speciation results at P micro sites

revealed that the low-P topsoil aggregate mostly comprised organic P (0 – 55% of total P:

free organic P, 9 – 38% of total P: Ca-bound organic P). Micro scale Ca-P complexation

processes probably formed this Ca-bound organic P in the topsoil aggregate123. Additionally,

orthophosphate adsorbed to Al oxi-hydroxides and organic P adsorbed to Fe oxi-hydroxides

were detected in substantial amounts. All soil compounds were to a greater proportion

co-located with P in the top- than in the subsoil, because P was relatively abundant at

shallow soil depths compared to the subsoil horizons.

In the low-P subsoil aggregate sample at LUE, quartz grains encompassed with and aggluti-

nated by a finer-grained matrix were identified using scanning electron microscope imaging.

The P present in this sample was incorporated in the fine matrix of SOM and the mineral

coatings, and the retained P was predominantly inorganic. At this site, spatially-resolved P

µ-XANES speciation conducted on P micro subsoil sites revealed that P was predominantly

bound as AlPO4 and FePO4. It has been reported that strengite or variscite (Fe and Al

phosphates, respectively) can persist in soil environments with moderately acidic pH124,

however, these results are questionable. For example, crystalline AlPO4 (berlinite) was

identified to be more resistant against dissolution at pH 6 – 7 than at pH 345. Addition-
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ally, it must be emphasised that the reference standard compound spectrum of amorphous

AlPO4 is close to identical with the spectrum of Al hydroxy phosphate, which is known

to be thermodynamically stable at less acidic pH values. Lastly, up to about a quarter of

total P was clay mineral- or Fe oxi-hydroxide-bound in the low-P subsoil aggregate. This

highlights the importance of Al- and Fe-bearing pedogenic minerals in micro sites of sandy

subsoil aggregates for retaining P that has already been described at the profile scale.

4.6 Soil substrate influence on micro scale P heterogeneity is

stronger during early stages of podsolisation

The clayey-silty soil substrate at the high-P BBR site profoundly defined the micro scale

P speciation and distribution patterns. This substrate originates from ongoing intense

weathering of basalt rock and rock fragments into Al and Fe oxi-hydroxides and 2:1 clay

minerals125. In the high-P topsoil aggregate, micro sites of P were characterised by or-

thophosphate adsorbed to Al-saturated SOM and Al oxi-hydroxides, as well as by AlPO4

and FePO4. Although Fe oxi-hydroxides strongly adsorb both inorganic21 and organic106 P

under moderately acidic conditions, as present at this site, P binding was only marginally

influenced by Fe oxi-hydroxides in the high-P topsoil aggregate. Interestingly, just little

P was detected as organically-bound P compounds (0 – 13%). This is probably due to

intensive mineralisation of organic P in the topsoil at site BBR15. Up to about a quarter

of total P was assigned to easily bioavailable MgHPO4, which was only, but consistently

detected in the high-P topsoil aggregate. The existence of this P species is surprising,

because MgHPO4 is unstable below pH 5. Presumably, MgHPO4 has been stabilised in less

acidic interior regions of soil aggregates. These results emphasise not only how important

sorbed and mineral P phases are at early stages of podsolisation, but also how important

investigating micro scale P heterogeneity is for assessing P availability and accessibility in

soils.

In the BBR subsoil aggregate, Hydap was detected consistently at all micro sites. Ad-

ditionally, percentages of AlPO4 and FePO4 were similar to those found in the topsoil
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aggregate. This underlines that the influence of soil substrate on micro scale P hetero-

geneity in siliceous aggregates is stronger at the little developed high-P BBR soil than at

the pedogenetically older low-P LUE soil. Unexpectedly, clay mineral-bound P percentages

were relatively low. Exchanger-sites of expandable clay-minerals are predominantly covered

with Al hydroxy polymer cations at pH values between 4 and 5, which are present in the

BBR subsoil73. Thus, these clay-minerals have a sorption efficiency similar to that of Al

oxi-hydroxides91, which have been identified as important P species in the high-P subsoil

aggregate. However, the results from the micro site study revealed that P adsorbed to

Al-saturated clay minerals contributed only secondarily to P speciation in the BBR subsoil

aggregate.

4.7 Micro scale soil P distribution patterns are soil-dependent

Not only micro scale P speciation, but also the amount, distribution, and form of P-rich

areas (definition: see Section 3.5.3) differed strongly among the investigated aggregates.

Expectedly, the spatial P distribution was characterised by pronounced heterogeneity, as

revealed using raster imaging performed with NanoSIMS and µ-XRF. In the aggregates of

the high-P BBR soil, P-rich areas were relatively abundant and distributed less loosely than

the relatively few and more distant P-rich areas in the aggregates of the low-P LUE soil.

In these areas, P was mostly co-located with Al and Fe (mostly oxi-hydroxides) and to a

lesser extent with clay minerals.

In the LUE aggregate, P-rich areas were predominantly co-located with Al/Fe oxi-hydroxides

in the subsoil. However, topsoil Al/Fe oxi-hydroxides were more frequently co-located with

P than those in the subsoil. If SOM was present, co-localisation of P increased for both

Al/Fe oxi-hydroxides and clay minerals. In addition, SOM was strongly co-located with P

in the low-P LUE topsoil, which indicates that in the sandy LUE topsoil, the few Al and

Fe oxi-hydroxides and clay minerals play a pivotal role in retaining P. It can be assumed

that P-rich SOM is complex-bound at the surfaces of these Al and Fe oxi-hydroxides and

Al-/Fe-saturated clay minerals21, especially in the topsoil of this site.
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In contrast, the aggregates of the high-P BBR soil showed different P distribution pat-

terns due to the finer-grained, clayey-silty soil substrate. At this site, the most important

compounds for P binding were Al and Fe oxi-hydroxides. In the topsoil, both Al/Fe oxi-

hydroxides and clay minerals were frequently co-located with P. The influence on P sorption

by cationic Al hydroxy polymer clusters on 2:1 clay mineral surfaces91;126 and by Al and

Fe oxi-hydroxides under acidic conditions21 is well known. Nonetheless, the results from

the micro scale aggregate study implies that a robust mechanistic understanding of micro

scale P retention and P release must account for the heterogeneous P distribution in soil

aggregates.

4.8 Conceptual model of P distribution during podsolisation

The results presented in this thesis indicate that the micro and profile scale P distribution

is affecting P acquisition strategies of plants and soil microorganisms. They allow for

deducing of a conceptual model of relationships between the stage of podsolisation and

the distribution of different P forms. This model takes into account the distribution of

pedogenic Al and Fe minerals in a soil profile, important P fluxes, and the concept of

P-acquiring and P-recycling systems14. The model is in accordance with the results of

numerous field studies of soil profiles with different degree of podsolisation16;108;118. The

conceptual model refines the often cited model describing trends of soil P amounts and

forms with time2 by visualising the zonation of P pools in acidic temperate soils on siliceous

parent material, and adds a geochemical description of the spatial distribution of P in soils

during podsolisation.

During initial stages of pedogenesis, primary P-bearing minerals (e.g. apatite) are weathered

and the released P is taken up directly by plants and microbes14. Apatite weathering can be

promoted by ectomycorrhizal fungi127. Phosphorus retention is increased in the topsoil after

initial soil acidification, as result of increased contents of plant-available P128, protonation

of oxi-hydroxides, and after saturation of SOM and clay cation exchanger sites with Al3+.

In the mineral topsoil, biocycled P is retained by newly formed pedogenic oxi-hydroxides,
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however, P also leaches as DOP and/or in colloids through the soil, as described for site

CON72. Fast lateral flows can promote P losses105, as e.g. present at site CON.

Intermediate stages of podsolisation are characterised by progressive soil acidification. As

result, in the topsoil, Al oxi-hydroxides dissolve, clay minerals are destructed and Al-bound

P is mobilised. The dislocation of P, as e.g. at site MIT, results in rather homogeneous

vertical variation of CORG and PTOT. However, SOM in general, and thereby PORG, is

protected in the interior of soil aggregates129, and its mineralisation by microorganisms is

hampered when adsorbed to minerals130. Thus, P binding partners (SOM, clay-bound Fe

and Al, Al and Fe oxi-hydroxides, and SOM-Al/Fe oxi-hydroxide complexes) highly govern

P availability in this stage of podsolisation by P desorption, dissolution or mobilisation131.

Topsoil P is constantly being depleted by leaching of DOP and colloidal P, or even drastically

during heavy rainfall events105.

Only at later stages of podsolisation, Fe oxi-hydroxides are dissolved in the topsoil. This

dissolution further decreases topsoil P sorption132. The horizontal and vertical variability

of P fractions is large and P-rich patches occur due to SOM enrichment in the topsoil

and Al- and Fe-PORG complexes in the illuvial horizons, where highly stable SOM-Al/Fe

oxi-hydroxide complexes still retain P. At this stage, atmospheric dust deposition, as e.g.

desert dust133 or from anthropogenic combustion emissions134, can be a pivotal source of

mineral P.

5 Conclusions

The work presented here highlights that assessing the micro and profile scale heterogeneity

of soil P is important when investigating soil processes in general and the spatial P dis-

tribution in temperate forest soils in particular. The different mechanisms governing this

small scale P distribution are affecting P acquisition strategies of plants and soil microorga-

nisms in temperate forest ecosystems with siliceous parent material. Zones with potentially

high P uptake are indicated by enrichment zones of P, as identified in the soils at CON,

MIT, and LUE as SOM-bound P, Fe and Al oxi-hydroxide-bound P, clay-bound P, and P in
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unweathered parent material.

The investigated sites showed a gradient of increasing stage of podsolisation (BBR < CON

< MIT < LUE) as indicated by the distribution of pedogenic Al and Fe minerals in the soil

profiles. Predominantly, spatial patterns of SOM and pedogenic Al and Fe oxi-hydroxides

contents determined the spatial patterns of organic P and different P fractions at the profile

scale. However, sampling more than one profile per site would have been beneficial for more

robust explanations. Additionally, other methods, as e.g. P isotope approaches, are needed

to adequately translate the results into an unambiguous identification of the key pools

responsible for ecosystem P nutrition. Direct methods of P speciation (e.g. NMR, XANES

spectroscopy) and fractionation techniques should be combined to appropriately investigate

soil P speciation.

Micro scale P distribution and speciation patterns revealed that Al/Fe oxi-hydroxides and

clay minerals are major binding partners of P in siliceous aggregates. In these aggregates, P

species diversity and micro scale distribution is predominantly dependent on soil substrate

and soil depth. The identification and explanation of how P accumulates in the investigated

soils (both at the micro and profile) has implications on plant and microbial studies in

temperate forest ecosystems with soils formed from siliceous parent material. The research

in this thesis not only effectively combined distribution and speciation analysis for soil

aggregate studies, but also opened new perspectives on P accessibility and availability in

soils at the profile scale. Three factors governing P availability are well-known: i) parent

material, ii) weathering intensity, and iii) erosion (as P input)105. I was able to demonstrate

in this thesis that, as fourth factor, assessing the micro and profile scale spatial and chemical

heterogeneity of soil P is inevitable for understanding the governing factors of P accessibility

and availability in soils.
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ABSTRACT: Phosphorus (P) in soils is most often bound as
phosphate to one or more of the following four elements or
compounds: calcium, aluminum, iron, and soil organic matter.
A promising method for direct P speciation in soils is
synchrotron-based X-ray absorption near edge structure
(XANES) spectroscopy at the K-edge of P. However, the
quality of this method is debated controversially, partly because
a standard protocol for reproducible spectrum deconvolution is
lacking and minor modifications of the applied deconvolution
procedure can lead to considerable changes in the P speciation
results. On the basis of the observation that appropriate
baseline correction and edge-step normalization are crucial for
correct linear combination (LC) fitting results, we established a standard protocol for the deconvolution and LC fitting of P K-
edge XANES spectra. We evaluated the quality of LC fits obtained according to this standard protocol with 16 defined dilute (2
mg P g−1) ternary mixtures of aluminum phosphate, iron phosphate, hydroxyapatite, and phytic acid in a quartz matrix. The LC
fitting results were compared with the contribution of the different P compounds to total P in the various mixtures. Compared to
using a traditional LC fitting procedure, our standard protocol reduced the fitting error by 6% (absolute). However, P portions
smaller than 5% should be confirmed with other methods or excluded from the P speciation results. A publicly available database
of P K-edge XANES reference spectra was initiated.

■ INTRODUCTION

Inorganic phosphorus (P) in soils is most often associated with
calcium (Ca), aluminum (Al), or iron (Fe).1 Organic P in soils
is to a large fraction present as inositol phosphate.1 Much of the
organic and inorganic P is not in bioavailable form,2 and to
investigate the bioavailability of P, it is necessary to identify
different P species in soils and sediments.3 At the moment,
direct P speciation in soils is still difficult to achieve, and P
speciation in soils and sediments is mostly assessed indirectly
with sequential chemical fractionation methods.4,5 Indirect soil
P speciation, however, is characterized by two disadvantages:
First, the reagents used in the fractionation procedures may
change P-binding forms and therefore bias P speciation
results.3,6 Second, to assign the operationally defined P
fractions to distinct P species is a major problem of all P
fractionation methods.7 To overcome this problem, recent
studies8,9 have combined sequential P fractionation in soils with
direct methods, namely, solution 31P NMR spectroscopy
(mainly used to study organically bound P)10 and/or
synchrotron-based X-ray absorption near edge structure
(XANES) spectroscopy at the K-edge11 and L2,3-edge

12 of P.
Kruse et al.8 concluded that even though fractionation
techniques remain indispensable when studying P speciation
only a combination of indirect and direct methods provides
sufficient information about P species in plants and soils.9 In

another recent study, Liu et al.13 came to the same conclusion
when also using combined sequential fractionation, solution 31P
NMR spectroscopy, and P K-edge XANES spectroscopy to
characterize soil P in agricultural soils.
Synchrotron-based XANES spectroscopy at the P K-edge has

been used to study P speciation in soils for 20 years.14 XANES
spectra of different P species vary in one or more spectral
features, such as white-line intensity and position, as well as
pre-edge and postedge structures.15 These differences have
been used to “fingerprint” distinct P species in 59 mineral
standard specimens,15 binary mineral standard mixtures,16 and
in studies on P sorption onto iron and aluminum oxide
minerals.17,18 Furthermore, fingerprinting was used in man-
ure,19,20 poultry litter,21,22 sequential extracts of organic
substances23 and fen peat soils,24 sediments,25,26 soils,27−30

organic soil surface layers,31 and soil colloids.32 Most often, the
spectra were analyzed quantitatively by linear combination
(LC) fitting.21,30,32 Sometimes, principal component analysis33

or partial least-squares regression27 was used. During LC fitting,
proportions of given spectra of P standards are summed to
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yield a fitted spectrum that represents an unknown spectrum
with least-squares deviance.34 The validity of the quantities of
different P species as determined by LC fitting on P XANES
spectra is debated controversially.32

At present, it is not clear how accurately LC fitting exercises
can reproduce P speciation in an environmental sample because
the set of standard spectra to fit unknown spectra with least-
squares deviance simplifies complex environmental systems like
soils and sediments. Furthermore, it has to be particularly taken
into account that minor modifications in the applied baseline
correction and edge-step normalization procedure can lead to
considerable changes of the P speciation results. Because
synchrotron-based P K-edge XANES spectroscopy is increas-
ingly used for P speciation in soils and other environmental
samples, there is a strong need for a standardized procedure to
ensure unequivocal and accurate results of P speciation by LC
fittings on P XANES spectra. Ajiboye et al.16 reported on the
accuracy of LC fitting results for P XANES spectroscopy
applications. They compared the results from LC fitting on P
K-edge XANES spectra obtained from various defined binary
mixtures (diluted with boron nitride to a P content of about
5%) of three reference compounds (hydroxyapatite, variscite,
and phosphosiderite). They reproduced their mixtures with a
relative error of 0.8−17%, being especially accurate when the
proportion of hydroxyapatite was large. However, often more
than three major components for P binding in soils are claimed:
Apart from calcium, aluminum, and iron phosphates, soil
organic matter (SOM) is an additional important contributor
to soil P.35,36 The quality of LC fitting techniques used for P
speciation on XANES spectra with mixtures of all major
components (Al-, Fe-, and Ca-bound P as well as organically
bound P) has not yet been examined nor has there been given a
detailed description of how to obtain accurate LC fits with
reproducible P speciation results after appropriate spectrum
baseline correction and edge-step normalization. In this paper,
we present a standard protocol for spectrum deconvolution and
subsequent LC fitting on P K-edge XANES spectra of soils. Our

objective is to test the quality of our protocol on dilute ternary
mixtures of the four major P compounds present in soils.

■ MATERIALS AND METHODS

Standards and Mixtures. Four P standards, each
representing a major soil P species, were used: Iron(III)
phosphate dihydrate (FePO4·2H2O; abbreviation: FePO4),
aluminum phosphate (AlPO4), calcium phosphate tribasic
(hydroxyapatite; Ca5(PO4)3(OH); abbreviation: HydAp), and
phytic acid sodium salt hydrate (C6H18(PO4)6·xNa + yH2O;
abbreviation: PhyAc). All compounds were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and tested for purity by
XRD analysis. To test the accuracy of our procedure at P
concentrations close to natural soil abundances and to avoid
self-absorption during XANES spectroscopy, we diluted the
standards with fine-ground, high-purity quartz (SiO2; Merck
KGaA, Darmstadt, Germany) to a concentration of 2 mg P g−1.
Quartz was used as a diluent instead of the often-used boron
nitride34 so as to more adequately mimic soil matrices. We
produced a total mass of standard compound of 25 g
(proportion of pure P species without quartz: 301.61 mg
FePO4, 196.88 mg AlPO4, 270.30 mg HydAp, and 247.23 mg
PhyAc). The diluted standards were finely ground and
homogenized with agate milling stones (Planetary ball mill
Pulverisette 5, Fritsch GmbH, Idar-Oberstein, Germany). To
avoid cross contamination, we flushed the equipment with
deionized water, applied ultrasound to the milling equipment,
and reground one time with pure quartz after every grinding
step. To obtain data on the concentration of total P in the
standards, we conducted a total digestion of all standards with
hydrofluoric acid (HF) and perchloric acid (HClO4) and
subsequent element analysis using inductively coupled plasma
optical emission spectrometry (ICP-OES; Vista-PRO Simulta-
neous ICP-OES, Varian Inc., Palo Alto, CA, USA).
Various defined ternary mixtures of all four standards were

produced by weighing different amounts of the standard
compounds in various combinations to 1 g of sample and

Table 1. Phosphorus Speciation of 16 Ternary Mixtures Comprised of Aluminum Phosphate, Iron Phosphate, Hydroxyapatite,
and Phytic Acid Diluted with Fine-Ground Quartz to a Total Phosphorus Concentration of 2 mg g−1 and Results of Linear
Combination Fitting Conducted on Baseline-Corrected and Edge-Step-Normalized P K-Edge XANES Spectraa

portion of total P LC fitting results (fraction of 1) fitting statistics
deviation from total P

(relative and mean of absolute)

mixture AlPO4 FePO4 HydAp PhyAc AlPO4 FePO4 HydAp PhyAc χ2 R factor AlPO4 FePO4 HydAp PhyAc mean

1:1:1:0 0.35 0.32 0.34 0 0.25 0.36 0.35 0.04 0.09 0.00014 −0.10 +0.04 +0.01 +0.04 0.05
2:1:1:0 0.52 0.23 0.25 0 0.40 0.32 0.27 0.02 0.12 0.00019 −0.12 +0.09 +0.02 +0.02 0.06
1:2:1:0 0.26 0.48 0.26 0 0.20 0.51 0.29 0.00 0.09 0.00015 −0.06 +0.03 +0.03 0.00 0.03
1:1:2:0 0.26 0.24 0.50 0 0.17 0.28 0.55 0.00 0.10 0.00017 −0.09 +0.04 +0.05 0.00 0.04
1:1:0:1 0.34 0.31 0 0.35 0.26 0.45 0.00 0.29 0.13 0.00021 −0.08 +0.14 0.00 −0.06 0.07
2:1:0:1 0.51 0.23 0 0.26 0.55 0.31 0.00 0.14 0.10 0.00016 +0.04 +0.08 0.00 −0.12 0.06
1:2:0:1 0.26 0.47 0 0.27 0.25 0.61 0.00 0.15 0.12 0.00018 −0.01 +0.14 0.00 −0.12 0.07
1:1:0:2 0.25 0.23 0 0.52 0.28 0.37 0.01 0.34 0.20 0.00032 +0.03 +0.14 +0.01 −0.18 0.09
1:0:1:1 0.33 0 0.32 0.35 0.30 0.00 0.42 0.28 0.08 0.00014 −0.03 0.00 +0.10 −0.07 0.05
2:0:1:1 0.50 0 0.24 0.26 0.51 0.00 0.31 0.18 0.10 0.00017 +0.01 0.00 +0.07 −0.08 0.04
1:0:2:1 0.25 0 0.49 0.26 0.17 0.00 0.53 0.29 0.13 0.00023 −0.08 0.00 +0.04 +0.03 0.04
1:0:1:2 0.25 0 0.24 0.51 0.21 0.00 0.31 0.47 0.10 0.00018 −0.04 0.00 +0.07 −0.04 0.04
0:1:1:1 0 0.31 0.33 0.36 0.00 0.32 0.40 0.28 0.13 0.00022 0.00 +0.01 +0.07 −0.08 0.04
0:2:1:1 0 0.48 0.25 0.27 0.00 0.55 0.30 0.15 0.09 0.00015 0.00 +0.07 +0.05 −0.12 0.06
0:1:2:1 0 0.23 0.50 0.27 0.00 0.25 0.60 0.15 0.09 0.00016 0.00 +0.02 +0.10 −0.12 0.06
0:1:1:2 0 0.23 0.25 0.52 0.00 0.28 0.36 0.36 0.12 0.00020 0.00 +0.05 +0.11 −0.16 0.08

aFurthermore, LC fitting statistics (χ2 and R factor) from the fitting procedure and relative deviations of the LC fitting results from the actual
proportions are shown.
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mixing them manually with agate mortar and pestle. The
mixtures were prepared to represent concentration distribu-
tions of three equal P proportions (e.g., P in AlPO4, P in
FePO4, P in HydAp, and no P in PhyAc; mixing ratio 1:1:1:0)
as well as P proportion distributions in which one P species
proportion is enriched compared to the remaining two species
by a factor of 2 (e.g., 2:1:1:0). We proceeded in this way to
validate accuracy in general and concentration disparities in
particular. In total, 16 dilute ternary mixtures of the standards
were produced (Table 1).
P K-Edge XANES Spectroscopy. All XANES spectra were

acquired in fluorescence mode at Beamline 8 of the
Synchrotron Light Research Institute (SLRI) in Nakhon
Ratchasima, Thailand.37 The storage ring had an energy of
1.2 GeV and a stored current of 150 mA. The X-ray photon
energy was scanned by an InSb(111) double-crystal mono-
chromator with an energy resolution of 1−3 × 10−4 (i.e., at the
K-edge of P: ∼ 0.4 eV). The monochromator at Beamline 8 was
calibrated with pure elemental P (2145.5 eV) every 12 h. There
was no indication of movement of the edge energy (E0)
throughout the entire beamtime. The X-ray fluorescence at
each energy was recorded with a 13-element germanium
detector. We distributed the fine-ground samples as thin,
homogeneous film on P-free Kapton tape (Lanmar Inc.,
Northbrook, IL, USA), mounted the tape to a sample holder,
and placed the sample holder in a 45° angle from the incident
monochromatic beam (beam size = 10 mm × 1 mm) to
increase fluorescence yield. The sample chamber was constantly
purged with helium gas to decrease X-ray absorption by the gas
that surrounds the sample. Measurements were conducted at
energy ranges from −100 to +350 eV with respect to E0 of
elemental P (2145.5 eV) with a 2 s dwell time per energy step.
The ranges were chosen to account for the good practice,
recommended by Kelly et al.,34 to collect data in longer ranges
(>200 eV). Energy steps were chosen as follows: from −100 to
−40 eV and from +100 to +350 eV, energy step of 5 eV; from
−40 to −10 eV and from +50 to +100 eV, energy step of 1 eV;
and from −10 to +50 eV, energy step of 0.25 eV. A minimum
of four spectra for the standards and two spectra for the
samples was acquired.
Spectrum Deconvolution and Data Processing. Initial

spectrum deconvolution was performed with the program
ATHENA of the software package DEMETER.38 At first, E0 of
all raw spectra was calibrated to the zero crossing of the second
derivative of the absorption. Replicate spectra of a given sample
were then examined visibly for glitches, drifts, noise, and
general quality before merging them. The data was further
processed using the statistical software R (Version 3.2.0).39

Baseline correction and edge-step normalization of P K-edge
XANES spectra followed by LC fitting had never been
performed before using R, but the large amount of LC fittings
required an automated procedure. The code we programmed
followed the approach for LC fitting applied by ATHENA. All
merged spectra were initially baseline-corrected from −80 to
−20 eV (linear regression) and normalized and flattened to an
absorption (edge-step) of 1 from +140 to +340 eV (linear
regression) with respect to E0. These values reproduced a
longer spectrum (up to +850 eV) of PhyAc in the best way to
make sure that our spectra were not biased by small
normalization ranges. LC fitting, using the Levenberg−
Marquardt nonlinear least-squares algorithm, was conducted
from −14 to +46 eV (with respect to E0) with the function
nlsLM of package minpack.LM.40 All four standards were used

to create the fit, allowing their proportions to vary between 0
and 1 (maximum number of iterations: 1000).
Because in the past no standard protocol existed for the

deconvolution of P K-edge XANES spectra, we concluded that
the starting values for baseline correction and edge-step
normalization could be set personally. However, we allowed
the baseline and normalization parameters of the samples to be
modified, on the basis of the observation that minor
modifications of these parameters can lead to considerable
changes in the P speciation results. Computerized combination
of all possible baseline correction and edge-step normalization
parameters using R code resulted in over 65 000 baseline-
corrected and edge-step-normalized sample spectra. Among
these spectra, the lower energy level used for baseline
correction varied between −80 and −40 eV (2.5 eV step),
and the upper energy level varied between −30 and −10 eV
(2.5 eV step) with respect to E0. The lower energy level used
for edge-step normalization varied between +120 and +170 eV
(2.5 eV step), and the upper level varied between +290 and
+340 eV (2.5 eV step) with respect to E0. All spectra were
automatically LC fitted, using the initially baseline-corrected
and edge-step-normalized standard spectra as predictor
compounds. To mimic the function “force weighting factors
to sum one” in the ATHENA LC fitting procedure, all those fits
were selected where the sum of the standard proportions was
deviating from 1 by less than 0.0005 (fraction of 1). From
these, the best fit was chosen, as seen by the lowest R factor (χ2

divided by the sum of the squared sample data; same as in
ATHENA). Deviations, means, correlations, and regressions
were also calculated using R.

Fitting of Spectra with Smaller Energy Ranges. We
also fitted our data with baseline correction and edge-step
normalization energy values closer to E0 to test the applicability
of our standard protocol for P K-edge XANES spectra acquired
in a smaller energy range. These ranges (e.g., between 2140 and
2200 eV) have mostly been used for LC fitting in earlier
studies,20,41 partly to avoid the superposition of P XANES
spectra by the sulfur K-edge (+326.5 eV, with respect to the P
K-edge) in soils and sediments. In this approach initial baseline
correction of all spectra was performed from −40 to −10 eV
and edge-step normalization from +35 to +65 eV with respect
to E0. These values were chosen from corrected and normalized
standard spectra that represented best the spectra of the
respective standard compound obtained with the larger energy
ranges described above. For LC fitting, parameters of the
samples were allowed to vary between −48 and −28 eV
(baseline parameter at the lower energy level) and between
−18 and −8 eV (baseline parameter at the upper energy level)
with respect to E0, both with a 1 eV step. The edge-step
normalization parameter at the lower energy level varied
between +29 and +39 eV (0.5 eV step); the edge-step
normalization parameter at the upper energy level varied
between +60 and +70 eV (1 eV step) with respect to E0. All
other data processing was performed as already described
before for the deconvolution of XANES spectra with the larger
energy ranges.

Exemplary Soil Samples. To test the applicability of our
standard protocol on environmental samples, three exemplary
soil samples were chosen. A sample from a calcareous topsoil
(Ah horizon) near Tuttlingen, Germany (TUT), a sample from
an acidic topsoil (Ah) near Mitterfels, Germany (MIT), and a
sample from an acidic subsoil (Bw horizon) near Bad
Brückenau, Germany (BBR). As seen from the chemical soil
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characteristics, the soil samples most likely differ in P speciation
(Table S1). Spectra of all samples were also collected at
Beamline 8 of SLRI. Spectrum deconvolution was performed as
described for the standard and mixture spectra.

■ RESULTS

Chemical Analysis of Standards. Results from total
digestion and subsequent element analysis by ICP-OES
confirmed that we created standard compounds with P
concentrations occurring similar to those in soils. The
compounds showed the following concentrations: AlPO4,
1.81 mg P g−1; HydAp, 1.76 mg P g−1; FePO4, 1.65 mg P
g−1; and PhyAc, 1.88 mg P g−1. We found no P in HF/HClO4
digests of high-purity quartz; additionally, the XANES spectrum
of the pure quartz did not show any P fluorescence. According
to the ICP-OES results, we corrected the expected concen-
trations of P species in the mixtures to the P concentrations for
the standard mixtures as presented in Table 1 as proportions of
total P. In all ternary mixtures, the portion of different P species
deviated only slightly (1−3% of total P) from the expected
portion of the respective P species.
Standard Protocol for LC Fitting. In this paper, we

present a standard protocol for how to baseline-correct and
edge-step-normalize P K-edge XANES spectra to yield accurate
and precise P speciation results from LC fitting applications
(Figure 1). We found from visual inspection that LC fitting
with our initial baseline and normalization parameters often
resulted in fits that were obviously incorrect. On the basis of
this observation, we allowed the initial parameters of the
samples to vary within reasonable ranges before fitting. The
points defining the baseline did not interfere with the white-line
or pre-edge features, and the normalization parameters were
chosen to be far enough to not reach into the near edge
structures. We identified optimum values as follows: Only those
LC fitting results were collected where the sum of the standard
proportions deviated from 1 by less than 0.0005. The best fit
was chosen from these results by the smallest R factor; the
resulting energy ranges can be found in Table S2.
Simple linear regression revealed that there was no difference

between the LC fitting results of a given spectrum that had
been baseline-corrected and edge-step-normalized using larger
energy ranges and those of a given spectrum after baseline-
correction and edge-step normalization with smaller energy
ranges (Table S3). In the following section and in Table 1, the
P speciation results using parameters close to E0 (i.e., the
smaller energy ranges) are described. The respective results
obtained by LC fitting of the same spectra deconvoluted in a
larger energy range are presented in Table S4.
Comparison with Traditional LC Fitting. Our approach

improved LC fits considerably, as evident both in visual
inspection and in the fitting statistics. When compared to LC
fitting results after traditional baseline correction and edge-step
normalization with fixed parameter values performed with
ATHENA, the LC fitting using our standard protocol yielded
6% (absolute) more accurate results. In detail, linear regression
showed that the compounds were fitted better by the following
(absolute) percents using our protocol than by applying
traditional, consistent baseline correction and edge-step
normalization with ATHENA (Table S5): AlPO4, 10%;
FePO4, 11%; HydAp, 1%; and PhyAc, 4%. Additionally, using
our standard protocol improved LC fitting of three exemplary
soil spectra compared to results from fitting these spectra with

the traditional approach using ATHENA (Table S1; abstract
graphics: TUT sample).

LC Fitting Results. Phosphorus speciation according to our
standard protocol for baseline correction and edge-step
normalization on the spectra of our 16 mixtures followed by
LC fitting reproduced the P speciation of the mixtures with a
mean absolute deviation of 5% (of total P; n = 64), ranging
from 3% (AlPO4−P/FePO4−P/HydAp-P/PhyAc-P = 1:2:1:0;
n = 4) to 9% (AlPO4−P/FePO4−P/HydAp-P/PhyAc-P =
1:1:0:2; n = 4). We found no significant correlation
(Spearman’s rank correlation rho: 0.27, p > 0.05) between
the R factor from the LC fitting and the absolute mean
deviation.
LC fitting results of the mixtures without PhyAc (Figure 2A−

D) generally underestimated AlPO4 (6−12%), whereas FePO4
was moderately overestimated (3−9%) and HydAp was slightly
overestimated (1−5%). PhyAc was twice claimed erroneously
by LC fitting, however only with small proportions: For
mixture 1:1:1:0, a portion of 4% was calculated, whereas for
mixture 2:1:1:0, a portion of 2% was calculated. In all mixtures
without HydAp (Figure 2E−H), PhyAc was underestimated
(6−12% of total P). In contrast, FePO4 was overestimated (8−
14%), and AlPO4 was overestimated and underestimated twice,
respectively (3 and 4% and 1 and 8%). Even though not
present, HydAp was erroneously detected once in a small

Figure 1. Flowchart of our standard protocol for baseline correction,
edge-step normalization, and linear combination (LC) fitting
performed on P K-edge XANES spectra of soils and sediments. (1)
As starting values, all standards and sample spectra are baseline-
corrected and edge-step-normalized consistently (e.g., baseline from
−40 to −10 eV and normalization from +35 to +65 eV, with respect to
E0). (2) Ranges for adjusting pre-edge and postedge parameters of the
fitted sample are defined. Care has to be taken so that the ranges do
not interfere with the pre-edge features, the white-line, or the near
postedge structure. (3) The actual fitting is performed with all
predefined, consistently normalized standard spectra. The sample
spectra are fitted with all changing range parameters. (4) The final
fitting result is collected from the smallest residual and the best R
factor of a fitting procedure of a sample. Fitting results (especially
stated portions < 5%) should be compared and/or double-checked
with, for example, chemical or other spectroscopic techniques.
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amount (1% in mixture 1:1:0:2). Mean absolute deviations
ranged from 6 to 9%. In mixtures lacking FePO4 (Figure 2I−L),
PhyAc was not underestimated as much (4−8% of total P) and
was even slightly overestimated once (3%). Results under-
estimated AlPO4 in three mixtures (3−8%); one overestimation
was minor (1%). The results for HydAp were slightly more
inaccurate than those of AlPO4 and showed overestimation in
all four cases (4−10%). FePO4 was not detected by LC fitting.
The last four mixtures (Figure 2M−P) could reproduce the lack
of AlPO4 very well, with no result claiming a small proportion.
Regarding the other species, FePO4 showed small over-
estimations in all mixtures (1−7% of total P). HydAp and
PhyAc, however, deviated more strongly: PhyAc was again
underestimated in all cases (8−16%), whereas HydAp was
overestimated (5−11%).

■ DISCUSSION
Improvement of LC Fitting Accuracy. We showed that

after applying baseline correction and edge-step normalization
according to our standard protocol LC fitting can reproduce
the P speciation in dilute (2 mg P g−1) mixtures of the main P

species supposed to be present in soils (AlPO4, FePO4, HydAp,
and PhyAc) with a mean deviation between 3 and 9% (of total
P) and a mean absolute deviation of 5%. Compared to using
ATHENA with traditionally, consistently baseline-corrected
and edge-step-normalized sample spectra, our standard
protocol improved LC fitting by 6%. We furthermore
exemplified that LC fitting of soil spectra can be enhanced
when using our standard protocol for spectrum deconvolution
and subsequent LC fitting on P K-edge XANES spectra. The
improved accuracy of the P speciation results obtained by LC
fitting in our study is due to the fact that our procedure does
not follow the often cited34 advice of Sayers and Bunker42 to
apply normalization “as consistently as possible” between
samples and standards. Fits obtained using this rule were
sometimes obviously incorrect, and sample-specific adjustment
(even manually in ATHENA) of baseline-correction and edge-
step-normalization energy parameters markedly improved the
fits.

Selection of Energy Range Parameters. Results
obtained from spectra with a larger energy range also showed
the improvement of the fits. In general, there was no difference

Figure 2. Linear combination fits with weighted components and residual of ternary mixtures of aluminum phosphate (AlPO4), iron phosphate
(FePO4), hydroxyapatite (HydAp), and phytic acid (PhyAc), diluted in quartz (2 mg P g−1). (A−D) Mixtures without PhyAc, (E−H) mixtures
without HydAp, (I−L) mixtures without FePO4, and (M−P) mixtures without AlPO4. All fits in this section are selected by the least R factor of a
fitting procedure, according to our standard protocol. Note that the residuals are almost zero in all samples.
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between P speciation results after using short or long energy
range parameters. However, we would be cautious to fit, for
example, samples corrected and normalized with large energy
range parameters with standards corrected and normalized with
small energy range parameters first to stay close to the
recommendation of Sayers and Bunker42 and second because
small changes in baseline and normalization parameters
resulted in more accurate fits.
The improvement is generally, though not as automated and

precise, also possible using ATHENA (not shown). Optimum
baseline and edge-step fitting parameters can also be identified
by repeated visual inspection, i.e., carefully minimizing the
residual of the fit. Especially the pre-edge region and the energy
range between the white-line energy and an energy of about
2190 eV have to be examined closely.
The results indicate that our standard protocol can be used

broadly for P K-edge XANES spectroscopy applications.
However, some pitfalls associated with the evaluation of LC
fitting results from unknown samples have to be considered,
namely, (i) the selection of standards used for fitting and the
plausibility of their respective quantities, (ii) small contribu-
tions of a particular compound to total P, and (iii) fitting
statistics.
LC Fitting Pitfalls. LC fitting statistics (χ2 and R factor), as

reported in Table 1, proved useful when comparing adjustment,
though not as an absolute measure of goodness-of-fit when
comparing fits from different samples. In our study, R factor
and mean absolute deviation of the respective fitting results did
not correlate significantly. The R factor hence often may be a
poor indicator of the fitting quality because it integrates
residuum information not only of energy regions that are
particularly relevant for an accurate LC fitting result (e.g., pre-
edge peak, postedge features) but also of less relevant energy
regions.
Moreover, in three cases, small amounts (1−4% of total P) of

a particular P species were claimed erroneously by LC fitting.
We concluded that P portions smaller than 5% identified by LC
fitting are not reliable and should be confirmed with other
methods or excluded from the reported P speciation results.
This is in line with the results of Kelly et al.,34 who pointed out
that LC fitting results should always be interpreted cautiously
when additional information is lacking.
Besides validating small proportions, the plausibility of LC

fitting results should still be examined critically because
addition of too many different P standard spectra may result
in improved fitting statistics (so-called overfitting).34 In
addition, the actual presence of a stated species can be
questionable because the existence of a fitted proportion may
be chemically impossible. It is therefore strongly recommended
to gather additional information about unknown samples from
any available source. We concluded that direct methods and
fractionation techniques should be combined to appropriately
investigate soil P speciation. Organic P, which was reproduced
with lowest accuracy in our study, especially should be
additionally examined with other methods, such as solution
31P NMR spectroscopy.10

Organic P.With the procedure documented in our standard
protocol, we were generally able to produce LC fits on P K-
edge XANES spectra with good overall accuracy, although
inorganic P species in most cases were quantified more
accurately than phytic acid. Brandes et al.26 observed radiation
damage resulting in mass loss when repeating measurements on
phytic acid with a focused X-ray beam. However, our

measurements, which have been conducted with unfocused
X-rays, did not show specific beam damage effects when
repeated (not shown). Our results indicated that PhyAc was
reproduced best when no FePO4 was present. This may be due
to the fact that both spectra showed a similar postedge feature
at an energy of about 2160 eV that influenced the fitting results
of these two compounds. The standard spectra of HydAp and
AlPO4 differed distinctly from the spectra of PhyAc and FePO4
in this region. However, even small changes in baseline and
normalization parameters were the main drivers for more
accurate LC fits. Discussing physical changes of properties of
our standard compounds is thus difficult.

Relevance of a Standard Protocol. Our standard
protocol answers the call for urgently required “systematic
studies to directly validate and improve the precision and
accuracy of XAS fitting results”.43 The procedure can generally
be transferred to any XANES spectrum representing a mixture
of different P species, given that all reasonable standard spectra
have been included to create the fit. To foster and strengthen P
K-edge XANES spectroscopy for assessing P speciation in soils,
we recommend (i) to use our standard protocol to ensure
appropriate spectrum deconvolution and LC fitting as well as
(ii) to establish a publicly available database with reference
spectra of different soil P species, including mineral and organic
P standards as well as P (as phosphate and as organic P)
adsorbed to soil minerals and SOM. As a first step, we present
data on the raw spectra for the reference compounds used in
our study in the Supporting Information.
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A B S T R A C T

The spatial heterogeneity of phosphorus (P) and different P forms in soils has implications for plant, microbial,
and ecosystem P supply. Little information is available concerning the small-scale vertical and horizontal
distributions of P and important variables for P binding at the soil profile scale. We assessed spatial patterns of
total P and different P fractions, and of major P binding partners (e.g. soil organic matter: SOM, pedogenic Fe
and Al minerals) with geostatistical methods in soil profiles and soil profile compartments formed from siliceous
parent material and stocked with mature Fagus sylvatica forest to describe spatial and pedogenetic changes of P
distribution and to address mechanisms for these changes. As expected, we found that the distribution of total P
was generally best matched by the distribution pattern of organic P, both showing decreasing contents from the
top- to the subsoil. Inorganic P was mainly ascribed as bound in primary silicate minerals at all sites, but with
decreasing importance in later stages of podzolization. SOM, Al and Fe oxyhydroxides as well as SOM-Al/Fe
oxyhydroxide complexes were identified as main binding partners of organic P at all sites. With increasing depth,
correlations of various P fractions with SOM decreased, whereas those with pedogenic Fe and Al oxyhydroxides
increased. This pattern is assigned to the mobilization of first pedogenic Al minerals, and in later stages of
podzolization, also of pedogenic Fe minerals in the topsoil. Our results support the concept of different
ecosystem P nutrition strategies at each of our sites: ranging from acquiring inorganic P from weathered parent
material to minimizing loss of organic P by recycling. Assessing the small-scale soil variability enables
investigating the influence of podzolization intensity in temperate forest soils on the spatial P distribution at
the profile scale.

1. Introduction

Temperate forest ecosystems rely on the availability of phosphorus
(P) from the soil. The small-scale (μm to cm) vertical and horizontal
distribution of soil variables like pH, metal cations (especially Ca, Fe
and Al), and P can be a crucial factor governing plant root activity
(Hinsinger, 2001). In most cases spatial patterns of soil P contents were
assessed unidimensional by depth gradients, not addressing the ques-
tion of horizontal variation of P in soil profiles (e.g., Ferro Vázquez
et al., 2014). This is striking, as also the horizontal spatial heterogeneity
of P has been identified as an important factor controlling P availability
years ago for plants (Facelli and Facelli, 2002; Jackson and Caldwell,
1993), or recently for an alpine treeline (Liptzin et al., 2013).
Consequently, the two-dimensional (i.e. vertical and horizontal)
small-scale spatial distribution patterns of P and important P-binding

elements in soils are still unclear. However, the presence or absence of P
accumulation patterns (hot spots) in soils and specific soil fractions
have implications for plant P acquisition and plant P supply (Facelli and
Facelli, 2002). Hereby, geostatistics offers the possibility to produce
high resolution maps for total P and different P fractions, and important
variables for P binding.

Even though most soils in central Europe are young, the P status of
European forests is often low or insufficient (Ilg et al., 2009; Jonard
et al., 2015). Apart from nitrogen, P is expected to become (co-)
limiting to net primary production of plants as well as ecosystems
(Elser, 2012; Vitousek and Farrington, 1997). Soil acidification and N
eutrophication, intensified by anthropogenic deposits, reduce plant-
available P (Mohren et al., 1986). Thus, strong P sorption, e.g. by
humic-mineral complexes (Gerke and Hermann, 1992), Al and Fe
oxides and hydroxides (oxyhydroxides) (Sims and Pierzynski, 2005),
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or clay minerals (Violante and Pigna, 2002), increased formation of P-
fixing short-range order Al or Fe phosphates (Arai and Sparks, 2007), as
well as retarded mineralization of organic P may limit forest growth in
many ecosystems (Laliberté et al., 2012; Richardson et al., 2004).
Studying P availability in soil therefore implies accounting for the
spatial distribution of different P species in soils, as assessed by wet-
chemical fractionation of soil, and/or by advanced spectroscopic/
−metric techniques (Kruse et al., 2015). Fractionation techniques have
proven useful to answer questions about P bioavailability, e.g. as
reported by Sherman et al. (2006) in a study about long-term
acidification effects in spodic forest soils in Maine, USA. However,
advanced techniques can provide additional valuable information:
organic P speciation can be assessed by nuclear magnetic resonance
(NMR) spectroscopy (e.g., Cade-Menun and Liu, 2014), a general P
speciation by K-edge (e.g., Eriksson et al., 2015) or L-edge (Kruse et al.,
2015) X-ray absorption near-edge structure (XANES) spectroscopy, or
particle investigation after field flow fractionation techniques (e.g.,
Regelink et al., 2013).

A current research program in Germany, which our subproject is a
part of, focuses on the mechanisms that allow temperate forests on
silicate bedrock to sufficiently supply the trees with P (Lang et al.,
2016). The sites are characterized by a P availability gradient, as
characterized in pre-studies by nutrient P contents of beech foliage.
Two of the three sites investigated in this study were also included in a
recent study by Prietzel et al. (2016) using K-edge XANES spectroscopy.
However, they concentrated on discussing P speciation methodologi-
cally, the relationship of the P species with parent material and solely
studied soil horizons, but not different soil compartments. Thus, at the
moment no information can be found on the two-dimensional hetero-
geneity of physical and chemical soil properties of P content and P
fractions in soils with different stages of pedogenesis at the profile scale.

In an often cited publication, Walker and Syers (1976) introduced a
model describing changes of soil P forms and contents with time.
After> 22.000 years of soil development at the Franz-Josef chronose-
quence, P is stated to be either occluded or organic P and to reach a
steady state in which P losses from the system equal gains. Here, we aim
at refining the model of Walker and Syers (1976) for soils from siliceous
parent material by (1) determining the small-scale horizontal and
vertical spatial distribution of P by grid sampling and geostatistical
methods, (2) distinguishing different P binding forms by wet-chemical
fractionation, and (3) examining the relations of different P fractions to
other important explanatory soil variables (e.g. SOM, Al and Fe
oxyhydroxides). In addition, we (4) perform analyses for different soil
depths.

2. Materials and methods

2.1. Soil sampling and sample preparation

Soil samples were taken from three sites in Germany stocked with
mature European beech (Fagus sylvatica) stands of about 120 years with
differing P contents in the beech leaves and differing total P contents in
the soils (Zavišić et al., 2016). One site is located in the Black Forest
near Freiburg (site Conventwald: CON), Gauss-Krüger-coordinates:
3,422,803 E, 5,321,010 N. The second site is located in the Bavarian
Forest near Mitterfels (MIT), Gauss-Krüger-coordinates: 4,564,502 E,
5,426,906 N, and the last near Lüss (LUE), Gauss-Krüger-coordinates:
3,585,473 E, 5,857,057 N. All soils were formed under temperate
climate from siliceous parent material and are classified as Cambisols
(IUSS Working Group WRB, 2015). More detailed information on site
and soil properties is presented in Table 1 and Table S1, respectively.
Additional information on the site stand properties can be found in
Zavišić et al. (2016), information for specific soil horizons is presented
in Table S2, and general information about the sites can be found online
at http://www.ecosystem-nutrition.uni-freiburg.de/standorte.

At each site, a soil profile was excavated at a representative pure

beech location. Samples were taken from the mineral soil in a
70 × 100 cm rectangle at every 10 cm intersection (Fig. 1) with a steel
tube (ø 2 cm, sampling depth 3 cm). Depending on profile depth and
stone content, 63, 71, and 68 (CON, MIT, and LUE) samples were
obtained. Within this grid, up to five smaller gridded nests (up to 6
samples with a distance of 3 cm, taken with the same steel tube, Fig. 1)
were included to improve geostatistical models (Webster and Oliver,
2008). Soil samples were dried at 60 °C for 48 h and subsequently
sieved (< 2 mm). Sieved and finely ground subsamples were digested
with HF/HClO4 to analyze the contents of total P (Ptot), Ca (Catot), Fe
(Fetot), and Al (Altot) by ICP-OES (Vista-PRO Simultaneous ICP-OES,
Varian Inc., Palo Alto, CA, USA). This digestion was favored over the
aqua regia digestion to ensure complete digestion of silicate minerals
and prevent underestimation of total P (Hornburg and Lüer, 1999).
Organic P (Porg) was determined using the ignition loss method of
Saunders and Williams (1955), and inorganic P was calculated by
subtracting Porg from Ptot. Total C and N contents were analyzed with an
Elementar VarioEL CN analyzer (Elementar GmbH, Hanau, Germany).
Because all soils were acidic and free of carbonate, total C content can
be accounted for total organic C (Corg). Contents of Al and Fe bound in
pedogenic minerals were analyzed by extraction with bicarbonate-
buffered dithionite-citrate solution (Aldi and Fedi) according to Mehra
and Jackson (1958), as modified by Holmgren (1967). Contents of Fe in
poorly crystalline pedogenic minerals (Fepc), and of Al in Al(OH)3,
interlayer Al hydroxy polymers, imogolite, and allophane, were
assessed by extraction with acidic NH4 oxalate solution (Alox) using
the method of Schwertmann (1964). By subtracting Fepc from Fedi we
calculated the content of Fe in crystalline pedogenic minerals (Fecr).
The respective amounts of oxalate-extractable P (Ppc), i.e. P bound by
Fepc and Alox, and dithionite-citrate-extractable P (Pdi) were quantified
in the same way. The content of P bound by crystalline pedogenic Fe
minerals and by Al in crystalline and amorphous Fe minerals (Pcr) was
obtained by subtracting Ppc from Pdi. Contents of Fe, Al, and P in
primary silicate minerals (Femi, Almi, Pmi) were calculated by subtract-
ing Fedi, Aldi and Pdi from Fetot, Altot and Ptot, respectively. In addition,
oxalate extracts were analyzed for orthophosphate P (Ppc.inorg) by
colorimetry using the ascorbic acid method of Murphy and Riley
(1962), as modified by John (1970). The difference between Ppc and
Ppc.inorg was assigned to organic P forms (Ppc.org).

2.2. Statistical data analysis

The data were analyzed statistically with the software package R,
version 3.3.1 (R Core Team, 2015). To characterize and compare the
magnitudes of spatial variation of the investigated soil properties
among the three profiles, coefficient of variations (CV) were calculated
for the variables Corg, Catot, Femi, Fecr, Fepc, Almi, Aldi, Alox, Ptot, Porg,
Pmi, Pinorg, Pcr, Ppc, Ppc.org, and Ppc.inorg. Additionally, in order to
specifically address the horizontal and vertical variation of the vari-
ables, a vertical and a horizontal CV were calculated (CVver and CVhor).
These were the medians of the coefficients for every column and row,
respectively, if the profile is imagined as a table consisting of rows (i.e.
left to right part of the profile) and columns (depth increments). The
proportion of horizontal CV by vertical CV (CVhor/ver) served as a
measure of variability in profile width and depth; i.e. values below 1
expressed a greater variation in vertical than in horizontal direction of
the profile, and vice versa. Correlation patterns among the studied
variables were analyzed using the Spearman rank coefficient ρ. An
upper profile region was defined by all sample points starting from the
mineral soil surface to those of 25 cm depth (Fig. 1). The middle profile
region included points< 25 cm depth down to 55 cm depth, and the
lower profile region contained points from< 55 cm depth and reached
until 70 cm (CON), 80 cm (LUE), or 90 cm (MIT) of depth. Additionally,
factor analysis was performed on all variables of a given soil profile
using psych package, version 1.6.9 (Revelle, 2015) to infer explanatory
constructs from the observed variables. The Optimal Coordinate method
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was used to select the number of factors. For rotation varimax and as
factoring method principal axis factoring was determined. Factor scores
were identified using Thurstone regression.

For geostatistical analysis, Bayesian Kriging was performed using
geoR package, version 1.7–5.2 (Ribeiro and Diggle, 2001). This
approach was preferred over ordinary or universal kriging because

covariance parameters do not have to be considered known and to
allow parameter uncertainty in the prediction (Diggle and Ribeiro,
2002). However, the default Bayesian approach of treating the para-
meters as random variables often resulted in poor posterior distribution
estimates due to small numbers of support points. In these cases, we
calculated covariance parameters from empirical variograms to define
the prior parameters. First, data were analyzed for a depth trend. This
was performed by testing the data values and the y-coordinates for
correlation using the Kendall rank correlation coefficient and a scatter
plot with a linear regression model. As second step, the data were
checked for normal distribution using the Shapiro-Wilk test. When the
assumption of normal distribution was rejected, the variogram estima-
tor suggested by Cressie (2015) was used to build robust variograms. In
all other cases the classical method of moment estimator was applied.
All variograms were computed using the geoR-Package (ordinary
kriging) and the gstat-Package (universal kriging), version 1.1–3
(Pebesma, 2004). Each variogram was calculated for the maximum
distance between all samples, half of the maximum distance and one
third of the maximum distance. For each distance, variograms were
computed for six through thirteen bins in each variogram. For map
computation, the variogram parameters with the lowest root mean
squared errors were set as prior parameter for Bayesian Kriging.
Afterwards, Bayesian Kriging was performed using a 1 cm prediction
grid.

3. Results

3.1. Soil profile maps derived from Bayesian Kriging

As expected, the interpolated maps did not reveal a uniform
distribution of any P fraction in any of the studied soils (Figs. 2 and
3). Total P showed high contents in the upper part of the profiles and
decreased systematically with soil depth at site CON (Fig. 2). At MIT,
total P decreased less strongly with depth and at LUE, Ptot was
distributed more patchily and characterized by a secondary maximum
at 40–60 cm depth. Organic P generally showed the same trends,
however, was confined to the uppermost topsoil at sites CON and
MIT. Phosphorus bound in primary silicate minerals was distributed
particularly patchily at sites CON and MIT. At CON, high contents were
found in the upper profile at 30–50 cm depth, whereas at MIT, Pmi

Table 1
General properties of the three study sites Conventwald (CON), Mitterfels (MIT), and Lüss (LUE). MAT: mean annual temperature, MAP: mean annual precipitation.

CON MIT LUE

Soil profile

Parent materiala Paragneiss Paragneiss Pleistocene glacifluvial sands
P content (parent

material)
0.29 mg P g−1b 1.38 mg P g−1b 0.17 mg P g−1c

Soil type (WRB 2015) Hyperdystric Skeletic Folic Cambisol
(Hyperhumic, Loamic)

Hyperdystric Chromic Folic Cambisol (Humic,
Loamic, Nechic)

Hyperdystric Folic Cambisol (Arenic, Loamic,
Nechic, Protospodic)

Elevation [m a.s.l.]a 884 1023 115
MAT [°C]a 6.6 4.9 8.0
MAP [mm]a 1749 1229 779
Forest typeb Mature Fagus sylvatica forest Mature Fagus sylvatica forest Mature Fagus sylvatica forest

a Zavišić et al. (2016).
b Prietzel et al. (2016).
c Yang et al. (2016).
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Fig. 1. Sampling grid with nest for smaller gridded sampling and scheme of soil region
compartmentation. The steel grid is 70 × 100 cm with intersections every 10 cm. For
nested sampling, a steel plate with holes of a diameter of 2 cm and a distance of 3 cm
between the hole centers was used. The soil was divided into three regions: upper profile
(0–25 cm depth), middle profile (> 25–55 cm depth), and lower profile (> 55 cm
depth). The profile is from the site Mitterfels.
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contents were patchily elevated at depths> 40 cm. In contrast, at site
LUE, Pmi showed a more homogenous distribution at depths below
40 cm. Inorganic P was particularly enriched in the upper and middle
profile at CON, in the lower profile at MIT, and in the middle and lower
profile at LUE.

As for Pcr (Fig. 3), at sites CON and MIT, this fraction showed higher
contents in the upper profile, decreasing with depth. Additionally, a
secondary maximum was found at 60–70 cm depth at site CON. At LUE,
Pcr showed a patch of maximum content at 20 cm depth. Phosphorus
bound by poorly crystalline pedogenic Al/Fe minerals was generally
distributed differently than Pcr. At CON and MIT, Ppc showed a depth

trend from higher contents in the upper profile to lower contents in the
lower profile. In addition, all sites showed secondary maxima of Ppc at
about 40 cm depth. For CON and MIT, separation of inorganic and
organic P bound by poorly crystalline pedogenic Al/Fe minerals
revealed a systematic change from a dominance of Ppc.org in the
uppermost 30 to 40 cm to a dominance of Ppc.inorg below that depth.
In all soils, the spatial distribution of Ppc.org strongly resembled the
distribution of Porg. Additionally, the spatial distribution of Ppc.inorg
resembled the distribution of Pinorg, however, at LUE, Ppc.inorg was
distributed more patchily.

Major P-bearing soil compounds, i.e. SOM, represented by Corg, and
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Fig. 2. Interpolated distribution patterns of total phosphorus (P) and different P fractions in soil profiles at the study sites Conventwald (CON), Mitterfels (MIT), and Lüss (LUE). Bayesian
Kriging predictions (grid: 1 cm) of total P (Ptot), organic P (Porg), P bound in primary silicate minerals (Pmi), and inorganic P (Pinorg). Scales differ among maps.
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pedogenic Fe and Al minerals with different crystallinity, also showed
an expected heterogeneous distribution (Figs. 4 and 5). In particular,
Corg was enriched in the upper profile, particularly in the uppermost
10 cm, and showed a strong systematic decrease with depth (Fig. 4).
Iron in primary silicate minerals increased with depth at sites CON and
MIT. In contrast, at LUE, soil Femi contents showed an enrichment zone
at 40–60 cm depth. At all sites, the distribution of pedogenic Fe with
differing crystallinity (Fecr and Fepc) differed significantly from each
other. At site CON, Fecr content increased, whereas Fepc content slightly
decreased with depth. In contrast, at MIT, Fepc showed highest contents

in the upper 10 cm, whereas Fecr showed a patch of maximum content
at 10–30 cm depth. Site LUE showed a pronounced enrichment of Fecr
and Fepc at soil depths between 20 and 50 cm. The zone of maximum
Fecr enrichment (40 cm depth) was below the zone of maximum Fecr
enrichment (20 cm).

Aluminum in primary silicate minerals was depleted in the upper
profile at all sites, showing a rather homogenous lateral distribution at
MIT and CON, but patchiness at LUE (Fig. 5). A zone of maximum Almi

content was prominent at 40–60 cm depth at sites CON and LUE, and at
70–90 cm depth at MIT. Dithionite- and oxalate-extractable Al in
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Fig. 3. Interpolated distribution patterns of different phosphorus (P) fractions in soil profiles at the study sites Conventwald (CON), Mitterfels (MIT), and Lüss (LUE). Bayesian Kriging
predictions (grid: 1 cm) of P bound by crystalline (Pcr) and poorly crystalline (Ppc) pedogenic Al/Fe minerals, and organic and inorganic P bound by poorly crystalline pedogenic Al/Fe
minerals (Ppc.org, Ppc.inorg) are shown. Scales differ among maps.
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general did not differ markedly from each other in distribution and
nearly the same contents were extracted. At CON and MIT both
variables showed a general decrease with depth. This general trend
was superimposed by an upper profile depletion of Aldi and Alox which
was more pronounced and deep-reaching at site MIT than at site CON,
associated with formation of an enrichment zone at 20 (CON) or 40 cm
depth (MIT). At LUE, a band of patched pedogenic Al minerals was
found from a depth of 30 cm to 50 cm, with patches of maximum Aldi
and Alox contents at 40 cm depth.

At site CON, the C:P ratio ranged from 33 to 445, showing values

below 200 at about 40 cm depth (Fig. 6). At MIT, no significant depth
trend was detected, and the C:P ratio was largest in the upper profile
(213.7), but mainly showing ratios below 200. At site LUE, the profile
was divided at about 40 cm depth. At shallower depth we found a depth
trend of a C:P ratio ranging from about 200 (40 cm) to over 1300
(topsoil). Below 40 cm depth, the C:P ratio was predominantly below
200.
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Fig. 4. Interpolated distribution patterns of organic carbon (C) and iron (Fe) fractions in soil profiles at the study sites Conventwald (CON), Mitterfels (MIT), and Lüss (LUE). Bayesian
Kriging predictions (grid: 1 cm) of organic C (Corg), and Fe in primary silicate minerals (Femi), crystalline pedogenic Fe minerals (Fecr), and poorly crystalline pedogenic Fe minerals (Fepc).
Scales differ among maps.
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3.2. Coefficient of variation analysis

In nearly all cases, CV analysis revealed a larger vertical than
horizontal variation of all studied soil properties (Table 2). Major P-
bearing soil compounds and many P fractions showed largest total

variation at site LUE, and lowest total variation at site MIT. The site
CON had intermediate CVs. Both horizontal and vertical variation
showed trends similar to total variation at all sites. At LUE, we found
the largest vertical variation for all P-bearing soil compounds and for
some P fractions, compared to the other soils. Due to the large
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Fig. 5. Interpolated distribution patterns of aluminum (Al) fractions in soil profiles at the study sites Conventwald (CON), Mitterfels (MIT), and Lüss (LUE). Bayesian Kriging predictions
(grid: 1 cm) of Al in primary silicate minerals (Almi), and dithionite-citrate-extractable, and oxalate-extractable Al (Aldi, Alox) are shown. Scales differ among maps.

EULTIMNOC

cm

0 10 20 30 40 50 60 70
−90

−80

−70

−60

−50

−40

−30

−20

−10

0

 33

 74

115

156

198

239

280

322

363

404

445

0 10 20 30 40 50 60 70
−90

−80

−70

−60

−50

−40

−30

−20

−10

0

 28

 47

 65

 84

102

121

139

158

177

195

214

0 10 20 30 40 50 60 70
−90

−80

−70

−60

−50

−40

−30

−20

−10

0

  13

 143

 273

 404

 534

 664

 794

 925

1055

1185

1315

Corg

Porg

cm

Fig. 6. Ratios of organic carbon (Corg) over organic phosphorus (Porg) in soil profiles at the study sites Conventwald (CON), Mitterfels (MIT), and Lüss (LUE). Bayesian Kriging predictions
(grid: 1 cm) of the proportion Corg/Porg. Scales differ among maps.
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horizontal and vertical variation at LUE, the proportion of horizontal to
vertical CV (CVhor/ver) was sometimes large compared to the other sites
(e.g. Catot, Femi, Almi, Pmi). However, Corg, Fecr, and Aldi showed a
considerably larger vertical than horizontal variation at this site. At
both MIT and CON, all Fe compounds, Almi and Alox showed nearly the
same CVhor/ver. In contrast, at site CON we found small CVhor/ver for
many P fractions due to a low horizontal variation.

3.3. Correlation analysis

Spearman's rank correlation analysis of P fractions with Corg and Fe
and Al soil compounds predominantly revealed not more than four
significant results (Table 3 and Table S3). Partial correlations for every
fraction were calculated, but generally did not reach significance. In
general, correlation coefficients were larger at sites CON and MIT,
compared to LUE. Organic P fractions (Porg and Ppc.org) were strongly
correlated with Corg and Fepc at all sites, whereas inorganic P fractions
(Pinorg and Ppc.inorg) were predominantly correlated with mineral-bound
Fe and Al, as well as crystalline and poorly crystalline Fe and Al oxides
(Table 3). Inorganic and primary silicate mineral-bound P showed
similar correlations for the entire soil profile at all sites. At CON, these P
fractions were correlated the strongest with Alox, whereas at MIT
stronger correlations were found with Catot, Almi, and Femi. At LUE,
Pmi and Pinorg showed moderate correlations with Femi. Compared to
organic P, inorganic P content was largest at site CON, and highest at
site MIT (Fig. 7).

In correlation analyses conducted for different soil depth incre-
ments, results often were not significant due to smaller sample
numbers. In the upper profile (Fig. 1, Table 3), Corg was strongly
correlated with organic P fractions (Table 3), and organic P showed
larger shares of total P than inorganic P at all sites (Fig. 7). Similar
percentages of Porg were found for sites CON and LUE, whereas at site
MIT, Porg was distinctively larger than Pinorg (Fig. 7). Inorganic P
fractions were correlated predominantly with crystalline and poorly
crystalline Al oxides. At site MIT, Pmi strongly correlated with Femi and
moderately with Almi. Inorganic P and P bound in primary silicate
minerals correlated moderately with Femi and Almi at LUE, respectively.

As for the middle part of the soil profile at CON, important
correlation variables for organic P were pedogenic Al minerals, Corg,
and Fepc. Only the latter two compounds correlated strongly with
organic P fractions at MIT. Inorganic P fractions were correlated with
Catot (CON and MIT) and mineral-bound Al and Fe (MIT and LUE). In

the middle profile at site CON, Pinorg content was larger than Porg
content, whereas Porg was markedly larger than Pinorg at MIT (Fig. 7). At
this site, strong correlations of Pinorg, Pmi, and Ppc.inorg with Almi and
Catot (also partly with Femi) were found. At site LUE, Pmi and Pinorg
correlated strongly with Femi and Almi (Table 3), and inorganic P
content was slightly smaller than Porg content (Fig. 7).

In the lower profile, the relevance of Corg as correlation variable
often diminished. In contrast, crystalline and poorly crystalline Fe and
Al oxides showed stronger correlations with both organic and inorganic
P fractions. At site CON, pedogenic Al minerals correlated strongly with
Ppc and Ppc.inorg (Table 3), and inorganic P was as large as in the middle
profile (Fig. 7). Especially Almi was strongly correlated with Pmi and
Pinorg at site MIT, whereas Ppc.org correlated strongly (Ppc moderately)
with pedogenic Al minerals, Corg, and Fepc. Organic P content was
smallest compared to the upper and middle profile, however larger than
in at the other sites (Fig. 7). At LUE, Porg and Pcr showed the strongest
correlations with Fecr (Table 3). In addition, Catot correlated moderately
with Ppc.org and Ppc.

3.4. Factor analysis

If a variable loaded highly in a factor (minimum absolute value:
0.70), we assumed that the variable strongly affected this factor. At site
CON, the first factor (FA) had high positive loadings of Corg, Fepc, Aldi,
Alox, Porg, Ppc, and Ppc.org and negative loadings of depth, Femi, and Almi

(Table 4). It thus can be termed topsoil P bound in SOM-pedogenic
minerals complexes. The second factor was loaded highly with Pinorg,
Ppc.inorg and negatively with Pcr and can be termed inorganic P. At MIT a
similar result was found: (i) FA 1 had high positive loadings of Corg,
Fepc, Porg, Ppc, and Ppc.org and negative loadings of depth, Femi, and
Ppc.inorg. It thus can be termed topsoil P bound in SOM-pedogenic Fe
minerals complex, (ii) inorganic P and Pmi loaded highly in FA 2, which
again can be termed inorganic P, (iii) FA 3 had a high loading of only
Alox and thus can be termed poorly crystalline pedogenic Al minerals. In
contrast to the other soils, at LUE Al and Fe oxyhydroxides and SOM
loaded on independent factors. Factor 1, explaining most variance, had
high loadings of Fecr, Almi, Aldi, and Alox and thus can be termed
crystalline pedogenic Fe and Al minerals. The second FA had a high
positive loading of Corg (negative loading of depth) and thus can be
termed topsoil SOM. Only Ppc and Ppc.org highly loaded on the third FA,
which is why this factor was termed adsorbed organic P. The last factor
(FA 4) can be termed P bound in primary silicate minerals due to the

Table 2
Coefficient of Variation (CV) analysis results for the sites Conventwald (CON), Mitterfels (MIT), and Lüss (LUE). CV of all grid data points (CVtot), median of all horizontal and vertical CVs
(CVhor and CVver), and respective proportion of CVhor / CVver are portrayed. Proportion values below 1 indicate a larger vertical than horizontal variation. Variables are organic C (Corg),
total Ca (Catot), Fe in primary silicate minerals (Femi), Fe in crystalline pedogenic minerals (Fecr), and in poorly crystalline pedogenic minerals (Fepc), Al in primary silicate minerals
(Almi), and dithionite-citrate-extractable, and oxalate-extractable Al (Aldi, Alox), total P (Ptot), organic P (Porg), P bound in primary silicate minerals (Pmi), inorganic P (Pinorg), P bound by
crystalline (Pcr) and poorly crystalline (Ppc) pedogenic Al/Fe minerals, and organic and inorganic P bound by poorly crystalline pedogenic Al/Fe minerals (Ppc.org, Ppc.inorg).

CON MIT LUE

Variable CVtot CVhor CVver CVhor/ver CVtot CVhor CVver CVhor/ver CVtot CVhor CVver CVhor/ver

Corg 91.4 25.0 94.9 0.26 49.7 17.4 48.4 0.36 201.9 33.4 181.5 0.18
Catot 11.9 7.7 11.2 0.69 11.6 6.8 12.1 0.56 19.8 12.3 17.4 0.71
Femi 19.7 8.7 19.9 0.44 13.3 5.8 12.4 0.47 41.9 29.8 36.3 0.82
Fecr 18.1 12.3 14.4 0.85 16.9 11.7 13.1 0.89 38.5 19.6 34.2 0.57
Fepc 46.0 12.5 44.1 0.28 36.9 10.4 39.3 0.26 91.6 25.1 93.8 0.27
Almi 8.6 3.2 8.4 0.38 11.9 4.6 12.1 0.38 19.2 8.8 18.9 0.46
Aldi 31.8 11.5 30.8 0.38 17.0 9.6 16.8 0.57 59.8 20.8 54.7 0.38
Alox 26.2 10.1 26.1 0.39 18.0 8.3 19.6 0.42 65.1 20.3 49.6 0.41
Ptot 23.7 8.5 23.7 0.36 14.6 10.4 14.5 0.72 30.7 17.7 21.9 0.80
Porg 44.9 16.5 43.6 0.38 32.7 19.6 26.4 0.74 59.6 30.4 56.3 0.54
Pmi 32.7 19.0 31.0 0.61 32.1 22.8 31.2 0.73 51.8 38.0 38.9 0.98
Pinorg 17.6 11.1 16.6 0.67 47.1 36.0 42.3 0.85 44.1 30.8 39.9 0.77
Pcr 27.7 14.8 27.0 0.55 129.4 127.3 137.7 0.92 72.7 75.7 88.8 0.85
Ppc 42.9 18.5 42.5 0.43 14.5 11.0 14.2 0.77 91.3 50.7 87.5 0.58
Ppc.org 101.6 41.5 102.4 0.41 32.0 12.9 31.7 0.41 91.8 65.9 90.8 0.73
Ppc.inorg 29.2 16.5 30.4 0.54 38.2 13.9 39.6 0.35 147.7 155.3 147.5 1.05
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corresponding high loading of the variable Pmi.

4. Discussion

4.1. Compounds which determine the small-scale spatial patterns of P
fractions at the profile scale

In our study, SOM, represented as Corg, was an important correlation
variable for organic P and adsorbed P fractions (Pcr, Ppc; Table 3), and
the interpolated maps of Ptot/Porg and Corg (Figs. 2 and 4) also show a
striking similarity, especially in the topsoil, of the respective distribu-
tions of P and SOM. In addition, poorly crystalline pedogenic Fe
minerals and pedogenic Al minerals (Fepc, Aldi, Alox) were predomi-
nantly correlated with organic P fractions, in particular in the middle
and lower profile (Table 3). It has often been reported that Al and Fe
oxyhydroxides have a high capacity to adsorb Porg (e.g., Celi et al.,
1999; Yan et al., 2014), as well as Pinorg species (e.g., Parfitt, 1989;
Violante and Pigna, 2002). Organic P predominantly accumulates as
inositol phosphates (phytates) in the topsoil due to P inputs from shoot
and root litter, root and microbial exudates, whereas more active forms
of organic P are translocated as dissolved organic P (DOP) (Bol et al.,
2016). We assume that predominantly P-bearing SOM, such as phytate,
competes for adsorption sites on Al and Fe oxyhydroxides, because
humic substances in soils generally have limited influence on the
phosphate adsorption by synthetic Al and Fe oxides (Borggaard et al.,
2005), whereas phytate is retained in higher amounts than Pinorg by
goethite, illite and kaolinite (Celi et al., 1999). In accordance with our

Table 3
Spearman's rank correlation coefficients of different P fractions in the entire soil profile and different soil compartments at the study sites Conventwald (CON), Mitterfels (MIT), and Lüss
(LUE). Fractions are total P (Ptot), organic P (Porg), P bound in primary silicate minerals (Pmi), inorganic P (Pinorg), P bound by crystalline (Pcr) and poorly crystalline (Ppc) pedogenic Al/Fe
minerals, and organic and inorganic P bound by poorly crystalline pedogenic Al/Fe minerals (Ppc.org, Ppc.inorg). These were correlated with organic C (Corg), total Ca (Catot), Fe in primary
silicate minerals (Femi), Fe in crystalline pedogenic minerals (Fecr), and in poorly crystalline pedogenic minerals (Fepc), Al in primary silicate minerals (Almi), and dithionite-citrate-
extractable, and oxalate-extractable Al (Aldi, Alox) and ordered by correlation coefficient size. Significance was assumed at p-values smaller than 0.05. Only the largest four values are
shown; all values can be found in the Supporting Information (Table S3).

Entire soil profile Upper profile (0–25 cm) Middle profile (25–55 cm) Lower profile (> 55 cm)

Variable CON MIT LUE CON MIT LUE CON MIT LUE CON MIT LUE

Ptot Corg 0.93 Corg 0.73 Alox 0.51 Corg 0.95 ns Corg 0.78 Fepc 0.69 Corg 0.70 Almi 0.83 Aldi 0.57 Almi 0.68 Fecr 0.56
Fepc 0.89 Fepc 0.58 Fepc 0.51 Fepc 0.59 ns Alox 0.74 Corg 0.65 Almi 0.45 Femi 0.72 Alox 0.56 Catot 0.64 ns
Aldi 0.88 Aldi 0.39 Aldi 0.46 ns ns Aldi 0.62 Aldi 0.64 ns ns ns Corg 0.58 ns
Alox 0.70 Fecr 0.29 Femi 0.44 ns ns Fepc 0.55 Alox 0.61 ns ns ns ns ns

Porg Corg 0.94 Corg 0.77 Alox 0.50 Corg 0.88 ns Corg 0.86 Corg 0.77 Fepc 0.68 Fecr 0.49 ns Corg 0.55 Fecr 0.58
Fepc 0.90 Fepc 0.73 Fepc 0.50 Fepc 0.66 ns Alox 0.72 Aldi 0.75 Corg 0.62 ns ns ns ns
Aldi 0.86 Aldi 0.43 Aldi 0.48 ns ns Aldi 0.57 Fepc 0.68 ns ns ns ns ns
Alox 0.62 ns Corg 0.42 ns ns Fepc 0.43 Alox 0.66 ns ns ns ns ns

Pmi Alox 0.66 Catot 0.69 Femi 0.53 Corg 0.52 Femi 0.73 Femi 0.54 Alox 0.44 Almi 0.82 Femi 0.83 Alox 0.57 Almi 0.66 ns
Corg 0.54 Almi 0.60 Almi 0.39 ns Almi 0.51 ns ns Femi 0.68 Almi 0.71 Corg 0.56 Catot 0.59 ns
Aldi 0.53 Femi 0.50 Alox 0.24 ns ns ns ns Catot 0.64 ns Fepc 0.56 Corg 0.51 ns
Fepc 0.47 Alox 0.46 ns ns ns ns ns ns ns ns ns ns

Pinorg Alox 0.51 Almi 0.62 Femi 0.50 ns ns Almi 0.49 ns Almi 0.75 Femi 0.83 Aldi 0.58 Almi 0.71 Alox 0.41
Aldi 0.32 Catot 0.59 Almi 0.36 ns ns ns ns Catot 0.73 Almi 0.70 ns Femi 0.50 ns
Corg 0.26 Femi 0.45 ns ns ns ns ns ns ns ns ns ns
Fepc 0.26 ns ns ns ns ns ns ns ns ns ns ns

Pcr Corg 0.38 Corg 0.74 Corg 0.36 Corg 0.72 Corg 0.63 Aldi 0.43 Fecr 0.45 Corg 0.66 ns ns Femi 0.37 Fecr 0.61
Fepc 0.36 Fepc 0.71 Fepc 0.31 Fepc 0.62 Fecr 0.56 ns ns Fepc 0.50 ns ns ns Aldi 0.43
Aldi 0.28 Fecr 0.49 ns ns ns ns ns ns ns ns ns ns
ns ns ns ns ns ns ns ns ns ns ns ns

Ppc Corg 0.92 Corg 0.73 Corg 0.39 Corg 0.93 Fepc 0.60 Corg 0.85 Alox 0.71 Alox 0.54 ns Alox 0.91 Aldi 0.56 Aldi 0.41
Fepc 0.90 Fepc 0.71 Fepc 0.36 Fepc 0.67 Corg 0.57 Alox 0.65 Corg 0.66 Fepc 0.53 ns Aldi 0.83 Corg 0.50 Catot 0.41
Aldi 0.88 Aldi 0.30 Catot 0.36 Aldi 0.42 ns Aldi 0.45 Fepc 0.64 ns ns Corg 0.57 Alox 0.42 ns
Alox 0.74 ns Alox 0.32 ns ns ns Aldi 0.59 ns ns Fepc 0.53 Fepc 0.40 ns

Ppc.org Corg 0.97 Fepc 0.93 Corg 0.36 Corg 0.94 Fepc 0.61 Corg 0.82 Corg 0.85 Fepc 0.95 ns Alox 0.60 Aldi 0.71 Catot 0.51
Fepc 0.92 Corg 0.90 Catot 0.33 Fepc 0.70 Corg 0.54 Alox 0.64 Alox 0.78 Corg 0.74 ns Corg 0.54 Fepc 0.71 ns
Aldi 0.90 Fecr 0.32 Fepc 0.31 ns ns Aldi 0.46 Aldi 0.77 ns ns ns Corg 0.65 ns
Alox 0.69 Aldi 0.29 Alox 0.26 ns ns ns Fepc 0.65 ns ns ns Alox 0.64 ns

Ppc.inorg Almi 0.59 Almi 0.81 Corg 0.32 Alox 0.57 ns Corg 0.65 Catot 0.54 Catot 0.70 ns Alox 0.85 ns ns
Femi 0.41 Femi 0.74 ns Aldi 0.44 ns Alox 0.43 ns Almi 0.67 ns Aldi 0.82 ns ns
Catot 0.41 Catot 0.56 ns ns ns ns ns Femi 0.46 ns ns ns ns
ns Alox 0.38 ns ns ns ns ns ns ns ns ns ns

ns: not significant.
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Fig. 7. Organic and inorganic phosphorus (Porg and Pinorg) as proportion or total P (in %)
in different soil profile compartments at the study sites Conventwald (CON), Mitterfels
(MIT), and Lüss (LUE). The soil was divided into four regions: total soil profile, upper
profile (0–25 cm depth), middle profile (> 25–55 cm depth), and lower profile (> 55 cm
depth). Values are provided in Table S1.
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findings, a positive relationship between the respective contents of
NaOH-EDTA extractable Al, Fe and inositol phosphates was reported for
soils by Vincent et al. (2012) in a study of boreal forest soils in Sweden.
Therefore, at sites CON and MIT, our results indicate that adsorption of
Pinorg was negligible, probably due to competing adsorption of Porg.

Violante and Pigna (2002) reported that clay minerals (montmor-
illonite, kaolinite, nontronite, illite, smectite) sorb less phosphate than
poorly crystalline metal oxides, allophane, mixed Fe–Al gels, organo-
mineral complexes, goethite, and gibbsite, because of the greater
surface areas of the latter compounds. However, Al-coverage of clay
minerals can strongly intensify P retention (Shang et al., 1996). The P
bound by Al-saturated expandable clay minerals is included in the
fraction of oxalate-extractable P (Ppc) because oxalate forms strong
complexes with Al (Bhatti et al., 1998). In addition, clay minerals
mainly exert their influence on P retention by Al and Fe ions bound to
the silicate surfaces rather than by the phyllosilicate lattice itself (Arai
and Sparks, 2007; Violante and Pigna, 2002). Therefore, the type of
clay, as well as the surface charging of clay minerals present in a soil,
affect the surface coverage by Al and Fe cations and thus influence the
amount of P bound in the poorly crystalline pedogenic Fe and Al
mineral fractions (Fepc, Alox). In addition, especially Fe and Al
oxyhydroxides occur in the colloidal size fraction (1–500 nm), resulting
in a greater importance for P translocation compared to clay minerals
(Bol et al., 2016). On the other hand, organic P (especially phytate) is
strongly retained in soils by adsorption to clays, and by complexation,
or as precipitate with pedogenic minerals due to their high charge
density, as reported by Condron et al. (2005). Therefore, we assume
that some P is retained by clay minerals in the studied soils, especially
at site CON, which showed a loamy soil texture (Table S2) and is
characterized by high correlations of Pinorg and Porg with Alox (ρ= 0.51
and 0.62, respectively; Table 3).

Originally, P is released from primary minerals, predominantly by
dissolution of apatite (Walker and Syers, 1976). However, it can be
preserved in small amounts as inclusion, e.g. in slowly weathering
silicates (Syers et al., 1967). At sites CON and MIT, we named the
second best factors describing the covariance of the soil variables
(Table 4) as inorganic P due to their high loadings in these variables. In
addition, at all sites correlations of predominantly inorganic P fractions
with contents of Almi and Femi were noticed, especially high at MIT and
LUE (Table 3). This indicates that, even at later stages of podzolization,

the remaining unweathered primary rock bears some inorganic P forms.
During podzolization, adsorbed Pinorg can be desorbed through dis-
placement of other soil solution anions (Bhatti et al., 1998; Violante and
Pigna, 2002). The spatial pattern of Ppc.inorg at CON and MIT illustrates
this desorption during early and intermediate stages of podzolization
(Fig. 2): Easily available orthophosphate (Ppc.inorg) showed maxima in
the upper (CON) and the lower profile (MIT).

While the vertical, i.e. depth, distribution of soil properties is
typically studied by core sampling (e.g., Eriksson et al., 2015; Ferro
Vázquez et al., 2014), it is commonly assumed that horizontal, i.e.
lateral, variability of soil properties is low. However, assessing both the
horizontal and vertical small-scale variability is important when: i)
locating zones of relative enrichment and depletion of e.g. Ptot and Porg
(Fig. 2), ii) investigating total P, different P fractions and major P-
bearing soil compounds at the profile scale (Tables 2–4, Fig. 2–6), and
iii) studying soil parameters to derive information about soil processes
that endure decades or even centuries. We assume that P enrichment
zones as identified in our soils as SOM-bound P, Fe and Al oxyhydr-
oxide-bound P, clay-bound P, and P in unweathered parent material for
the different soils in our study indicate zones with potentially high P
uptake. It is known that plant rooting patterns (Jackson and Caldwell,
1993) and mycorrhizal symbiosis (Facelli and Facelli, 2002) are
affected by a heterogeneous soil P distribution. Therefore, we argue
that the different mechanisms governing small-scale P distribution are
affecting P acquisition strategies of plants and soil microorganisms in
temperate forest ecosystems with siliceous parent material.

4.2. Effects of podzolization on spatial patterns of P fractions at the profile
scale

The soils from our sites showed different stages of podzolization. A
rather early stage was found at CON, a hill-side soil formed from
regolith with many rock outcrops (Prietzel et al., 2016). In this soil,
significant amounts of pedogenic Al minerals have already been
mobilized from the topsoil and translocated downwards. However,
their contents were still high in the upper profile, and Fe in poorly
crystalline pedogenic minerals still showed the highest contents in the
uppermost topsoil (Fig. 3). In addition, SOM contents decreased
gradually from the topsoil to a depth of 20 cm (Fig. 3), and CVhor/ver

values were often small (Table 2), depicting larger vertical than

Table 4
Factor loadings of predictor variables at the study sites Conventwald (CON), Mitterfels (MIT), and Lüss (LUE). Predictor variables were depth, contents of organic C (Corg), total Ca (Catot),
Fe in primary silicate minerals (Femi), Fe in crystalline pedogenic minerals (Fecr), and in poorly crystalline pedogenic minerals (Fepc), Al in primary silicate minerals (Almi), and dithionite-
citrate-extractable, and oxalate-extractable Al (Aldi, Alox), total P (Ptot), organic P (Porg), P bound in primary silicate minerals (Pmi), inorganic P (Pinorg), P bound by crystalline (Pcr) and
poorly crystalline (Ppc) pedogenic Al/Fe minerals, and organic and inorganic P bound by poorly crystalline pedogenic Al/Fe minerals (Ppc.org, Ppc.inorg). Factor loadings with an absolute
value of 0.7 and larger are printed in bold.

CON MIT LUE

Contribution to total variance (%) 77 23 62 25 13 35 23 22 20
Factor (FA) FA 1 FA 2 FA 1 FA 2 FA 3 FA 1 FA 2 FA3 FA4
Variables
Depth −0.96 0.14 −0.91 0.28 −0.05 0.32 −0.86 −0.13 0.23
Corg 0.98 −0.12 0.93 −0.02 −0.10 −0.03 0.92 0.28 −0.27
Catot −0.66 0.30 −0.26 0.61 0.48 0.35 0.66 0.19 0.18
Femi −0.83 0.33 −0.79 0.43 −0.11 0.46 −0.03 −0.02 0.63
Fecr −0.57 −0.22 0.38 0.04 −0.15 0.87 −0.07 −0.03 −0.02
Fepc 0.94 −0.11 0.92 −0.24 0.15 0.51 0.62 0.23 −0.05
Almi −0.65 0.61 −0.69 0.65 −0.03 0.79 −0.10 0.05 0.41
Aldi 0.93 −0.01 0.65 0.04 0.53 0.93 0.13 0.14 0.03
Alox 0.74 0.41 0.07 0.13 0.94 0.81 0.14 0.26 0.13
Ptot 0.97 0.07 0.87 0.53 −0.08 0.46 0.32 0.45 0.24
Porg 0.94 −0.18 0.73 −0.45 −0.14 0.43 0.24 0.60 −0.23
Pmi 0.60 0.66 0.03 0.88 0.06 0.06 −0.07 0.25 0.87
Pinorg 0.35 0.70 −0.11 0.84 0.08 0.26 0.09 −0.08 0.54
Pcr 0.26 −0.80 0.63 −0.17 −0.38 0.24 0.31 −0.10 −0.56
Ppc 0.96 0.09 0.82 0.04 0.23 0.10 0.15 0.96 0.02
Ppc.org 0.98 −0.10 0.95 −0.15 0.14 0.02 0.16 0.84 0.13
Ppc.inorg −0.29 0.77 −0.76 0.36 0.03 0.01 0.17 0.29 −0.38
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horizontal variation. It is well known that these patterns indicate initial
podzolization, which is characterized by mobilization of Al, either
complexed by dissolved organic acids or as AleSi hydroxy sols
(Lundström et al., 2000). The contents of Porg and Ppc.org were
predominantly correlated with SOM, Fepc and Aldi (Table 3) and we
combined these compounds as the factor topsoil P bound in SOM-
pedogenic minerals complexes. This is backed by speciation results based
on P K-edge XANES spectra of Prietzel et al. (2016) who assigned about
40% of total soil P to unbound organic P and about 60% to adsorbed
mineral phases in the CON topsoil. In the middle profile at site CON,
our results showed that pedogenic Al minerals and poorly crystalline
pedogenic Fe minerals had increased importance for P retention,
probably due to adsorption of P-rich SOM and Pinorg onto Al and Fe
oxyhydroxides and Al- and/or Fe-covered clays. In addition, ongoing Al
and Fe mobilization from primary parent material was detected in our
study, as visible in the distribution of Almi and Femi, both showing
content maxima at depths of 40–70 cm (Fig. 3). Enrichment zones of
Pmi, Pinorg and Ppc.inorg were also found at these depths (40–50 cm,
Fig. 2). These P fractions also loaded highly in one factor in which Almi

also contributed moderately, as revealed by factor analysis (Table 4).
We explain this result by the formation of crystalline AlPO4 which has
formed secondarily after weathering of primary apatites (Lichter,
1998). This is again backed by Prietzel et al. (2016) who reported that
17–25% of total P is bound as crystalline AlPO4 in the subsoil, and 65%
of total bedrock P is bound as crystalline AlPO4.

Compared to CON, the Cambisol at site MIT is characterized by
more advanced podzolization. This is visible by bleached sand grains in
the topsoil (Nechic subqualifier), and analytically detected by the
distribution of pedogenic Al minerals in the profile, showing advanced
dissolution of Al oxyhydroxides in the topsoil compared to CON
(Fig. 3). However, poorly crystalline pedogenic Fe minerals were still
stable in the topsoil. At this intermediate stage of podzolization, the
distribution patterns of many P fractions are characterized by a
comparably homogeneous distribution, indicated also by the CV
analysis (Table 2). At MIT, concentrations of Pinorg and especially
Ppc.inorg gradually increased from the top- to the subsoil. Calcium
phosphate minerals were detected in the MIT bedrock by Prietzel
et al. (2016), contributing about two third of total bedrock P. The
remaining portion was identified as crystalline AlPO4 (Prietzel et al.,
2016). They explained the latter percentage by tertiary regolith
formation which was associated with profound transformation of
apatite into AlPO4 already at depths below 15 m (Prietzel et al.,
2016). However, the hill-top MIT soil lacks the rock outcrops that
retarded podzolization of the hill-side CON soil, although both soils
have formed from regolith (Prietzel et al., 2016). Factor and correlation
analysis results (Tables 4 and 3) both indicate that Pinorg and Pmi in the
MIT soil are predominantly bound by Ca and/or secondarily formed
crystalline AlPO4. However, we do not assume apatite to still be present
in this soil due to the low soil pH that leads to rapid dissolution of
apatite (Lichter, 1998). The MIT soil showed this low pH also as a
product of former large industrial, atmospheric S deposition (Erkenberg
et al., 1996) and ongoing large N deposition. In our study, we found the
highest contents of Aldi and Alox in the middle profile at site MIT which
indicates an ongoing dissolution of pedogenic Al minerals (Fig. 3). As a
result, many P fractions showed low total and vertical variability
(Table 2) due to their dislocation in the profile after pedogenic Al
minerals had been dissolved. This is in accordance with results of
SanClements et al. (2010). They showed that the dominant chemical
fraction of P in a study of six watersheds in the eastern United States
and Europe of soils under temperate forests was (i) associated with
secondary Al and organic phases and (ii) responsive to experimental
acidification.

Podzolization was most pronounced at site LUE. Here, the sandy
parent material did not provide abundant Al and Fe primary minerals
whose weathering products (especially oxyhydroxides) can retain P. At
LUE, small amounts of pedogenic as well as primary Al and Fe minerals

were enriched in a (proto-) spodic horizon below an eluvial horizon at
depths below 10 cm. In this region, the contribution of poorly crystal-
line Fe was largest just below the eluvial horizon, whereas Fecr, Alox and
Aldi showed highest contents at greater depth (Fig. 3). It is known that
(i) SOM (organic acids) and Al as well as Fe ions form strong, water-
soluble complexes (Sauer et al., 2007), and that (ii) Fe-SOM complexes
are less soluble and thus precipitate earlier than Al-SOM complexes
(Ferro Vázquez et al., 2014). Kaiser (2001) showed that DOP is
enriched in the mobile hydrophilic fraction in subsoils of five acidic
forest sites in Germany and highlighted that subsoils can effectively
retain dissolved organic matter and thus DOP. We therefore attribute
the P enrichment in the middle profile of site LUE to the illuviation and
retention of P-rich SOM which was dislocated from the upper and
retained in the middle and lower profile by adsorption to first mainly
pedogenic Fe- (15–50 cm depth, Fig. 1), and at greater depth also to
pedogenic Al minerals (30–50 cm depth, Fig. 1). Nonetheless, organic P
also accumulated together with SOM in the topsoil and resulted in a
significant increase of variability (Table 2). We detected high contents
of many P fractions in the uppermost LUE topsoil (Fig. 2). This is in
accordance with Vincent et al. (2010) who emphasized the importance
of microbial litter and topsoil Porg mineralization for plant nutrition in
P-deficient humus soils stocked with boreal forest. With increasing soil
depth, Achat et al. (2009) suggested an increasing importance of
diffusive P (ionic P species transported into the soil solution due to a
gradient of concentration) in a temperate forest soil study. We also
found highly distributed inorganic P (Fig. 2), which resulted not only in
large vertical, but also in large horizontal variability of inorganic P
fractions (Table 2). Additionally, we found intermediate correlations of
Pinorg and Pmi with Almi and Femi, but not with Aldi or Fecr, in the upper
and middle profile (Table 3), indicating that some inorganic P is still
present in primary Al and Fe minerals even in the strongly acidified LUE
soil.

4.3. Conceptual model of P distribution changes during podzolization

In a recent publication, Lang et al. (2016) introduced a succession
model of forest ecosystem nutrition – in which all our study sites are
included – based on the P status of the soils. They discriminated P-
acquiring systems, in which plants and microbes obtain predominantly
abundant, mineral-bound P, and P-recycling systems, where mainly
mineralized P (“recycled P” or “biocycled P”) sustains a poor, but
sufficient P supply. At our study sites, the soil P content (Table 1) did
not reflect the degree of podzolization. Although it was not possible to
perform formal statistics comparing the soil P status of the study sites
due to just sampling one profile per site, we argue that the small-scale P
distribution is affecting P acquisition strategies of plants and soil
microorganisms in our soils. Based on the information presented
previously, we suggest a conceptual model of relationships between
the stage of podzolization as identified by the distribution of pedogenic
Al and Fe minerals in a soil profile and the distribution of different P
forms and important P fluxes as derived from our results (Fig. 8).
Undoubtedly, investigating more profiles per site would have made our
conceptual model more robust. However, our results are in accordance
with numerous field studies of soil profiles with different degree of
podzolization (e.g., Ilg et al., 2009; SanClements et al., 2010; Vincent
et al., 2012). Decades ago, Walker and Syers (1976) introduced a model
describing trends of soil P amounts and forms with time: Ca-bound P
rapidly decreases while P still is retained in the soil either as organic,
occluded, or non-occluded P. After about 22.000 years of soil develop-
ment, a small fraction of the initial soil P is stored organically or
occluded in Al/Fe oxyhydroxides (Walker and Syers, 1976). The
conceptual model presented here refines the model of Walker and
Syers (1976) by visualizing the zonation of P pools in acidic temperate
soils on siliceous parent material. Moreover, it expands the work of
Lang et al. (2016) by a geochemical description of the spatial distribu-
tion of P in soils during podzolization.
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In accordance with Lang et al. (2016) we argue that during initial
stages of podzolization P is taken up by plants and microbes after
weathering of apatite and other primary P-bearing minerals. Hereby,
ectomycorrhizal fungi, which are known to be associated with beech
trees (Schirkonyer et al., 2013; Taylor et al., 2000), can promote apatite
weathering (Blum et al., 2002). Initial soil acidification results in
increased contents of plant-available P (Ohno and Amirbahman,
2010) and induces oxyhydroxide protonation and saturation of SOM
and clay cation exchange sites with Al3+, which in turn leads to
increased P retention in the topsoil. Prevailing P immobilization is also
indicated by a large C:P ratio at the CON upper profile (Fig. 4).
Abundant, biocycled P is retained by newly formed pedogenic oxyhydr-
oxides in the mineral topsoil (Fig. 7), but also leaches in colloids and/or
as DOP through the soil, as described by Missong et al. (2016) for site
CON. The narrow C:P ratio at depths> 40 cm supports this claim
(Fig. 4). In addition, the hillslope at CON probably promotes P losses
because P transport is often linked to fast lateral flows (Bol et al., 2016).

Progressive soil acidification results in topsoil dissolution of Al
oxyhydroxides, clay mineral destruction, and mobilization of Al-bound
P, characterizing intermediate stages of podzolization (Figs. 7 and 8).
Phosphorus bound by these compounds is dislocated, resulting, e.g. at
site MIT, in (i) decreasing vertical variation of Corg and Ptot (Table 2),
(ii) the presence of a secondary maximum of Ppc.org at about 30 cm
depth (Fig. 2), and (iii) the homogenous distribution of the C:P ratio
(Fig. 4). However, SOM in general, and thereby Porg, is protected
against mineralization by microorganisms when adsorbed to minerals,
as recently reviewed by Han et al. (2016), or protected in the interior of
soil aggregates (Lützow et al., 2006). Thus, P availability in this stage of
podzolization is controlled by desorption from, and by dissolution or
mobilization of binding partners (Haygarth et al., 2005), i.e. SOM, clay-
bound Fe and Al, Al and Fe oxyhydroxides, and SOM-Al/Fe oxyhydr-
oxide complexes. Nonetheless, ongoing leaching of colloidal P and DOP,
as well as high P losses during heavy rainfall events, are supposed to

lead to increased topsoil P depletion (Bol et al., 2016).
At later stages of podzolization, also Fe oxyhydroxides are dissolved,

inducing further decrease in topsoil P sorption (Zhang et al., 2010).
Phosphorus fractions are distributed with large horizontal and vertical
variability (Table 2), leading to patches with P accumulation by SOM
enrichment in the topsoil and by Al- and Fe-Porg complexes in the
illuvial horizons, where highly stable SOM-Al/Fe oxyhydroxide com-
plexes still retain P (Figs. 7 and 8). Atmospheric dust deposition, as e.g.
desert dust (Okin et al., 2004) or from anthropogenic combustion
emissions (Wang et al., 2014), is then supposed to be an important
source of unrecycled P and therefore probably of greater importance for
P nutrition than at earlier stages of podzolization. In our study, Porg
accumulated in the illuvial horizon more pronouncedly than Corg which
indicates that the SOM in intermediate soil depths gets enriched in P
during podzolization (Figs. 2 and 3). This enrichment is also indicated
by the change in C:P ratio at a depth of 40–50 cm at LUE (Fig. 4).

4.4. Conclusions

Our work reveals the importance of assessing the small-scale
vertical and horizontal soil variability to accurately investigate soil
processes in general and particularly spatial P distribution in temperate
forest soils formed from siliceous parent material. For our sites, we
found a gradient of increasing stage of podzolization
(CON < MIT < LUE) as indicated by the distribution of pedogenic
Al and Fe minerals in the soil profiles. Predominantly, spatial patterns
of SOM and pedogenic Al and Fe oxyhydroxides contents determined
the spatial patterns of organic P and different P fractions at the profile
scale. We assume that different P distribution patterns and availabilities
induce different plant and microbial strategies to sustain P nutrition.
Our identification and explanation of how P accumulates in the studied
soils (both in depth and horizontally) has implications on plant and
microbial studies in temperate forest ecosystems with soils formed from
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siliceous parent material. However, sampling more than one profile per
site would have been beneficial for more robust explanations.
Additionally, other methods, as e.g. P isotope approaches, would be
needed to adequately translate our results into an unambiguous
identification of the key pools responsible for ecosystem P nutrition.
Our methods focused on the spatial imaging of P fractions derived from
acidic forest soils; thus, as next steps, we suggest studying calcareous
and agricultural soils, and additionally including advanced techniques
of P speciation (e.g. NMR, XANES spectroscopy).
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ABSTRACT

Soils comprise various heterogeneously distributed pools of lithogenic, free organic, occluded, adsorbed, and precipitated
phosphorus (P) forms, which differ depending on soil forming factors. Small-scale heterogeneity of element distributions
recently has received increased attention in soil science due to its influence on soil functions and soil fertility. We investigated
the micro-scale distribution of total P and different P binding forms in aggregates taken from a high-P clay-rich soil and a low-P
sandy soil by combining advanced spectrometric and spectroscopic techniques to introduce new insights on P accessibility and
availability in soils. Here we show that soil substrate and soil depth determine micro-scale P heterogeneity in soil aggregates.
In all investigated soil aggregates, P in P enrichment zones was predominantly co-located with aluminium and iron oxides and
hydroxides, which are known to strongly adsorb P. Clay minerals were co-located with P only to a lesser extent. In the low-P
topsoil aggregate, the majority of the P was bound organically. Aluminium and iron phosphate predominated in the quartz-rich
low-P subsoil aggregate. Sorbed and mineral P phases determined P speciation in the high-P top- and subsoil, and apatite
was only detected in the high-P subsoil aggregate. Our results indicate that micro-scale spatial and chemical heterogeneity of
P influences P accessibility and bioavailability.

Introduction
Phosphorus (P) availability in soils is known to be governed by parent material, the stage of soil development, as well as
weathering and erosion intensity1. In soils, P limitation often occurs due to unavailability of P2. The unavailability is a result of
P leaching1, strong chemical bonds with other elements such as calcium (Ca), iron (Fe), or aluminium (Al), e.g. as P minerals
and as P bound to Al and Fe oxides and hydroxides (oxyhydroxides), as well as to organic matter through metal cations3,
and immobilization of P in organic residues and microbial biomass4. The primary P source in soils, lithogenic apatite, is
mobilized during the first 20.000 years of pedogenesis5, whereas the relative shares of organically- and soil mineral-bound
P species increase with advancing soil development6. Micro-scale soil architecture has received increased attention in soil
studies7, 8 to explain macroscopic soil properties and processes that have been examined for decades9. A robust assessment
of the chemical and structural accessibility of P requires studying not only bulk P speciation in a soil or soil horizon, but
also spatial and chemical P heterogeneity at the micro-scale. At the moment, only scant information10 exists on spatial soil P
micro-distribution patterns due to the lack of highly versatile, affordable analytical methods, instruments, and standardized data
analysis11. Established chemical fractionation techniques of bulk soil12, and also advanced techniques of P speciation, as e.g.
solution 31P nuclear magnetic resonance spectroscopy13 are inappropriate, because they destroy the structure of soil aggregates.

Nanoscale Secondary Ion Mass spectrometry (NanoSIMS) enables high-resolution element distribution mapping while
preserving the overall structural integrity, however eroding a sample surface at a nm scale14. Moreover, improvements of
synchrotron-based X-Ray Fluorescence (µ-XRF) spectroscopy and mapping allow in-situ assessments of element distributions
at the micro-scale10. In our study, both techniques were combined to overcome individual technique limitations, such as
matrix effects for NanoSIMS14 and the comparably large beam penetration depth for µ-XRF spectroscopy15. Additionally,
direct P speciation of micro-environments can be obtained by synchrotron-based X-Ray Absorption Near Edge Structure
(µ-XANES) spectroscopy16, 17. Combining these techniques thus provides powerful data on soil P distribution and speciation
at the micro-scale and allows a direct assessment of P accessibility in soil systems18. We hypothesise that in soil aggregates,
chemical and structural P accessibility at the micro-scale is determined by the distribution of total P and different P species.



Here, we show that micro-scale spatial and chemical P heterogeneity is related to soil depth and soil substrate in four undisturbed
aggregates of different horizons from two forest soils, which have developed from siliceous parent material with low and high-P
content, respectively. Information is provided on the micro-scale P distribution as related to the distribution of major soil
compounds, such as pedogenic soil minerals and soil organic matter (SOM), and on major P binding forms at 15 P micro-sites
(three to four sites per sample) using, for the first time, a combination of spatially-resolving techniques, and an original data
analysis procedure (details: see Methods section). Our research opens new perspectives on how P accessibility and thus
availability in soils is influenced by the micro-scale spatial and chemical heterogeneity of soil P.

Results
Patterns of micro-scale soil P distribution
Raster imaging performed with NanoSIMS revealed that the micro-spatial P distribution was characterised by pronounced
heterogeneity (Fig. 1, upper section). The relatively few P-rich areas (definition: see Methods section and Fig. S1) in the
aggregates of the low-P soil showed larger distances from each other than the relatively abundant P-rich areas in the aggregates
of the high-P soil. Phosphorus-rich areas were predominantly co-located with Al and Fe (mostly oxyhydroxides) and to a lesser
extent with clay minerals (Fig. 1, lower section).

In the aggregates of the low-P soil, more P-rich areas were co-located with Al/Fe oxyhydroxides in the subsoil (59 – 85 %)
than in the topsoil (44 – 62 %, Table 1), but topsoil Al/Fe oxyhydroxides were more frequently co-located with P than subsoil
Al/Fe oxyhydroxides (Table S1). Additionally, SOM was strongly co-located with P in the low-P topsoil (16 – 31 %, Table 1).

In the high-P aggregate, Al and Fe oxyhydroxides were co-located with P-rich areas in high percentages in both top- (50 –
89 %) and subsoil (49 – 91 %, Table 1). Additionally, Al/Fe oxyhydroxides and clay minerals were frequently co-located with
P in this soil, especially in the topsoil (Table S1).

Aggregate P speciation at the micro-scale
Spatially-resolved P speciation results using µ-XANES spectroscopy revealed that P micro-sites (definition: see Methods
section, fitted spectra: see Fig. S2) in the low-P topsoil aggregate mostly comprised organic P (0 – 55 % of total P: free organic
P, 9 – 38 % calcium (Ca)-bound organic P, Table 2). Moreover, we identified considerable amounts of orthophosphate adsorbed
to Al oxyhydroxides (27 – 45 % of total P, Table 2) and of organic P adsorbed to Fe oxyhydroxides (0 – 43 %, Table 2). All soil
compounds were to a larger extent co-located with P in the topsoil than in the subsoil (Table S1).

Scanning electron microscope (SEM) imaging revealed that the aggregates sampled in the low-P subsoil consisted of quartz
grains which were encompassed with and agglutinated by a finer-grained matrix (Fig. S3). Phosphorus was incorporated in the
fine matrix of mineral and SOM coatings (Fig. 1), and the retained P was predominantly inorganic (Tables 1 and 2). In the
low-P subsoil aggregate, spatially-resolved P speciation conducted on P micro-sites showed that P was predominantly bound as
AlPO4 (8 – 100 % of total P) and FePO4 (0 – 61 %, Table 2). In addition to Al/Fe phosphate-bound P, up to about a quarter of
total P in the low-P subsoil aggregate was adsorbed to Al-saturated clay minerals and/or Fe oxyhydroxides (Tables 1 and 2).

As expected, P-rich micro-sites in the high-P topsoil aggregate were dominated by orthophosphate adsorbed to Al-saturated
SOM (7 – 51 % of total P) and Al oxyhydroxides (0 – 26 %), as well as by AlPO4 (0 – 45 %) and FePO4 (9 – 34 %, Table 2).
Fe oxyhydroxides influenced P binding marginally in the high-P topsoil aggregate (Table 2). Phosphorus bound in organic
compounds was only a minor P species in this aggregate (0 – 13 %, Table 2). Unexpectedly, MgHPO4 was detected in the
high-P topsoil aggregate (0 – 28 %, Table 2). In contrast, apatite was detected solely, but consistently in the aggregate of the
high-P subsoil (7 – 46 %, Table 2). Similar to topsoil percentages, we found 0 – 51 % of AlPO4 and 0 – 28 % of FePO4
(Table 2). Phosphorus adsorbed to Al-saturated clay minerals contributed only minor to P speciation in the high-P subsoil
aggregate (0 – 14 %, Table 2).

Discussion
Micro-scale soil P distribution patterns are soil-dependent
The investigated aggregates showed striking differences with respect to the amount, distribution, and form of P-rich areas. At
P-rich areas of the low-P topsoil aggregate, SOM was strongly co-located with P (Table 1), and co-localisation of P with Al/Fe
oxyhydroxides and clay minerals increased when SOM was present (Table S1). In accordance, P was mainly bound organically
in the bulk soil of the low-P topsoil (Table S2). These results show that in the sandy, quartz-rich low-P topsoil, the few Al and
Fe oxyhydroxides and clay minerals, i.e. smectite and illite (Table S3) play a pivotal role in retaining P. The co-localisation of
these compounds with SOM indicates that P-rich SOM is probably bound in complexes at the compound surfaces19.

The aggregates of the high-P soil showed different P distribution patterns compared to the aggregates of the low-P soil.
Here, Al and Fe oxyhydroxides were the dominant partners for co-localisation with P (Table 1). About half of the total P was
bound organically in the bulk soil of both top- and subsoil (Table S2). Bulk soil studies have long pointed out that the large
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surface areas of Al and Fe oxyhydroxides and Al-saturated high-activity clay minerals provide numerous sites to strongly
bind inorganic and organic soil P, especially under acidic conditions19, as present at this site (Table S2). The influence of
clay minerals on P retention is exerted mostly by P sorption on cationic Al hydroxy polymer clusters on 2:1 clay mineral
surfaces20, 21. In both depths at the high-P site, illite and chlorite were the main phyllosilicates in the clay fraction (Table S3).
Thus, apart from the presence and ion occupancy of P binding partners, the structural and chemical P accessibility in soil
aggregates also depends on the heterogeneous distribution of P and different P species at the micro-scale. This implies that
studies aiming at a robust mechanistic understanding of micro-scale P retention and P release as well as P accessibility and
availability for plants and soil micro-organisms must account for the heterogeneous P distribution in soil aggregates.

Soil depth considerably influences P heterogeneity at advanced stage of pedogenesis
The soils on both sites were pronouncedly acidified (Table S2), but only the sandy low-P soil exhibited podzolization.
Phosphorus distribution and micro-site P speciation differed strongly between the low-P top- and subsoil, whereas this was not
the case for the high-P top- and subsoil. Our findings from the aggregates of the low-P soil indicate that soil depth is a major
determinant of P speciation on the micro-scale, particularly at later stages of pedogenesis. In the low-P topsoil aggregate, P
species were mainly organic (Table 2). Due to the high Ca ion content (Table S2), we suppose that the soil has been limed in
the past, supporting the formation of Ca-P complexes22 in the topsoil. Organically-bound P is subject to mineralisation4 and
thus generally accessible to plants and microbes. However, we suppose that the few Al and Fe oxyhydroxide-bound P resources
are structurally inaccessible due to occlusion.

In the subsoil aggregate of the low-P aggregate, P was especially scarce (Table S2). The fine matrix of mineral and SOM
coatings surrounding larger quartz grains (Fig. S3) contained mostly phosphate minerals (Tables 1 and 2). Even though there
are doubts that Fe and Al phosphates, such as strengite or variscite can persist in soil environments with moderately acidic
pH23, crystalline AlPO4 (berlinite) was found to be more resistant against dissolution at pH 6 – 7 than at pH 324. In this
context it must be emphasized that the XANES spectrum of amorphous AlPO4 is identical with that of Al hydroxy phosphate,
which is thermodynamically stable at moderately acidic pH values. In addition, the presence of Al hydroxy phosphate is more
likely due to the large amount of secondary, primarily Al(OH)3-, chlorite in the subsoil, but not in the topsoil clay fraction
(Table S3). Even though Al and Fe are highly important for retaining P in sandy subsoil aggregates, the scarce P resources in
these aggregates are presumably chemically, as well as structurally inaccessible to plants and microbes.

Soil substrate influence on P heterogeneity is stronger during early stages of pedogenesis
In aggregates of the high-P soil, P speciation and distribution patterns are governed by the clayey-silty soil substrate, which has
originated from ongoing intense weathering of basalt rock fragments into Al and Fe oxyhydroxides and 2:1 clay minerals25.
For example, the top- and subsoil percentages of AlPO4, FePO4, and of orthophosphate adsorbed to Al or Fe oxyhydroxides
(Table 2) are similar, which is not the case for the pedogenetically older low-P soil. In contrast to our µ-XANES results on
P micro-sites, no AlPO4 had been identified for bulk soil samples at the high-P site (30 – 70 cm depth) in a recent XANES
spectroscopy study26. Bulk soil XANES spectra are dominated by a diffuse background of low-P content18 and therefore often
fail to represent P micro-sites in the interior of soil aggregates. Thus, we surmise that even though considerable AlPO4 (Al
hydroxy phosphate) is bound at P micro-sites, this P form is below detection limit in bulk soil samples. Speciation results using
µ-XANES spectroscopy of a transect from the agglutinating soil matrix to the interior of an Al-Fe concretion in the high-P
subsoil (Fig. S4) also show that the proportion of AlPO4 was increased especially in the matrix, whereas sorbed P species
dominated at the concretion surface (Fig. S4).

Most noticeable, we expected higher percentages of clay mineral-bound P in the high-P aggregates. At a pH value of about
4, which was present in the high-P subsoil (Table S2), negatively charged surfaces of expandable clay minerals are mostly
covered with Al hydroxy cations and thus have a P sorption efficiency similar to that of Al oxyhydroxides21. About two-thirds
of the bulk soil mass was silt sized particles which were dominated by quartz and augite and no expandable clay minerals
were detected (Table S3). In the high-P topsoil aggregate, SOM more pronouncedly influenced Al exchanger cations than
clay minerals (Table 2). We assume that in the high-P topsoil, P remains accessible due to ongoing detachment of P after
mineralisation of SOM. However, P also leaches as dissolved organic P and/or in colloids through the soil, as described for a
similar German forest soil site27. In the subsoil, apatite weathering provides accessible P resources, even though other P species
are structurally inaccessible. Thus, our results emphasize not only the importance of sorbed and mineral P phases at early stages
of pedogenesis, but also the importance of investigating also micro-scale P heterogeneity when assessing P accessibility in soils.

Micro-scale P speciation patterns support micro-reactor concept
The “micro–chemical reactor concept” states that each soil micro-site represents an independent micro-reactor of unique
chemical composition8. Even though individual reactors are interconnected with each other and adjacent compounds, each
analysis is regarded as a separate perspective on a complex system. The presence of AlPO4 and Al hydroxy phosphate in the
high-P soil is an example where the chemical composition at P micro-sites enables understanding the characteristics of the
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chemical transformations that must have occurred within these micro-sites. Another example is the existence of MgHPO4 in
our high-P topsoil sample (Table 2). This is surprising, as this compound is not stable in acidic solutions below pH 5. However,
in contrast to the low-P soil, in the P-rich soil primary, i.e. Mg(OH)3-chlorite made up 20 – 30 % of the total clay mineral
content (Table S3). Thus, our XANES spectroscopy and XRD data suggest that, similar to clay-bound Al(OH)3 in the P-poor
soil, as reported above, clay-bound Mg(OH)3, probably occluded in less acidic interior regions of soil aggregates, is a major
P-bearing phase in the high-P soil. The same occlusion can be stated for orthophosphate adsorbed by Al oxyhydroxides in the
high-P and low-P topsoil aggregate (Table 2). These results indicate that some biocycled P is retained at micro-sites in the
topsoil aggregates of both sites by pedogenic Al oxyhydroxides due to occlusion, which furthermore supports the micro-reactor
concept.

Conclusions
Micro-scale P distribution and speciation patterns were investigated in soil aggregates to increase our knowledge about P
accessibility in soils. We demonstrated for the first time that Al/Fe oxyhydroxides and clay minerals are major binding partners
of P in such aggregates. Our results showed that P species diversity and micro-scale distribution predominantly is dependent
on soil substrate and soil depth. We showed that the analysis of P speciation at micro-sites is relevant for understanding the
chemical changes in a soil micro-chemical reactor8. Four factors governing P availability are well-known: i) parent material, ii)
stage of pedogenesis, iii) weathering intensity, and iv) erosion (as P input)1. Our study showed that the use of spatially-resolving
tools is necessary to understand the governing factors of P availability, as related to the micro-scale spatial and chemical
heterogeneity of soil P. The benefit of our study is not only based on effectively combining distribution and speciation analysis
for soil aggregate studies, but also on opening these new perspectives on P availability in soils.

Methods
Soil material and sample preparation
Soil samples were obtained from two sites that were stocked with mature Fagus sylvatica forests of about 120 years of age,
located in Germany, near Lüß (LU), Gauss-Krüger-coordinates: 3585473 E, 5857057 N, and Bad Brückenau (BB), Gauss-
Krüger-coordinates: 3566195 E, 5579975 N. The sites are part of the International Co-operative Programme on Assessment
and Monitoring of Air Pollution Effects on Forests (ICP Level II). They differed in soil and beech leaf P contents, and were
end-members of a forest P availability gradient28. The soils were formed from siliceous parent material under temperate climate
and were classified29 as Hyperdystric Folic Cambisol (LU), and as Dystric Skeletic Cambisol (BB). The LU soil has formed
from Pleistocene glacifluvial sands, the BB soil from basalt. A basic soil characterisation can be found in Table S2. In the main
text, the sites LU and BB are named as low- and high-P sites, respectively.

Samples were taken from the mineral topsoil (directly below the organic layer) and the subsoil (30 cm depth) with a steel
tube (� 2 cm, sampling depth 3 cm). They were dried at 60° C for 48 hours and subsequently sieved (<2mm). For each site
and depth, three dried, intact soil aggregates (size approximately 1 – 2 mm3) were selected randomly from the dried bulk
soils and embedded in an epoxy resin (Araldite 502 Kit, Electron Microscopy Sciences, Hatfield, PA, USA). The embedded
aggregates were then cured at 60° C for 24 hours, and subsequently thin-sectioned, polished and coated with gold by physical
vapor deposition30. One aggregate per site was randomly selected for scanning electron microscopy (Jeol JSM 5900LV, Eching,
Germany) imaging to locate regions of interest for the subsequent imaging techniques.

Assessing element distributions using NanoSIMS
The NanoSIMS measurements were conducted with a Cameca NanoSIMS 50L instrument (Cameca, Gennevilliers Cedex,
France) at Technical University of Munich, Germany. A Cs+ source with a primary ion energy of 16 keV was used to produce
secondary ions of the sample surface. The focused beam (lateral resolution about 100 nm) scanned over areas of 40 · 40 µm2

while the mass signals of the secondary ions 12C-, 16O-, 12C14N-, 28Si-, 27Al16O-, 31P16O2
-, and 56Fe16O- (C, O, CN, Si, Al, P,

Fe) were collected. In the latter three ions ionization is stronger than that of the individual Al, P, or Fe ions. The ion images
were acquired using a 10 ms/pixel dwell time in an area of 512 · 512 pixels2. On each aggregate 5 – 7 measurements were
conducted.

Assessing element distributions using µ-XRF
We performed µ-XRF at the same sample locations as the NanoSIMS measurements. However, due to beam time limitation
restrictions for measuring at the synchrotrons not all micro-regions analysed by NanoSIMS measurements could be evaluated
with µ-XRF. Synchrotron-based µ-XRF measurements were conducted at the TwinMic Beamline of the ELETTRA synchrotron
(storage ring energy 2.0 GeV) in Trieste, Italy, and at Beamline ID21 of the European Synchrotron Radiation Facility (ESRF,
storage ring energy: 6.03 GeV) in Grenoble, France. The TwinMic Beamline was operated in low energy X-Ray Fluorescence
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(LEXRF) mode and was equipped with a 600 lines per mm Au plane-grating monochromator. The fluorescence detector
consisted of 8 silicon drift detectors (SDD)31. The samples were installed in a vertical plane, orthogonally to the incident
photon beam. The data was acquired at 2.19 keV to optimize the P emission signal. The LEXRF dwell time varied between 1
and 7 s as a function of the samples, and the maps were acquired by raster scanning with a 1 µm step size and a minimum size
of 40 · 40 pixels2 (= 40 · 40 µm2).

The ID21 Beamline32 of ESRF was equipped with a double crystal Si(111) monochromator (energy resolution: 0.4 eV).
The samples were tilted by 28° with respect to the incident beam, and the fluorescence signal was collected by a SDD detector,
placed at a 49° angle with respect to sample surface. Micro-XRF maps were obtained by raster scanning using a focused beam.
After selection of the area of interest, maps were recorded at 2.165 keV to intensify P K-edge emission, with a dwell time of
150 ms and a step size of 0.5 µm. The elemental distributions were obtained by deconvoluting the µ-XRF spectra after incoming
flux (and detector deadtime) correction, on maps of minimum size of 80 · 80 pixels2 (40 · 40 µm2) with the PyMCA software33.

Co-localisation analysis for determining distribution patterns
All XRF and NanoSIMS measurements were analysed with the statistical software R, Version 3.3.134. First, we performed
k-means cluster analysis11 (Fig. S1) on every ion/element count rate of an ion/element to determine regions with similar element
identity. The count rates of every pixel were assigned to one of five cluster centres, respectively. The three largest cluster centre
values were combined to result images where each pixel is either assigned as “area rich in”, or as a negligible count value
(Fig. S1). For the NanoSIMS images, P, Fe, Al, CN and Si were selected. These latter four ions and their combinations were
then assigned to soil compound classes: i) Fe/Al oxyhydroxides (Al, Fe, Fe+Al; also including Al and Fe oxyhydroxide surface
precipitates), ii) Fe/Al oxyhydroxides + SOM (Al+CN, Fe+CN, Fe+Al+CN, Fe+CN+Si), iii) clay minerals (Al+Si, Fe+Al+Si),
iv) clay minerals + SOM (Al+CN+Si, Fe+Al+CN+Si), v) quartz (Si), vi) SOM (CN, CN+Si), and vii) unspecified. The total
number of pixels, respective total area, of these compounds and the compound-rich areas that were co-located with P were
counted. Dividing the P-rich area that is co-located with a specific compound by the total P-rich area resulted in a proportional
measure for P binding. Dividing the compound-rich area that is co-located with P by the total compound-rich area resulted in a
proportional measure for compound P allocation. Both measures are displayed as percentage of total P/compound-rich area,
respectively.

µ-XRF maps were processed alike, but the elements for co-localisation differed due to different instrument conditions. The
ELETTRA instrument also allowed all stated P binding categories, however, CN was replaced by N only. The attribution to the
seven categories persisted as stated. The ESRF instrument unfortunately did not provide information on N, but on the L2-edge
of Fe (719.9 eV). During compound classification, this element was treated similarly as the first Fe edge. The compound
classes, to which element combinations were assigned to, were therefore limited to only those that did not include SOM (i,
iii, v, and vii). This procedure and the heterogeneity of P and soil compounds resulted in different proportions of P and soil
compounds depending on the instrument used.

Assessing P speciation using µ-XANES spectroscopy and spectra fitting
µ-XANES measurements were conducted at Beamline ID21 of ESRF to support the elemental raster images by direct P
speciation results from linear combination fitting (LCF) with P reference spectra of all relevant P species. Phosphorus K-edge
µ-XANES spectra were collected with a 0.2 eV step size, a dwell time of 0.1 s, and in an energy range from 2.13 to 2.20 keV.
For each P micro-site (minute sites of increased P content), 10 to 40 spectra were recorded and merged. For LCF, we used 17 P
standards, which represent P species in temperate forest soils, and whose K-edge XANES spectra had been acquired at beamline
8 of the Synchrotron Light Research Institute (SLRI) in Nakhon Ratchasima, Thailand35: 1) crystalline and 2) amorphous
FeIIIPO4 (its proportions combined, termed as FePO4), 3) crystalline and 4) amorphous AlPO4 (its proportions combined,
termed as AlPO4), 5) phytic acid sodium salt (IHP, termed as organic P), 6) apatite, 7) MgHPO4, 8) orthophosphate and 9) IHP
retained by boehmite (termed as orthophosphate and organic P adsorbed to Al oxyhydroxides), 10) orthophosphate and 11)
IHP retained by ferrihydrite (termed as orthophosphate and organic P adsorbed to Fe oxyhydroxides), 12) orthophosphate and
13) IHP retained by Al-saturated montmorillonite (termed as orthophosphate and organic P adsorbed to clay minerals), 14)
orthophosphate and 15) IHP retained by Al-saturated soil organic matter (termed as orthophosphate and organic P adsorbed to
SOM), P retained by 16) precipitated Ca3-IHP (termed as Ca-bound organic P), 17) IHP adsorbed to CaCO3

21. Spectra were
calibrated in energy by comparing apatite spectra taken at SLRI and ESRF, a correction value of δE = -1.15 eV was applied.

µ-XANES spectra were base-line corrected and edge-step normalized following a standard protocol published recently36

using the statistical software R, Version 3.3.134. The reference spectra were base-line corrected from -36 to -15 eV and
normalized from +37 to +57 eV with respect to the edge-step of the respective spectra. As for the samples, the first base-line
correction parameter was allowed to vary from -28 to -18 eV (step: 1 eV) and the second from -16 to -8 eV (step: 0.5 eV) with
respect to the edge-step. The first normalization parameter was allowed to vary between +29 and +39 eV (step: 0.5 eV) and the
second between +42 and +48 eV (step: 1 eV) with respect to the edge-step. The actual LCF was performed from -14 to 46 eV
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with respect to the edge-step of a sample spectrum. Phosphorus speciation shares below 5 % of total P were excluded and LCF
was repeated without the respective standards. Only fits with R-factors smaller than 0.005 were included because fits with
R-factors greater than this value were obviously unreliable. Results from LCF (Fig. S2) only show those P reference spectra
proportions that were detected as more than 5% of total P at least once.
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Table 1. Phosphorus (P)-rich areas that are co-located with aluminium and iron (Al/Fe) oxyhydroxides, clay minerals,
quartz, and soil organic matter (SOM). Nanoscale Secondary Ion Mass Spectrometry (NanoSIMS) and synchrotron-based
X-Ray Fluorescence (µ-XRF) mapping (at the synchrotrons ELETTRA, Italy, and ESRF, France) were used. In three
aggregates, µ-XRF imaging included two NanoSIMS measurements (displayed as subscript 1 and 2).

P-rich areas that are co-located with

Al/Fe oxy- clay quartz SOM unspec-
hydroxidesa mineralsa ified

(% of total P-rich area)

lo
w

-P
to

ps
oi

l

ELETTRA 49 (41) 2 (2) – 31 18
ESRF 62 14 1 – 24
NanoSIMS1 61 (48) 16 (16) 1 19 3
NanoSIMS2 44 (37) 21 (18) 7 16 12

lo
w

-P
su

bs
oi

l ELETTRA 85 (37) 8 (6) 1 3 4
ESRF 59 25 5 – 11
NanoSIMS 70 (7) 30 (10) – – –

hi
gh

-P
to

ps
oi

l

ELETTRA 89 (43) 2 (2) – 3 6
ESRF 64 30 3 – 2
NanoSIMS1 50 (45) 41 (35) 1 5 4
NanoSIMS2 81 (22) 17 (3) – – 1

hi
gh

-P
su

bs
oi

l

ELETTRA 89 (17) 3 (3) – 1 8
ESRF 91 4 2 – 3
NanoSIMS1 59 (37) 34 (24) 1 3 4
NanoSIMS2 49 (25) 48 (31) 1 1 2

aBrackets: share of compound that is also co-located with SOM
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Table 2. Results from linear combination fitting of synchrotron-based X-Ray Absorption Near Edge Structure
(XANES) spectra by various phosphorus (P) reference standards (details: see Methods section). Fifteen P micro-sites (P1
to P15) were investigated on soil aggregates. Quality of the fit given by R-factor; accuracy of the fitting 5 – 10 %36.

organic P
adsorbed to

orthophosphate adsorbed to

Orga- Ca-bound Apatite MgHPO4 AlPO4
a FePO4

a Fe oxyhy- Fe oxyhy- Al oxyhy- Al-satura- Al-satura- R-factor
nic P organic P droxides droxides droxides ted clays ted SOM

(% of total P)

lo
w

-P
to

ps
oi

l

P1 – 36 – – – – 21 – 43 – – 0.0047
P2 16 9 – – – – 43 – 32 – – 0.0029
P3 9 38 – – – – 8 – 45 – – 0.0034
P4 55 17 – – – – – – 27 – – 0.0040

lo
w

-P
su

bs
oi

l P5 – – – – 8 61 14 – – 17 – 0.0032
P6 – – – – 32 48 20 – – – – 0.0026
P7 – – – – 100 – – – – – – 0.0037

hi
gh

-P
to

ps
oi

l

P8 – – – – 37 16 5 8 26 – 7 0.0012
P9 13 – – 16 – 34 – – 12 – 24 0.0019

P10 9 – – 28 – 13 – – – – 51 0.0028
P11 – – – 19 45 9 – – 13 – 14 0.0037

hi
gh

-P
su

bs
oi

l

P12 – – 35 – 51 8 – – 6 – – 0.0014
P13 – – 46 – 46 – – – 9 – – 0.0025
P14 – 10 17 – – 28 6 – 40 – – 0.0045
P15 – – 7 – 35 – – 11 33 14 – 0.0014

aIncludes orthophosphate bound to Al and Fe oxyhydroxides by surface precipitation, respectively
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Figure 1. Clustered Nanoscale Secondary Ion Mass spectrometry (NanoSIMS) images of topsoil and subsoil
micro-sites in aggregates of two forest soils. Top: Distribution maps of phosphorus (P)-rich areas after clustering (definition:
see Methods section). Middle: All compound-rich areas overlaying scanning electron microscope (SEM) images. Bottom:
Only those compound-rich areas that co-locate with P at the P-rich areas, overlaying SEM images.
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a) Imaging regions (SEM image overlaying light microscopy image) c) µ-XANES spectra (ESRF)

50 µm µ-XRF map (ESRF)µ-XRF map (ESRF)

µ-XRF map (ELETTRA)µ-XRF map (ELETTRA)

NanoSIMS mapsNanoSIMS maps
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b) µ-XRF spectroscopy image overlaying SEM image

µ-XRF (ELETTRA) µ-XRF (ESRF)

20
µm

30 µm

P9P9++ P10P10++

P which is co-located with
Al/Fe oxyhydroxides Clay minerals
Al/Fe oxyhydroxides + SOM* Clay minerals + SOM*
SOM*

*ELETTRA image only; Instrument at ESRF can not identify SOM

1

Figure 2. Example of micro-scale X-Ray Fluorescence (µ-XRF) and X-Ray Absorption Near Edge Structure
(µ-XANES) spectroscopy. a) Scanning electron microscope (SEM) (back scattered electron) images overlaying light
microscope image of the soil aggregate from the high-Phosphorus (P) topsoil, raster imaging regions of Nanoscale Secondary
Ion Mass spectrometry (NanoSIMS) and µ-XRF mapping, indicated as rectangles, b) exemplary detail of µ-XRF mapping
results obtained at ELETTRA and ESRF from P-rich areas, c) two µ-XANES spectra from selected P micro-sites (P9 and P10,
ESRF) with the linear combination fit, and calculated shares of P species.
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