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Summary 

Phosphorus (P) in soil is an important nutrient for biological activity and often limits plant and 

microbial growth in natural ecosystems. Due to its chemical nature and conditions in soil, its 

mobility in soil is limited by strong sorption to metal(hydr)oxides and precipitation with calcium 

(Ca), iron (Fe), and aluminum (Al) ions. P speciation and fixation in soil changes during 

pedogenesis from mainly Ca-bound P in early developmental stages to Fe-, and Al-bound P and 

organic P in more weathered soils. The rate of mineral weathering and soil development 

strongly depend on climatic conditions. Therefore, ecosystems under varying climate, but with 

soils that originate from similar parent material, are expected to show different states of 

weathering and P speciation in soil. Plants and microorganisms possess adaptations to 

mobilize P from various sources. It is believed that P cycling mechanisms and processes 

change with the P species that are available in soil. 

The aim of this work was to determine climate-dependent P speciation and biotic P cycling 

strategies along an aridity gradient in the Chilean Coastal Cordillera. The study sites comprised 

a sequence of ecosystems from an arid shrubland in the north to a Mediterranean woodland as 

intermediate site and a humid-temperate forest in the south. The studies of this work focused 

on the question whether P nutrition in a given ecosystem depends mainly on the acquisition of 

P from mineral sources, or if recycling of organic P is the main P source. Moreover, the focus 

was on the impact of root-derived labile C on P cycling under varying climatic conditions. The 

contribution of low-molecular-weight organic acids (LMWOAs) to mineral weathering 

(weathering agents) but also to organic P recycling was scrutinized. This work consists of four 

studies that investigated P speciation in soil and the mechanisms driving P cycling within the 

plant-soil-microbe system. P speciation in the rhizosphere and bulk soil was determined by X-

ray absorption near edge structure (XANES), a powerful tool to determine the speciation of 

inorganic P in soil. Moreover, P was extracted as operationally defined P pools as water 

extractable, NaHCO3 extractable, ammonium-oxalate extractable (NH4-oxalate), and dithionite-

citrate-bicarbonate (DCB) extractable P. The sorption capacity of soils for P was determined by 

33P application. The adsorption of the tracer to the soil solid phase was measured and the 

sorption capacity of soils was calculated. Microbial uptake of sorbed inorganic P was quantified 

under steady state conditions and under the addition of glucose (rhizosphere conditions). A 

method to extract low-molecular-weight organic acids was adapted to measure the 13C content 

in these weathering agents. LMWOA were extracted after 13C enriched CO2 application (pulse 

labeling). This allowed not only to relate P species to the exudation of organic acids in general, 

but also to quantify plant and microbial C allocation to these weathering agents. 
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Primary Ca-bound P contents were highest in the arid shrubland ecosystem and declined 

towards the Mediterranean woodland and humid-temperate forest. Secondary precipitated Fe- 

and Al-P followed the same trend, while inorganic P sorbed to Fe- and Al-(hydr)oxides and 

organic P increased with decreasing aridity. Accumulation of organic P in root proximity was 

detected in the Mediterranean woodland and humid-temperate forest, reflecting high biological 

activity at these sites. P speciation was correlated with LMWOA contents, phosphatase kinetics 

and microbial biomass carbon. It was demonstrated, that under arid climate and in the subsoil 

of the Mediterranean woodland, LMWOA contributed to mineral weathering. They 

fundamentally changed their role in the Mediterranean woodland’s topsoil and humid-

temperate forest soil, where LMWOA liberated organic P, likely for enzymatic degradation. It 

was inferred that P cycling under arid conditions is driven by the acquisition of mineral inorganic 

P but towards decreasing aridity, the importance of organic P recycling increases. 

The P sorption capacity of soils was highest under a humid climate and highly weathered soils 

and was explained by high contents of ferrihydrite, ammonium-oxalate leachable Al and clay. 

Microbial uptake of sorbed inorganic P from the soil’s solid phase was highest in the A-horizon 

of the Mediterranean woodland soil and was low in the humid-temperate forest. In the latter, 

phosphatase activity was high, indicating organic P recycling and a low relevance of sorbed 

inorganic P to meet the P requirements of the biota. Inorganic P sorbed to the soil solid phase 

was most intensively utilized in the Mediterranean woodland soil and microbial uptake of 

sorbed inorganic P increased when glucose was added. This demonstrates that P limitation in 

the Mediterranean woodland soil can be reduced when readily available C is exuded in the 

rhizosphere. In contrast, microbiota in the other ecosystems along the ecosequence were either 

not primarily P limited or relied on different P sources. Moreover, in the humid-temperate forest 

a plethora of C compounds are available for microbial utilization, reducing the importance of 

labile root exuded C. 

In accordance with the XANES results, operationally defined P pools showed an increase of 

plant available P and a decrease of precipitated P with decreasing aridity. While the content of 

LMWOA in soil was higher in the humid-temperate forest than the Mediterranean woodland and 

arid shrubland, 13C allocation to LMWOA was of equal magnitude in the humid-temperate forest 

and Mediterranean woodland. High enzyme activities in the humid-temperate forest imply the 

utilization of organic P. A variety of P mobilizing processes can be assumed as weathering 

agents were only partly derived from recently exuded root C but also from unlabeled C sources. 

For the arid shrubland and Mediterranean woodland it was shown that the content of fungi-

derived oxalic acid is positively correlated with well crystallized inorganic P (DCB leachable P), 
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pointing to fungi as important organisms to mobilize hardly available P sources in these 

ecosystems. 13C allocation patterns in the arid shrubland are similar to those in the 

Mediterranean woodland, even though contents are on a lower level. This is interpreted as 

adaption to drought in both off these ecosystems and an indication that aridity is driving 

belowground C allocation. 

In summary it was demonstrated that biological weathering is an important process of P 

acquisition under arid and Mediterranean climate, but not under humid-temperate climate, 

where P recycling becomes more important. At the same time, LMWOA are important P cycling 

agents in soil; under arid conditions they support mineral weathering, while under humid climate 

they facilitate organic P recycling. C limitation of P acquisition is high under arid and 

Mediterranean climate and relieved under humid climate. With respect to climate dependent P 

cycling in soil it is concluded that each site has its specific P speciation, P availability, and 

stoichiometric nutrient constraints. It was, therefore, not possible to identify a systematic trend 

of these parameters along the ecosequence. Abiotic changes (i.e., climate change) likely result 

in nonlinear changes in P speciation, P availability, and stoichiometric nutrient limitations, 

impeding our ability to predict changes in P cycling as a result of changing abiotic conditions at 

a site. 

  



Zusammenfassung 

XVI 

Zusammenfassung 

Phosphor (P) im Boden ist ein wichtiger Nährstoff für die biologische Aktivität, welcher in 

natürlichen Ökosystemen häufig das Wachstum von Pflanzen und Mikroorganismen limitiert. 

Aufgrund seiner chemischen Eigenschaften und der physikochemischen Gegebenheiten im 

Boden ist seine Mobilität im Boden durch starke Sorption an Metall(hydr)oxide und Ausfällung 

mit Calcium (Ca), Eisen (Fe) und Aluminium (Al) eingeschränkt. Die P-Speziierung und -Fixierung 

im Boden ändert sich während der Pedogenese von hauptsächlich Ca-gebundenem P in frühen 

Entwicklungsstadien zu Fe-, und Al-gebundenem- und organischem P in stärker verwitterten 

Böden. Die Geschwindigkeit der Mineralverwitterung und der Bodenentwicklung hängt stark von 

den klimatischen Bedingungen ab. Daher ist zu erwarten, dass Ökosysteme mit 

unterschiedlichem Klima, aber mit Böden, die aus ähnlichem Ausgangsmaterial entstanden 

sind, unterschiedliche Zustände der Verwitterung und P-Speziierung im Boden aufweisen. 

Pflanzen und Mikroorganismen verfügen über Mechanismen, um P aus verschiedenen Quellen 

zu akquirieren. Es wird angenommen, dass sich die biotischen Mechanismen und Prozesse des 

P-Kreislaufs den im Boden verfügbaren P-Spezies anpassen. 

Ziel dieser Arbeit war es, die klimaabhängige P-Speziierung und die biotischen P-

Mobilisierungsstrategien entlang eines Ariditätsgradienten in der chilenischen Küstenkordillere 

zu bestimmen. Die Untersuchungsstandorte bildeten eine Ökosystem- Sequenz von einem 

ariden Strauchland im Norden über ein mediterranes Waldgebiet zu einem feucht-temperierten 

Wald im Süden. Die Studien dieser Arbeit konzentrierten sich insbesondere auf die Frage, ob die 

pflanzliche P-Ernährung in einem gegebenen Ökosystem hauptsächlich auf der Aufnahme von 

P aus mineralischen Quellen beruht oder ob die Mineralisierung von organischem P die Haupt-

P-Quelle darstellt. Darüber hinaus lag der Fokus der Arbeit auf den Auswirkungen von aus 

Wurzeln stammendem leicht verfügbarem Kohlenstoff (C) auf den P-Kreislauf unter 

variierenden klimatischen Bedingungen. Der Beitrag von niedermolekularen organischen 

Säuren (LMWOAs) zur mineralischen Verwitterung, aber auch zur Mineralisierung organischen 

Ps wurde untersucht. Diese Arbeit besteht aus vier Studien, die die P-Speziierung im Boden und 

die Mechanismen, die den P-Kreislauf innerhalb des Systems Pflanze-Boden-Mikrobe antreiben, 

untersuchten. Die P-Speziierung in der Rhizosphäre und im Boden wurde mittels Röntgen-

Nahkanten-Absorptions-Spektroskopie (XANES) bestimmt, einer leistungsfähigen Methode zur 

Bestimmung der Speziierung anorganischen Ps im Boden. Darüber hinaus wurde P als 

Löslichkeits-definierte P-Formen als wasser-extrahierbares-, Natriumhydrogencarbonat-

extrahierbares-, Ammonium-Oxalat-extrahierbares- und Dithionit-Citrat-Bikarbonat (DCB)-

extrahierbares P bestimmt. Die Sorptionskapazität von Böden für P wurde mittels Applikation 
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von 33P untersucht. Die mikrobielle Aufnahme von sorbiertem anorganischem P wurde unter 

stationären Bedingungen und unter Zugabe von Glukose (Bedingungen ähnlich denen der 

Rhizosphäre) quantifiziert. Eine Methode zur Extraktion niedermolekularer organischer Säuren 

wurde adaptiert, um den 13C-Gehalt in diesen, die mineralische Verwitterung befördernden 

Stoffen zu messen. LMWOA wurden nach der Applikation von 13C-angereichertem CO2 

extrahiert. Dies ermöglichte einerseits P-Spezies mit der Exsudation von organischen Säuren 

im Allgemeinen in Beziehung zu setzen, und andererseits auch die pflanzliche und mikrobielle 

C-Allokation zu diesen Verwitterungsmitteln zu quantifizieren. 

Die primären Ca-gebundenen P-Gehalte waren im ariden Strauchland-Ökosystem am höchsten 

und nahmen zum mediterranen Waldgebiet und feucht-temperierten Wald hin ab. Sekundär 

gebundenes Fe- und Al-P folgte dem gleichen Trend, während anorganisches P, das an Fe- und 

Al-(Hydr)oxiden sorbiert ist, und organisches P mit abnehmender Trockenheit zunahmen. Eine 

Akkumulation von organischem P in der Nähe der Wurzeln wurde im mediterranen Wald und im 

feucht-temperierten Wald festgestellt, was eine hohe biologische Aktivität an diesen Standorten 

widerspiegelt. Die P-Speziierung wurde mit dem LMWOA-Gehalt, der Phosphatase-Kinetik und 

dem mikrobiellen Biomasse-Kohlenstoff korreliert. Es konnte gezeigt werden, dass LMWOA 

unter aridem Klima und im Unterboden des mediterranen Waldes zur Mineralverwitterung 

beitrugen. Ihre Rolle änderte sich jedoch grundlegend im Oberboden des mediterranen Waldes 

und im Boden des feucht-temperierten Waldes, wo LMWOA organisches P freisetzten, was 

dann für den enzymatischen Abbau zur Verfügung stand. Daraus wurde gefolgert, dass der P-

Zyklus unter ariden Bedingungen durch die Aufnahme von mineralischem, anorganischem P 

angetrieben wird, mit abnehmender Trockenheit nimmt die Bedeutung der organischen P-

Mineralisierung jedoch zu. 

Die P-Sorptionskapazität der Böden war unter feuchtem Klima und stark verwitterten Böden am 

höchsten und wurde durch hohe Gehalte an Ferrihydrit, Ammonium-Oxalat-löslichem-Al und 

Ton erklärt. Die mikrobielle Aufnahme von sorbiertem anorganischem P von der 

Bodenfestphase war im A-Horizont des mediterranen Waldes am höchsten. Im feucht-

temperierten Wald hingegen war die mikrobielle Aufnahme von sorbiertem anorganischem P 

gering, die Phosphataseaktivität jedoch hoch. Dies deutet auf die Mineralisierung organischen 

Ps und eine geringe Relevanz sorbierten anorganischem Ps zur Deckung des P-Bedarfs der 

Pflanzen und Mikroorganismen hin. An die Bodenfestphase sorbiertes anorganisches P wurde 

im Boden des mediterranen Waldes am intensivsten verwertet und die mikrobielle Aufnahme 

von sorbiertem anorganischem P erhöhte sich bei Zugabe von Glukose. Dies zeigt, dass die P-

Limitierung im mediterranen Waldboden aufgehoben wird, wenn leicht verfügbarer C in der 
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Rhizosphäre ausgeschieden wird. Im Gegensatz dazu waren die Mikroorganismen in den 

anderen Ökosystemen entlang der Ökosequenz entweder nicht primär P-limitiert oder sie waren 

auf andere P-Quellen angewiesen. Darüber hinaus ist im feucht-temperierten Wald eine Vielzahl 

von C-Verbindungen für die mikrobielle Verwertung verfügbar, was die Bedeutung des von 

Wurzeln ausgeschiedenen Cs reduziert. 

In Übereinstimmung mit den XANES-Ergebnissen zeigten Löslichkeits-definierte P-Pools eine 

Zunahme des pflanzenverfügbaren P und eine Abnahme des ausgefällten P mit abnehmender 

Trockenheit. Während der Gehalt an LMWOA im Boden im feucht-gemäßigten Wald höher war 

als im mediterranen Wald und im trockenen Buschland, war die 13C-Allokation zu LMWOA im 

feucht-gemäßigten Wald und im mediterranen Wald gleich groß. Hohe Enzymaktivitäten im 

feucht-gemäßigten Wald deuten auf die Verwertung von organischem P hin. Es ist anzunehmen, 

dass in diesem Ökosystem eine Vielzahl von P-mobilisierenden Prozessen anzutreffen ist, da 

die Verwitterungsstoffe nur teilweise aus kürzlich ausgeschiedenem Wurzel-C, aber auch aus 

anderen C-Quellen des Bodens stammen. Für das aride Strauchland und die mediterranen 

Wälder wurde gezeigt, dass der Gehalt an pilzlich erzeugter Oxalsäure positiv mit gut 

kristallisiertem anorganischem P (DCB lösliches P) korreliert ist, was auf Pilze als wichtige 

Organismen zur Mobilisierung schwer verfügbarer P-Quellen in diesen Ökosystemen hinweist. 

Die 13C-Allokation im ariden Strauchland ähnelt derjenigen im mediterranen Wald, auch wenn 

die Gehalte auf einem niedrigeren Niveau liegen. Dies wird als Anpassung an die Trockenheit in 

diesen beiden Ökosystemen interpretiert und ist ein Hinweis darauf, dass die Trockenheit die 

pflanzliche C-Allokation im Boden antreibt. 

Zusammenfassend wurde gezeigt, dass die biologische Verwitterung ein wichtiger Prozess der 

P-Gewinnung unter aridem und mediterranem Klima ist, aber nicht unter feucht-gemäßigtem 

Klima, wo die Mineralisierung organischen Ps eine bedeutende Rolle spielt. Gleichzeitig sind 

LMWOAs wichtige Stoffe der P Mobilisierung im Boden; unter ariden Bedingungen dienen sie 

der mineralischen Verwitterung, während sie unter feuchtem Klima die Mineralisierung 

organischen Ps unterstützen. Die C-Limitierung der P-Aufnahme ist unter aridem und 

mediterranem Klima hoch und unter feuchtem Klima gering. In Bezug auf den klimaabhängigen 

P-Kreislauf im Boden wird geschlossen, dass jeder Standort seine spezifische P-Speziation, P-

Verfügbarkeit und stöchiometrische Nährstoffverfügbarkeiten hat. Es war nicht möglich, einen 

systematischen Trend dieser Parameter entlang der Ökosequenz zu identifizieren. Abiotische 

Veränderungen (d. h. der Klimawandel) führen wahrscheinlich zu nichtlinearen Veränderungen 

der P-Speziation, der P-Verfügbarkeit und der stöchiometrischen Nährstoffverfügbarkeit, was 



Zusammenfassung 

XIX 

unsere Fähigkeit zur Vorhersage von Veränderungen des P-Kreislaufs als Folge veränderter 

abiotischer Bedingungen an einem Standort erschwert. 
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1. Extended summary 

1.1. Context and rationale for investigating P cycling mechanisms in soil 

Soil is formed by weathering of rocks and minerals on the Earth’s surface. Weathering is mainly 

divided into physical and chemical weathering processes (Anderson et al. 2007). Living 

organisms contribute to both, physical and chemical weathering processes by a variety of 

mechanisms. Biota proliferate in protected places such as fissures and disintegrated areas of 

the parent material (e.g., algae, bacteria, saprotrophic fungi, protozoa) or penetrate such 

structures (e.g., roots, mycelium) and impose physical stress on the surrounding rock 

(Silverman 1979). In addition, biota introduce organic compounds into the soil and parent 

material, some of which help to dissolve minerals (Jones and Darrah 1994). Accumulation of 

organic compounds is one component for the formation of a broad variety of soil types. Not 

surprisingly, already at the rise of modern soil science it was recognized that biota are one of 

the five soil−forming factors (Dokuchaev 1883; Jenny 1941). 

An inherent aspect of living organisms is the need for nutrients to maintain their metabolism. 

With exception of nitrogen (N), which is captured from the atmosphere, all crucial nutrients 

(macronutrients) are mainly rock derived (e.g., P, Mg, K, Ca, Si). Among rock born nutrients 

phosphorus (P) plays a crucial role as it often, together with N, limits productivity in terrestrial 

ecosystems (Vitousek and Farrington 1997). It’s mobility in soil is commonly low as it sorbs 

strongly to calcium (Ca) at high pH and to iron (Fe) and aluminum (Al) at low pH (Penn and 

Camberato 2019). Plants and microorganisms, therefore, developed strategies to solubilize P 

from parent rock material and to liberate sorbed P (Marschner and Marschner 2012). Moreover, 

more than 80% of plants form a symbiosis with arbuscular mycorrhizal (AM) fungi (Parniske 

2008; Brundrett and Tedersoo 2018) which has been shown to improve plants P uptake (Smith 

et al. 2003). This work aims to investigate the role of plants, bacteria, and fungi for P cycling in 

incipient but also developed soils under changing climates. It focuses on the role of 

low−molecular weight organic acids (LMWOA) for plant induced mineral weathering (biological 

weathering) and organic P recycling. The pathway of C through the plant−microbe−soil system 

and to LMWOA is examined and interpreted in terms of energy investments in P 

acquiring/cycling processes. These objectives were studied along a climatic gradient in the 

Chilean Costal Cordillera, forming a sequence of ecosystems (ecosequence; more details in 

Section 1.2.1) 

In the following, the topic will be approached by summarizing the state of knowledge on how 

plants and associated microorganisms affect weathering in terrestrial ecosystems. P 
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transformation during pedogenesis is then discussed before research on the role of biota in the 

P cycle is briefly reviewed. 

1.1.1. Impact of plants and microorganisms on weathering in terrestrial ecosystems 

Roots enable mass exchange between aboveground plant biomass and soil. About 20−30% of 

assimilated C is translocated below ground as root biomass or root exudates (Farrar and Jones 

2000). Plant roots take up nutrients from the deep soil and saprolite as well as from the topsoil, 

thereby acting as a bidirectional pump for C and nutrients between the atmosphere and the 

lithosphere. In this sense, the soil is a bioreactor that is created at the interface between the 

atmosphere and the lithosphere, forming a habitat that is completely different from the first two 

(Anderson et al. 2007). Plants and their associated microorganisms actively control soil 

chemical conditions (Dakora and Phillips 2011), thereby controlling mineral weathering, 

particularly in the rhizosphere (Kuzyakov and Razavi 2019). Biochemical weathering is highly 

complex and occurs through a wide variety of processes. Roots are known to cause mechanical 

stress on rocks when penetrating cracks, which enlarges the surface area of minerals and 

facilitates mineral weathering (Roering et al. 2010). On the contrary, plants can slow erosion 

because a dense root network prevents particle transport and allows better exploitation of 

minerals, i.e., complete dissolution, than without a dense root network. Enhanced chemical 

weathering in the rhizosphere is mainly induced by root exudates such as organic anions, 

rhizosphere acidification by proton excretion and root respiration (Figure 1.1.4). The 

rhizosphere is also the place in soil with highest microbial activity (Kuzyakov and Razavi 2019). 

Rhizosphere microbes release a plethora of chemical compounds, some of which release 

scarce nutrients from soil minerals. Moreover, it was shown that plant roots and mycorrhizal 

fungi selectively dissolve nutrient rich minerals (Berner 2004). Mycorrhizal fungi further 

enhance mineral weathering by enlarging the soil volume exploited for nutrients and the surface 

area for nutrient uptake (Parniske 2008). Glomalin production by mycorrhizal fungi and 

mucilage excretion by plants, conversely, stabilizes the soil and favors the formation of 

aggregates, resulting in decreased erosion but increased chemical weathering as the contact 

time between minerals and the soil solution is extended (Taylor et al. 2009; Chen et al. 2018; 

Zhong et al. 2021). These examples are mentioned here to illustrate that there is no linear 

relationship between plant growth and mineral weathering. Thus, it is not to be expected that 

higher net primary productivity will simply enhance biological weathering rates. Rather, there 

will be a particular state of plant density that will allow the highest rates of weathering under a 

given climate. Since plant density itself depends on climate, it is reasonable to assume that 

climate will determine maximum biological weathering rates. 
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1.1.2. P speciation development during pedogenesis and along climosequences 

The outstanding importance of P for ecology was realized by Thomas William Walker already 

in 1965 when he claimed: “In these studies [of soil chronosequences], phosphorus emerges as 

perhaps the key element in pedogenesis, because of its great ecological significance. It is the 

one major element in soil organic matter that must be supplied almost entirely from the parent 

material” (Walker 1965; Turner and Condron 2013). With few exceptions (Kurtz et al. 2001; 

Chadwick et al. 1999; Ziółek and Melke 2014), all P involved in biological processes in natural 

soils is rock born. Unlike C or N, the transport of P depends solely on water and (with exception 

of very old volcanic and tropical sites as well as rare sites where a major input of P origins from 

seabird feces) input via the atmosphere is negligible. At the same time, its mass share in the 

Earth’s crust is only 0.09 wt.% (Filippelli 2008). The chemical properties of P include 

susceptibility to precipitation with numerous cations common in soil, most prominently with Fe, 

Al, and Ca. When primary P minerals are dissolved it is likely to rapidly adsorb to reactive 

surfaces within soil or precipitate with various cations (Tiessen et al. 1984). Figure 1.1.1 depicts 

the P availability in soil and indicates highest P availability at about pH 6.5. 

 

Figure 1.1.1: Phosphorus availability in soil depending on soil pH and the most important binding elements of P. P 
availability in soil is relatively high at a pH of about 6.5 and declines towards lower and higher pH (Penn and 
Camberato 2019). 

The most abundant primary minerals in which P occurs in soil is apatite (hydroxyapatite 

Ca10(PO4)6(OH)2; fluorapatite Ca10(PO4)6F2, and chlorapatite Ca10(PO4)6Cl2) (Blume et al. 2010; 

Jones and Oburger 2011; Sims and Pierzynski 2005). During pedogenesis, P is transformed into 

a variety of pedogenic Ca−, Fe−, and Al−P. Walker and Syers (1976) formulated a model of P 
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transformation during pedogenesis which postulates that P is gradually transformed to 

secondary inorganic P minerals (Figure 1.1.2, Turner and Condron 2013). At the beginning of 

pedogenesis, in young incipient soils, most of the P remains in the primary apatite form, 

whereas at later stages of soil development P is either precipitated with Fe and Al, occluded in 

Fe− and Al−(hydr)oxides or bound as organic P. This model reaches an equilibrium for very old, 

P−depleted soils where all losses of P are replenished by atmospheric inputs (Crews et al. 1995; 

Peltzer et al. 2010). Although the original authors were very cautious about applying the theory 

to ecosystems outside the humid climate for which it was developed, it has proven to be 

applicable under other climates from subtropical to semiarid (Peltzer et al. 2010; Tiessen et al. 

1984; Crews et al. 1995; Cross and Schlesinger 1995). 

 

Figure 1.1.2: Development of P speciation during pedogenesis (Turner and Condron 2013; Williams and Walker 1969 
and references therein). 

The Walker and Syers model was tested in a space−for−time approach for its validity in soils 

along a climate gradient (Feng et al. 2016). The study postulated that decreasing aridity would 

accelerate pedogenesis and, therefore, it could substitute the time factor in the Walker and 

Syers model. Indeed, they found that primary P was declining with decreasing aridity and that 

organic P follows the reverse trend. However, they investigated only arid and semiarid 

environments. A global compilation of Hedley P fractions (Hedley et al. 1982) found that in a 

range from hyperarid to humid climate primary P decreases while secondary mineral P, 

occluded P, and organic P increase (Hou et al. 2018b). However, it is questionable whether a 

space for time approach in natural ecosystems can be realized because changes in climate are 

always associated with changes in the plant− and microbial community-composition. For this 
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reason, it might not be possible to design an experiment where climate is allowed to change 

while the other four soil forming factors (biota, relief, parent material, and time) are kept 

constant. 

1.1.3. P cycling in soils and the (myco−)rhizosphere 

P always occurs in soils as phosphate. Depending on the pH of the soil, inorganic P in the soil 

solution occurs as one of the anions of phosphoric acid (H3PO4, H2PO4
−,HPO4

2−, and PO4
3−) 

which are the sole forms that can be taken up by plants and microorganisms (Pierzynski et al. 

2005). P is transferred between the various P pools in soil by physicochemical and biological 

processes (Figure 1.1.3). Important P pools in soil are P dissolved in the soil solution, organic P 

(mainly inositol phosphates, Jones and Oburger 2011), inorganic P (mainly precipitates of 

phosphates with Ca, Fe, Al and P sorbed to Fe− and Al−(hydr)oxides), and P within the microbial 

biomass (Pmic), micro− and macro fauna (mainly phospholipids and nucleic acids). The organic 

P pool is differentiated into rapidly and slowly mineralizable organic P. The inorganic P pool is 

separated into rapidly and slowly exchangeable P. The pool of P actively cycling within the 

soil−plant system is at least an order of magnitude smaller than the total content (Frossard et 

al. 2011). Turnover rates of the various P pools are highly variable and in the range of minutes 

Figure 1.1.3: P transformations in a soil−plant−microorganisms system. Biological hydrolysis of organic P and 
solubilization of inorganic P are strong drivers of P cycling within soils, along with abiotic sorption/precipitation 
and desorption/solubilization. Modified after Frossard et al. (2011). 
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for dissolved P (Helfenstein et al. 2018a) but in the range of millennia for P occluded in metal 

oxides (Helfenstein et al. 2018b). 

P is often scarcely soluble in soil and consequently in most soils its availability is low. Plants 

and microorganisms have 

developed a broad set of 

mechanisms to access P 

from otherwise unavailable 

sources. Figure 1.1.4 depicts 

mechanisms of plants and 

microorganisms to access P 

that would be unavailable if 

dissolution were only driven 

by abiotic processes. 

The area around roots, the 

rhizosphere, is a hotspot of 

microbial activity and thereby 

of high P availability 

(Kuzyakov and Razavi 2019). 

The area explored by 

mycorrhizal fungi, the 

mycorrhizosphere, extends 

even further away from roots. 

One of the main benefits 

plants gained when entering 

the symbiosis with 

mycorrhizal fungi was the extension of the soil volume that can be scavenged for nutrients 

(Finlay 2008). Plants release labile C compounds to the soil to feed microorganisms near the 

root. Exudation of organic C is not only important as a source of energy for the surrounding 

microbes, but plants and microorganisms also release low−molecular−weight organic acids 

(LMWOAs) and extracellular enzymes (phosphatases) into the rhizosphere to solubilize P from 

soil minerals and mineralize organic P (Tarafdar and Claassen 1988). LMWOAs enhance the 

dissolution of P minerals by three mechanisms and extracellular phosphatases support the 

degradation of organic P compounds (processes are shown in Figure 1.1.4 and indicated by the 

numbers in the orange circles). (1) The exudation of organic anions, associated with the 
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exudation of a proton as counterion, lowers the rhizosphere pH (Ma et al. 2019) and thereby 

dissolves Ca−phosphates (Ca−P). (2) Organic anions chelate bi− and trivalent cations, which 

decreases the concentrations of iron (Fe3+), aluminum (Al3+), and calcium (Ca2+) in the soil 

solution (Jones 1998). Their effect on P mobilization is altered by the number and position of 

their functional groups. LMWOAs have been shown to release more P per added proton in 

comparison to mineral acids, suggesting effective chelating of P−associated metals 

(Kpomblekou and Tabatabai 1994). (3) Organic anions block sorption sites, especially at 

sesquioxides, thereby desorbing phosphate ions (Hinsinger 2001; Jones and Darrah 1994; 

Jones 1998). (4) Extracellular phosphatases are exuded to hydrolyze phosphate esters which 

are common in organic P compounds. Phosphatase activity s inversely correlated to the 

availability of P in soil (Olander and Vitousek 2000). 

The mechanisms by which plants mobilize P and if they follow an acquisitive (biological 

weathering of P−containing minerals) or recycling (organic P mineralization) strategy to meet 

their P demand is a vital information to understand P cycling in soil. Moreover, the 

understanding of P cycles and the conditions and mechanisms that lead to P limitation are 

crucial to understand ecosystem development. The extent to which C availability (e.g., root 

exudates) influences P mobilization and limitation is not well understood. 

1.1.4. Objectives & Hypotheses 

The overarching aim of this work was to examine how climatic conditions drive biological P 

mobilization and utilization in soil. Three hypotheses were formulated to build the backbone of 

this work: 

H1: Ecosystem P nutrition shifts from acquiring P from mineral sources under dry climates 

and initially developed soils to recycling of P from accumulated organic compounds as 

humidity increases and soils become more developed. 

H2: Biological P weathering is maximal at intermediate humidity because water availability 

is high enough to overcome transport limitation of soluble substances in soil, while the 

organic P content is still low. 

H3:  The importance of labile C (root exudates) for P mobilization is greatest under an arid 

climate. Under humid climates the abundance of organic C in soil decouples microbial 

energy demand from fresh C inputs. 

The investigations and experiments in this work focused on two main aspects. First, P 

speciation (Study 1) and abiotic P sorption (Study 2) were characterized in soils along a climate 

gradient to determine whether these are driven by climatic conditions. Second, key P cycling 
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mechanisms and climate−dependent shifts of the P sources preferred by plants and microbes 

(Studies 1, 3 and 4) were scrutinized. This was investigated by determining contents of LMWOA 

(Studies 1 and 3) and phosphatase activity (Studies 1 and 4) in soils. Samples were taken from 

rhizosphere and bulk soil (Study 1) and labile C was added to the soil (Study 2) to gain insight 

into the role of root−released C for biological P utilization and differences in P speciation 

between the rhizosphere and bulk soil. Furthermore, the partitioning of photosynthetically fixed 

C between plants, bacteria and fungi was investigated in a 13C field labeling experiment 

(Study 3). Examining the pathway of C through the plant−soil−microbe system allowed to 

differentiate between plant−, bacteria−, or fungi−released weathering agents under different 

climates. By evaluating correlations between P mobilizing compounds and operationally 

determined P pools, it was possible to infer the preferred P source under a given climate. 

1.2. Research approach and Methods 

1.2.1. Study sites 

The study sites were located along the Chilean Coastal Cordillera and covered a large spatial 

range from 26° to 38° southern latitude (Figure 1.2.1). A distinctive feature of the study design 

was that the variation in parent material was kept low by choosing soils that all developed on 

granodioritic material. This was ensured by staying in the area of the Coastal Cordillera (Hervé 

et al. 1988). Moreover, none of the sites were glaciated during the last glacial maximum, this 

was important to avoid fluvial overprinting of the bedrock material. The sites were characterized 

by differences in climate and vegetation and provided the unique opportunity to study different 

ecosystems developed from the same parent material. The climate in the study area is 

determined by the South Pacific anticyclone. The rainfall distribution over the year is similar in 

the four sites, with most precipitation in the austral winter months of May to August (Muñoz et 

al. 2007). Because climate changes between the study sites and, therefore, different 

ecosystems developed at each site, the four study sites were termed an ‘ecosequence’. They 

covered a gradient of mean annual precipitation (MAP) and mean annual temperature (MAT) 

ranging from 12 mm yr−1 and 16.8 °C in the north to 1469 mm yr−1 and 6.6 °C in the south (Table 

1.2.1, Fick and Hijmans 2017). 

The northernmost site was located in the National Park ‘Pan de Azúcar’ (26.112 S, 70.551 W) 

with an aridity index of 0.0047 (Trabucco and Zomer 2018) and was classified as hyperarid 

(‘hyperarid desert’). The study site was located about 10 km inland from the Pacific Ocean. The 

very scarce vegetation was dominated by biocrusts, which covered large areas. Sparsely 

distributed small bushes were the only vascular plants at this site (Tetragonia maritima, Nolana 
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mollis, Perityle sp. and Stipa plumosa, Cristaria integerrima) (Bernhard et al. 2018). The soils at 

this site were classified as Regosols (IUSS Working Group WRB 2015) with A horizons ranging 

from 2 to 5 cm thickness and B horizons ranging from 18 to 45 cm thickness (pH 8.1) (Bernhard 

et al. 2018). This site was only considered in Study 2 where microbial P utilization was 

investigated. As vascular plants were very scarce at this site, it was excluded from the studies 

where sampling of roots or CO2 labeling were conducted. 

The investigations at the ‘arid shrubland’ were done at two sites, located close to each other. 

The sites were close to the city of La Serena, had aridity indices of 0.06 and 0.05 and were 

classified as arid. One of the sites was in the ‘Natural Reserve Santa Gracia’ (29.76 S, 71.14 W), 

about 23 km from the Pacific Ocean and at an elevation of 680 m a.s.l. The other site was 

located in an area named ‘Quebrada de Talca’ ((30.05 S, 71.09 W) where grazing was excluded 

for the previous ten years. The Pacific Ocean was 23 km away and the altitude was 645 m a.s.l. 

MAP and MAT were similar at both sites with 66 mm yr−1 and 13.7 °C. The vegetation was 

composed of drought−deciduous shrubs (Proustia cuneifolia, Balbisia peduncularis, Senna 

cumingii, Cordia decandra, Adesmia sp. and Baccharis paniculatum) and cacti (Eulychnia acida 

and Cumulopuntia sphaerica) and covered 30−40% of the area (Bernhard et al. 2018). The 

Figure 1.2.1: Map 
section of Chile from 
about 25° to 38° 
southern latitude. The 
field sites are marked by 
black tack symbols. Map 
color corresponds to the 
aridity index, which is 
calculated as the 
quotient of mean annual 
precipitation and 
potential mean annual 

evapotranspiration 
(Trabucco and Zomer 
2018). Mean annual 
precipitation after Fick 
and Hijmans (2017). 
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vegetation was standing upon Cambisols (IUSS Working Group WRB 2015) with pH 5.9 − 7 

(Bernhard et al. 2018). 

The Mediterranean site (‘Mediterranean woodland’) was located in the ‘National Park La 

Campana’ (32.96 S, 71.06 W) with an aridity index of 0.24 (Trabucco and Zomer 2018). It was 

about 43 km from the Pacific Ocean and at an altitude of 730 m a.s.l. MAP and MAT were 

367 mm yr−1 and 14.1 °C (Fick and Hijmans 2017). The soils were Cambisols (IUSS Working 

Group WRB 2015) with a pH of 4.7 − 6.2 and were 100% covered by vegetation which consisted 

of evergreen−sclerophyllous trees (Lithraea caustica and Colliguaja odorifera), palm trees 

(Jubaea chilensis), deciduous shrubs (Podanthus mitiqui and Aristeguietia salvia) and a dense 

understory herb layer (Alstroemeria sp., Geranium robertianum, Stellaria media, Adiantum 

chilense) (Bernhard et al. 2018). 

The most southern site was classified as humid (‘humid−temperate forest’) with an aridity index 

of 1.4 (Trabucco and Zomer 2018) and located in the ‘National Park Nahuelbuta’ (37.81 S, 

73.01 W). Soils were Umbrisols and Podzols (pH 3.9−5.3) (IUSS Working Group WRB 2015) 

covered again 100% by a mixed forest, consisting of evergreen and winter−deciduous 

broadleaved trees (Araucaria araucana (Mol.) K. Koch, Nothofagus antarctica, Nothofagus 

obliqua) and a dense understory vegetation of grasses (Chusquea coleu), bushes (Gaultheria 

mucronata), and herbs (Stipa sp. and Mutisia decurrens) (Bernhard et al. 2018). 

Important site characteristics are shown in Table 1.2.1. For a comprehensive description of 

vegetation, soils and geology see Bernhard et al. (2018) and Oeser et al. (2018). 

Table 1.2.1: Site characteristics of the four study sites along the Chilean Coastal Cordillera. Mean annual precipitation 
(MAP) and mean annual temperature (MAT) are taken from (Fick and Hijmans 2017). The aridity index and climate 
classification are derived from Trabucco and Zomer (2018), soil type (IUSS Working Group WRB 2015) and soil pH 
are after Bernhard et al. (2018). 

Site MAP MAT Aridity index Climate Vegetation Soil−type pH 

[mm] [°C] 

Hyperarid desert 12 16.8 0.0047 Hyperarid Biocrusts,  
small desert 
shrubs 

Regosol 8.1 

Arid shrubland 66 13.7 0.05 − 0.06 Arid Sclerophyllous 
shrubs, 

cacti 

Cambisol/ 
Leptosol 

5.9 − 7 

Mediterranean 
woodland 

367 14.1 0.24 Mediterr−an
ean 

Deciduous forest, 

sclerophyllous 
shrubs 

Cambisol 4.7 – 6.2 
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Humid−temperate 
forest 

1469 6.6 1.4 Humid Coniferous forest Orthodystric 
Umbrisol/ 
umbric Podzol 

3.9 – 5.3 

1.2.2. Research design 

The research approach of this work is based on the idea to investigate changes in soil P cycling 

along a climatic gradient with constant lithology. In terms of the five soil forming factors, the 

aim was to keep as many variables constant as possible. At each site, sampling was done at a 

north− and south facing slope with slope inclination between 12° and 25° at midslope position 

(Bernhard et al. 2018). The basis of this work was to determine the state of P weathering along 

the climatic gradient. Settled upon this, biological parameters influencing P weathering were 

investigated. Table 1.2.2 gives an overview of the applied methods and how they relate to the 

hypotheses stated earlier. In addition, Table 1.2.2 shows which analysis were carried out with 

which set of samples. In total three sets of samples were taken to comprehensively answer the 

questions addressed by this work (samples were always taken in the arid, Mediterranean, and 

humid sites for Studies 1, 3, and 4 and at all sites for Study 2): 

• Rhizogradient sampling. 

• Laboratory incubation of A and B horizons from each site: observation period of 25 days. 

• 13C field labeling: bulk samples from soil around labeled plants: observation period of 

14days. 

The rhizogradient sampling was done at soil profiles in three depths increments which were 

determined relative to the total soil thickness (100%) at each site. Samples were taken from 

0−50% (‘topsoil’), 50−100% of soil depth (‘subsoil’), and >100% (‘saprolite’). This approach was 

chosen over horizon−specific sampling in order to compare sites with each other. A gradient 

from rhizosphere to bulk soil was obtained by sampling soil around young  living roots (diameter 

≤ 2 mm) at three distances to roots (0−2 mm, 2−4 mm, 4−6 mm). The 0−2 mm and 2−4 mm 

distance increments were defined as rhizosphere soil, the distance 4−6 mm was considered as 

bulk soil. Roots were not distinguished on a species level but a pooled sample from roots 

occurring in the respective soil pit and depth was taken. 

For the laboratory experiment soil was collected at each site from a south facing soil profile in 

midslope position. An aliquot from each site and horizon was sterilized by gamma−irradiation 

(min. 50 kGy, STERIS, Radeberg, Germany). The sterile soil was used to determine 

ion−exchange kinetics (IEK) of 33P, thereby the soil was labeled for a consecutive incubation 

experiment. The labeled sterile soil was mixed with the non−sterile soil for the incubation study. 
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The incubation lasted for 25 days; samples were collected on days 1, 5, 7, 12, and 25 of the 

incubation period. 

The last set of samples came from a field labeling experiment where site specific plant species 

were exposed to a pulse of 13CO2. Soil samples from beneath each specimen were collected 

over a period of two weeks. 

Table 1.2.2: Main study objects presented in this work and their connection to the hypotheses. A short description of 
the purpose and the method is also given. 

Study object Study and 
sampling 

Connects to 
Hypothesis 

Purpose Method 

Biological 
weathering 
agents 
Section 1.2.3 

Study 1: 
rhizogradient 
sampling. 
Study 3: bulk 
sampling, 
several 
timepoints. 

H1; 
H2 

Intensity of biological mineral 
weathering. 
Abbundance of weathering agents 
in rhizosphere vs. bulk soil. 
13C in LMWOA to trace origin of 
weathering agents (plants, 
bacteria, or fungi). 

Extraction of LMWOA from 
soil: 
▪ water extractable “free” 

acids 
▪ HCl extractable “sorbed” 

acids 

P speciation 
Section 1.2.4 

Study 1: 
rhizogradient 
sampling. 

H1; 
H2 

Determine climate dependent 
chemical structure of P in soil. 
Root impact on P speciation. 
Correlate with weathering agents 
to infer preferred P source. 

P K−edges X−ray absorption 
near edge structure 
(XANES). 
Samples taken as a gradient 
from rhizosphere to bulk soil 
“Rhizogradient sampling” 
(Study 1). 

Operational P 
pools 
Section 1.2.4 

Study 3: bulk 
sampling, 
several 
timepoints. 

H2; 
H3 

Determine P availability in soil. 
▪ High throughput method to 

determine P availability in a large 
number of samples 

Correlate with 13C allocation to 
roots, bacteria, fungi, and LMWOA 
to infer plants investment in P 
mobilization. 

Plant available P: 
▪ Water extractable P 
▪ NaHCO3 extractable P 
Hardly available: 
▪ Ammonium−oxalate 

extractable P 
▪ Dithionite−citrate−bicarbo

nate extractable P 
P sorptivity of 
the soil 
Section 1.2.5 

Study 2: 
laboratory 
experiment. 

Indirectly to H1 
and H3. 

Determination of physicochemical 
P sorption in soil. 
▪ Determine sorption capacity of 

soils. 
▪ Correlate with soil properties to 

infer which parameters 
determine climate dependent P 
sorption in soil. 

Ion−exchange kinetics (IEK). 
33P tracer application to 
unlabeled sterile soil. 

Microbial 
element 
contents and 
respiration 
Section 1.2.6 

Study 2: 
laboratory 
incubation 
study, serveral 
timepoints. 

H3 Determine microbial P uptake (33P 
in Pmic). 
Determine microbial growth under 
addition of labile C. 

Microbial biomass P (Pmic): 
hexanol fumigation 
extraction. 
Microbial biomass C (Cmic): 
chloroform−fumigation 
extraction. 

Phosphatase 
activity 
Section 1.2.7 

Study 4: 
rhizogradient 
sampling. 

H1; 
H3 

Indications of organic P utilization. 
Rhizosphere impact on P recycling. 

Extracellular phosphatase 
assay. 

Moessbauer 
spectroscopy 
and free surface 
area 
Section 1.2.8 

Study 2: 
laboratory 
experiment. 

Indirectly to H1 
and H3. 

Explaining physicochemical P 
sorption in soi by Fe−mineralogy 
and free surface area in soil. 

Moessbauer spectroscopy 
N2 monolayer sorption to 
soil (“Free surface area”). 

Rhizosphere P speciation was determined by X−ray absorption near edge structure (XANES) 

(Study 1). On the same samples, the amounts of LMWOA (oxalic−, malic−, and citric acid) 

(Study 1) and phosphatase kinetics (Study 4) were quantified to gain insight in the investment 

of plants in mineral weathering or P recycling as a function of P speciation. The results gave 
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first indications to answer the question if biological P weathering varies with climate and 

whether P recycling is enhanced under increased humidity. 

As P cycling in soil is strongly determined by the availability and mobility of P, it is necessary to 

understand the abiotic boundary conditions determining the soil’s capacity to adsorb P. Using 

radioactive isotopes with a short half−life allows to derive precise conclusions about the path 

of an element through biological pools, while the background concentration of the isotope is 

low. For these reasons IEK of 33P with the soil solid phase under sterile conditions were 

determined for the three sites in the A and B horizon, respectively (Study 2). By doing so, soil 

enriched in sorbed inorganic 33P was produced and used in a consecutive incubation study, in 

which mesocosms were prepared to investigate microbial inorganic P utilization. Incubation 

studies in environmental science allow control of environmental factors (soil moisture, 

temperature, light, basal soil respiration) and provide a reduced model of real−world conditions 

that allows manipulations and process observations that would not be possible under field 

conditions (Verhoef 1996). While all other parameters were kept constant, half of the 

mesocosms received a labile C source (glucose) to model rhizosphere conditions of C 

availability and derive implications for P cycling under varying substrate availability. This 

approach was designed to investigate the C limitation of microbial inorganic P acquisition. 

The third pillar of this work was a field labeling study where plants were exposed to a 13CO2 

enriched atmosphere in a pulse labeling experiment (Study 3). The stable isotope 13C was used 

to trace the path of freshly assimilated C through the plant−microbe−soil system and in 

LMWOAs. The setup allowed to determine plant and microbial investment in LMWOA 

production for mineral weathering. This study setup allowed to draw concise conclusion about 

the climate dependent C investment in biological weathering agents. 

 
Figure 1.2.2: Field labeling setup. The labeling chamber was constructed as a wooden frame around the 
investigated specimens which were covered by polyethylene foil for the labeling. An ice pack and fan were placed 
in the labeling chamber to keep temperatures inside at ambient level. The CO2 concentration in the labeling 
chamber was monitored with a CO2 sensor. 
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To make clear the limitations of the research approach presented in this work: It is not assumed, 

that climate substitutes for time and that one of the dry ecosystems presented here would 

eventually converge to a state that one of the more humid ecosystems is in today. Rather, each 

ecosystem is considered as a unique entity in which the Walker and Syers transformations 

occur at different rates, and which therefore has its own P−cycle mechanisms. 

1.2.3. Weathering agents exuded by plants 

LMWOA were extracted from soil, purified, and derivatized for gas−chromatography (GC) after 

Szmigielska et al. (1997). The extraction method was considerably modified. In short, soil 

(stored at −20 °C after sampling until analysis) was sequentially extracted with double distilled 

H2O (ddH2O) and in a second step with 0.5 M HCl, which allowed free and sorbed LMWOA to be 

distinguished. The extract was purified by liquid−liquid extraction and subsequently organic 

acids were methylated to their corresponding methyl−esters. GC−mass spectrometer (MS) 

settings were also adjusted from the original method (Szmigielska et al. 1997). Samples were 

reduced in volume and measured on a GC−MS (GC 7890A, MS 7000A Series Triple Quad, Agilent 

Technologies, Waldbronn, Germany) with a capillary column (DB−FFAP, 30 m length, 1 µm film 

thickness, 0.25 mm diameter, Agilent Technologies, Waldbronn, Germany). 

1.2.4. P speciation and operational P pools 

P speciation in the rhizosphere and bulk soil (Study I) was determined by P K−edge XANES. The 

XANES technique allows to determine the chemical speciation of elements. It is a powerful 

technique to determine “the oxidation state, coordination chemistry, and the distances, 

coordination number and species of the atoms immediately surrounding the selected element” 

(Newville 2014). The energy necessary to produce a photoelectron from the core shell, the 

absorption edge, is specific for each element. Modulations in the absorption edge energy reveal 

the chemical surrounding of an atom (Newville 2014; Varma et al. 2011). In soil science the 

technique is often applied to determine inorganic P speciation (e.g., Prietzel et al. 2016; 

Hesterberg et al. 2017; Hesterberg et al. 1999). For organic P species it is less powerful and 

does not allow to distinguish between different organic P species (Varma et al. 2011). For the 

measurement, samples were homogenized by milling and applied to a P−free ‘Kapton tape’ 

(Lanmar Inc., Northbrook, IL, USA) (area 2.0 cm x 0.5 cm). The samples were measured in 

fluorescence mode. A detailed description of the fitting and standards is provided in Section 

2.2.3. For result presentation the single standards were grouped in six soil P classes: calcium P 

(Ca−P), precipitated Fe−P (‘Fe−P‘), precipitated Al−P (‘Al−P‘), sorbed Fe−P (‘sorb Fe−P‘), sorbed 

Al−P (‘sorbAl−P‘), and ‘organic P‘. 
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Operational P pools were determined in Study 3 to assess P availability in soil. In this study H2O 

(H2O-P), NaHCO3 (NaHCO3-P) (Olsen et al. 1954), Ammonium-oxalate (NH4−P, Tamm 1922; 

Schwertmann 1964), and dithionite−citrate−bicarbonate leachable P (DCB−P; Mehra and 

Jackson 1958) were determined. These extraction methods were preferred over the common 

extraction procedure of Hedley et al. (1982) to provide comparability with P speciation 

determined by XANES (Prietzel et al. 2016). To better distinguish between Fe and Al bound P 

the NH4−oxalate and DCB extractions were performed for parallel samples instead of a 

sequential extraction. This is because NH4−oxalate is more effective in dissolving 

Al−(hydr)oxides than DCB and the latter is more effective for Fe−(hydr)oxides. 

1.2.5. P sorption kinetics determined by isotope exchange kinetics (IEK) 

The P sorptivity of soil A and B horizons was determined by quantification of 33P isotope 

exchange kinetics with the unlabeled P pool adsorbed to the soil solid phase. Measuring isotope 

exchange kinetics (IEK) of sterilized or microbially inhibited soils is a powerful tool to determine 

sorptivity while excluding biological P immobilization (Lopez-Hernandez et al. 1998; Fardeau 

1993; Randriamanantsoa et al. 2015). For the IEK determination, 33P suspended in 0.1 M H3PO4− 

solution (carrier solution) was mixed with the soil. The suspension was placed on a shaker and 

samples were taken at 1, 5, 10, 30, 70, and 100 minutes after addition of the tracer. The 

exchange between solution and soil solid phase was stopped by centrifugation. The 

radioactivity remaining in the supernatant was measured on a scintillation counter (HIDEX 300 

SL, Hidex Deutschland Vertrieb GmbH, Germany). The exchange kinetics of 33P with the 

unlabeled soil solid phase provides information about the sorptivity and sorption strength of a 

soil for P. 

1.2.6. Microbial element contents 

Microbial biomass phosphorus (Pmic) contents (31P and 33P) were determined by 

hexanol−fumigation extraction (Bünemann et al. 2016; Kouno et al. 1995). Each sample was 

aliquoted in two subsamples and an anion−exchange membrane in bicarbonate form was 

added to the soil. The fresh soil was mixed with ddH2O, additionally, one aliquot received 

hexanol. Samples were placed on a shaker for 16 hours. The anion−exchange membranes were 

removed, and the adhering orthophosphate eluted by 0.5 M HCl. During the extraction parts of 

the liberated P get adsorbed to the soil, therefore, a P spike was used to correct for this 

adsorption. Total inorganic P was determined photometrically by the malachite green method 

(Ohno and Zibilske 1991). To measure the 33P content in fumigated and unfumigated samples, 

3 ml of sample and 8 ml of scintillation cocktail (Rotiscint eco plus, Carl Roth GmbH & co. KG, 

Karlsruhe, Germany) were mixed in a plastic vial. Quantification was done with a scintillation 
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counter (HIDEX 300 SL, Hidex Deutschland Vertrieb GmbH, Germany). The Pmic content was 

calculated as the difference between the fumigated and the unfumigated sample, corrected by 

the adsorption of liberated P that occurred during the extraction (Bünemann et al. 2016). The 

uptake of labeled P in the incubation experiment (Study 2) was calculated as the ratio of 31P to 

33P in the supernatant multiplied by the 33P content in Pmic. This is based on the assumption, 

that the isotopic ratio of the supernatant and the soil are the same (Bünemann et al. 2016). 

Microbial biomass carbon (Cmic) was extracted by chloroform−fumigation extraction, following 

the procedure of (Vance et al. 1987). One sample of each sample pair was held under a 

chloroform (CHCl3) atmosphere for 24 h. Afterwards both samples were extracted with 

0.05 mol l−1 K2SO4 for 1h. The supernatant was filtered, and the total soil organic carbon content 

(TOC) was determined on a TOC/TIC analyzer (Multi N/C2100, Analytik Jena, Germany). Cmic 

was calculated as the difference between the fumigated and unfumigated sample and a 

correction factor of 0.45 (Wu et al. 1990) was applied. 

1.2.7. Phosphatase assay 

Activity of the extracellular acid phosphatase was determined using synthetic fluorogenic 

4−methylumbelliferone−phosphate (substrate solution) (Marx et al. 2001). Soil samples were 

stored at 4°C until analysis. The samples were pre−incubated for 24 h in sterile 100 ml jars. 

Subsequently, sterile water was added to the jars and samples were shaken for 30 min. The soil 

solution was sonicated (40 J s −1 for 2 min) before aliquots of 50 µl were pipetted into black 

polystyrene 96−well microplates (Brand, Germany). A pH buffer (0.1 M 

2−(N−morpholino)ethanesulfonic acid (MES) (pH 6.1)) was added together with 100 µl of 

substrate solution (0, 10, 20, 30, 40, 50, 100, and 200 µmol g −1). Three analytical replicates were 

measured for each sample at each substrate concentration. Fluorescence was measured by a 

microplate reader (Victor³ 1420−050 Multi label Counter; extinction: 355 nm, emission: 460 nm) 

immediately after substrate addition (t0) and 2 h after addition (t1). For calibration and 

accounting for quenching, standard plates were prepared with 50 µl of a composite soil solution 

(for each site and depth), with 150, 145, 140, 130, 100, 70, and 30 µl of buffer (MES) and 0, 5, 10, 

20, 50, 80, and 120 µl standard (methylumbelliferone), respectively. Plates were measured at t0 

and t1. With the regression slopes of the standard measurements, enzyme activities of the 

samples were calculated [nmol substrate g−1 soil h−1]. Activities were fitted by the 

Michaelis−Menten Equation, which describes non−linear saturation curves. The parameters 

Vmax as the maximal rate of enzymatic activity under optimum substrate conditions, and Km as 

the half−saturation constant as indicator for substrate affinity were determined. 
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1.2.8. Moessbauer spectroscopy and total free surface area 

Fe speciation in soils was measured by Moessbauer spectroscopy. Samples were ball milled to 

obtain a homogenous powder, subsequently the spectra were recorded at 4.2 K. The method 

allows to distinguish between FeII+ and FeIII+ integrated in silicate minerals (FeSi) and four 

Fe−(hydr)oxides: ferrihydrite (FeFH), goethite (FeGOE), hematite, and magnetite (grouped in 

results as FeHM). 

The total “free surface area” (Chiou et al. 1990) was measured according to the method 

described by Brunauer et al. (1938). It serves as one parameter determining the sorption 

capacity for P in soil. The method determines the amount of N2 that is adsorbed to a soil sample. 

The free surface area was calculated from the N2−soil sorption. 

1.3. Study results and discussion 

In the following sub−sections, climate−dependent P-cycling mechanisms in the three studied 

ecosystems will be summarized. First the arid shrubland ecosystem is discussed, followed by 

the humid−temperate forest. After describing these endmembers of the ecosequence, the 

Mediterranean forest, which combines elements of the first two ecosystems, is reviewed. In 

general, P speciation and abiotic conditions are presented first, followed by a discussion of the 

implications for what this means for P cycling processes. Staying with this result−presentation 

pattern should make it easy for the reader to follow the argumentation. 

Overall, P speciation along the ecosequence from arid to humid climate was characterized by a 

decrease of primary P and precipitated Al− and Fe-P and an increase of organic P and sorbed 

Fe− and Al−P (Figure 2.2.4). This pattern reflects enhanced weathering with decreasing aridity 

(Hou et al. 2018a) and the accumulation of organic P from the more productive vegetation in 

more humid climates (Lang et al. 2016). At the same time, the abiotic sorption capacity for 

inorganic P followed a unimodal distribution, with highest sorption capacities in the hyperarid 

desert and the humid−temperate forest. As the hyperarid desert was only included in Study 2 it 

will not be discussed more extensively here. Moreover, this site may receive considerable 

amounts of sea spray (Oeser et al. 2018) which might have a strong impact on nutrient 

dynamics at this site. 

1.3.1. P cycling in the arid shrubland 

On average, hydroxyapatite in the arid shrubland accounted for 40% of total P (Figure 1.3.1) as 

determined by XANES. The content of hydroxyapatite was highly variable, with a minimum of 

7% and a maximum of 70% (Table 2.2.3). This is likely to result from the heterogenous 

distribution of P in soils, especially in its primary mineral form (Adediran et al. 2020) which is 
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exacerbated by the small volumes of soil used for the XANES measurement. The remaining P 

was mostly in crystalline Al− and Fe−P. Fe− and Al−P together accounted for 40% to 60% of 

total P, but again were highly variable. Fe−P was absent in about half of the samples but 

contributed up to 38% of total P in other samples. 

P sorbed to Fe− or Al−(hydr)oxides was absent at this site. In line with these results the sorption 

capacity for P was low (Figure 1.3.2). Low contents of NH4−oxalate leachable Al indicated a low 

content of short−range−order Al−(hydr)oxides in the arid shrubland soils. Fe speciation 

determined by Moessbauer spectroscopy identified most of the Fe bound in silicates, indicating 

that Fe, like P, was mostly present in crystalline structures. The sorption capacity in the B 

horizon was slightly higher than in the A horizon, which was associated with a higher ferrihydrite 

content than in the A horizon. The NaHCO3 extractable P was low, in accordance with the low P 

sorption capacity and P bound in primary minerals and crystalline metal−(hydr)oxides (Tiessen 

and Moir 2008). As a result, P sorption capacity in the arid shrubland was low (Figure 1.3.2). 

The pH value indicated a high combined solubility of Fe−, Al−, and Ca−P (pH 6.5) (Penn and 

Camberato 2019). Therefore, the availability of P is likely transport−limited —due to the lack of 

water— in this ecosystem, and P minerals would readily dissolve if water were available. The pH 

value also favors the formation of crystalline Fe− and Al−(hydr)oxides (Cornell et al. 1989). For 

Fe this can be explained by the high solubility of ferrihydrite which favors the formation of well 

Figure 1.3.1: P 
speciation in de arid 
shrubland as 
determined by XANES 
spectroscopy. Samples 
from north facing 
profiles are depicted as 
circles, from south 
facing profiles as 
diamonds. 
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ordered FeO(OH) and Fe2O3 (Cornell et al. 1989). In addition, low contents of P and organic 

matter in soil facilitate the formation of well crystalline Fe(hydr)oxides (Cornell et al. 1989). 

In Study 1 an RDA was calculated to 

investigate the relationship between 

P speciation determined by XANES 

and biological parameters involved in 

biological P weathering and organic P 

recycling. Independent variables in 

the RDA, thus, were P species and 

explaining variables were oxalic−, 

malic−, citric acid, Cmic (MBC), 

maximal phosphatase activity (Vmax), 

and phosphatase half saturation 

constant (Km). The result of the RDA 

for the arid shrubland is presented as 

a biplot in Figure 1.3.3. The RDA 

revealed a strong correlation 

between hydroxyapatite and 

variscite, and LMWOA, indicating that 

organic acids are responsible to 

dissolve P minerals at this site (biological weathering). The importance of biological weathering 

at this site was corroborated by Study 3, 

where it was found that freshly assimilated 

C is allocated to fungi in places where 

crystalline P minerals (DCB-P) were present 

(Figure 2.4.5), suggesting that fungi play an 

important role in mineralizing those P 

forms. Only four out of 13 samples 

contained organic P. When present, organic 

P was between 10% and 32% of total P. This 

points to substantial accumulations of 

organic P at some places, while at other 

places it is completely absent. This might be 

due to spatial heterogeneity of microbial 

activity and P mineralization (Kuzyakov and 

Figure 1.3.2: P 
sorption kinetics 
(lower subfigure) 
and explaining 
variables of P 
sorption (upper 
subfigure) in the 
arid shrubland.    
The y−axis of the 
sorption kinetics 
figure shows the 
ratio of 

radioactivity 
remaining in soil 
solution after a 
given time to the 
total added 

radioactivity. 
Thus, high values 
indicate low 
sorption capacity 
(sorptivity) of the 
soil. Sorption 

explaining 
variables are 
shown as relative 
values (relative to 
the highest value 
of the respective 
variable along the 
ecosequence). 

 

 
Figure 1.3.3: Biplot of the RDA for the arid shrubland, 
relating P speciation to biological parameters of P 
weathering and P recycling. The data are presented in 
type II scaling, the angles between the arrows can be 
interpreted in terms of correlation strength between 
variables. 
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Blagodatskaya 2015). Study 3 showed that the addition of labile organic C increased Pmic and 

the uptake of sorbed inorganic P over two days (Figure 1.3.4). At later timepoints, uptake of 

sorbed inorganic P fell below control level, while Pmic remained high. This suggests that, after 

labile C has boosted microbial activity (confirmed by the elevated CO2 release, Figure: S 2.3.3), 

the microbial community switches back to the P sources that are preferentially utilized under 

conditions of scarce labile C. It was not possible to disentangle the individual contributions of 

primary and organic P to microbial P nutrition in this case, but it cannot be excluded, that 

hotspots of fast organic P mineralization occur when environmental conditions are favorable, 

e.g., water and labile C are available. In Study 4 it was shown that phosphatase activity, and 

hence organic P turnover, is strongly C limited in the arid shrubland. This provides a convincing 

explanation for the highly heterogeneous distribution of organic P by two mechanisms. On the 

one hand, organic P is accumulated at sites with high biological activity. On the other hand, 

organic P is utilized when water supply and C availability allow organic matter degradation, but 

retained when spatially separated from such hotspots of microbial activity (Kuzyakov and 

Blagodatskaya 2015). These two processes do not necessarily have to occur at the same sites. 

Thus, heterogeneous accumulation of organic P is amplified by selective degradation at sites 

where conditions are favorable for microbial P mineralization. With field labeling experiment 

(Study 3) it was found that 13C enrichment in bacteria and fungi, was highest immediately after 

labeling (1 day, Figure 2.4.3), pointing to a fast transfer of freshly assimilated C to the microbial 

community and, therefore, a tight temporal coupling of root exudates and microbial activity 

(Spohn et al. 2013). Microorganisms in the rhizosphere are main drivers of nutrient 

mineralization in soil (e.g. Marschner and Marschner 2012; Kuzyakov and Blagodatskaya 2015). 

Therefore, a tight coupling of root exudation and microbial activity indicates that the 

mineralization of organic nutrients is closely linked in time to the availability of root C. 

A general conclusion for the arid shrubland ecosystem is that inorganic P species are the most 

important P source under this climate. It has been shown that biological weathering by LMWOA 

is an important process in this ecosystem. Although it seems that in some microenvironments, 

mineralization of organic P is a relevant process when abiotic conditions allow for organic 

matter degradation. 
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1.3.2. P cycling in the humid−temperate forest 

In the humid−temperate forest soils and saprolite, no primary P minerals (Ca−P) were found 

based on the XANES analysis. All P in the soil and the upper part of the weathered bedrock had 

been transformed to secondary forms associated with Fe and Al or organic compounds. Soil 

pH in the humid−temperate forest (pH 4.5) favored the sorption of P to Fe− and Al−(hydr)oxides 

(Schlesinger and Bernhardt 2020), which was reflected by the low abundance of P precipitated 

with Al− and Fe− at this site (Study 1, Figure 1.3.5). The predominance of Al−P over Fe−P was 

corroborated by the higher content of NH4−P than DCB−P (Study 3, Figure 2.4.1) (Prietzel 2017). 

In line with these results, the P sorption capacity of the soil was very high, with up to 98% of 

added P sorbed within 100 min (Study 2, Figure 1.3.6 ). 

This indicated a low mobility of inorganic P which may be a result of the formation of Al−humus 

complexes (Takahashi und Dahlgren 2016), possibly favored by volcanic ashes (i.e., imogolite, 

allophane). The high sorption capacity coincided with a high clay content at the 

humid−temperate forest (Figure 1.3.6). However, although the clay content in the B horizon was 

lower than in the A horizon, the sorption capacity did not differ between the two horizons (Figure 

1.3.6). This might result from a higher content of negatively charged organic compounds, 

occupying binding sites in the A horizon (Warrinnier et al. 2019). In Study 2 it was shown, that 

Figure 1.3.4: Microbial 
inorganic P uptake under 
steady state conditions 
(red markers) and under 
the addition of glucose 
(blue markers) in the arid 

shrubland, 
Mediterranean 

woodland, and 
humid−temperate 

forest. Significant 
differences between 
treatments are indicated 
by an asterisk (p<0.05). 
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the amount of P which can be released to the soil solution within one minute was highest for 

the B horizon of the humid−temperate forest, suggesting a good supply of P to the soil solution 

for plants and microbial uptake (Figure: S 2.3.2, Bünemann et al. 2007). 

However, the calculation assumes that the sorption of P to the soil solid phase is a reversible 

process. It is highly questionable whether this assumption is met for the humid−temperate 

forest soil. Rather, it can be expected that P desorption from the soil solid phase shows a 

hysteresis effect with regard to the adsorption of P, i.e., not all the P adsorbed over a defined 

time is desorbable within the same period of time (Okajima et al. 1983).  

Kinetics of C allocation to bacteria and fungi (determined as 13C enrichment) in the 

humid−temperate forest were highest three days after labeling (Figure 2.4.3), indicating a rather 

slow release of photosynthetically fixed C as root exudates. The absolute incorporation of fresh 

root exudates into microorganisms, however, was low, i.e., at about the level of the highly 

water−limited arid shrubland (Figure 2.4.3). Also, microbial inorganic P uptake was not affected 

by glucose amendment (Figure 1.3.4). Hence, microbial P supply was not C limited (Study 3). 

Microbial activity (CO2 respiration, Figure: S 2.3.3) and abundance (Cmic content (named MBC in 

this figure), Figure 2.3.4) in the humid−temperate forest soil was high. Despite low utilization of 

fresh root exudates (Figure 2.4.3, Study 3) and inorganic P uptake (Figure 1.3.4 Study 2), the soil 

houses a thriving microbial community (as seen by highest Cmic among the three sites (named 

MBC in this table; Study 1 Table: S 2.2.8). Moreover, activity of acid phosphatase was highest  

Figure 1.3.5: P 
speciation in the 
humid−temperate forest 
as determined by 
XANES spectroscopy.  
Samples from north 
facing profiles are 
depicted as circles, from 
south facing profiles as 
diamonds. 
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in the humid−temperate forest, 

compared to the other sites (Figure 

2.5.3) and the high availability of C 

compounds likely induced nutrient 

limitation (N and P, Study 4) in 

microorganisms. At the same time, 

organic P was the second largest P 

pool (Figure 1.3.5) and is likely to be 

recycled within plants. This was 

corroborated by Oeser and 

Blanckenburg (2020) who found a 

recycling factor of 30 for P at this site 

(compared to 5 and 9 in the arid, 

shrubland and the Mediterranean 

woodland, respectively), which means 

that a P atom that enters the biological 

cycle is on average recycled 30 times 

within the soil plant system before it is 

lost by erosion or leaching. LMWOA did not correlate with inorganic P species at this site but 

with enzyme kinetics and Cmic (MBC; ) and are therefore likely involved in the mobilization of 

organic P for subsequent enzymatic degradation. The ability of organic acids, especially citric 

acid, to liberate organic P for enzymatic attack 

(Wei et al. 2010) seems to play a major role for 

P cycling in the humid−temperate forest. 

P nutrition in the humid temperate forest is 

based on recycling of organic P. LMWOA 

mobilize organic P and thereby foster P 

mineralization. In summary, plants in this 

ecosystem benefit from an active microbial 

community, which does not directly depend on 

root exudates, as nutrients are mineralized and 

provided for plant uptake by bacteria and fungi. 

Figure 1.3.6: P 
sorption kinetics 
(lower subfigure) 
and explaining 
variables of P 
sorption (upper 
subfigure) in the 
humid-temperate 
forest. The y−axis 
of the sorption 
kinetics figure 
shows the ratio of 
radioactivity 
remaining in soil 
solution after a 
given time to the 
total added 
radioactivity. 
Thus, high values 
indicate low 
sorption capacity 
(sorptivity) of the 
soil. Sorption 
explaining 
variables are 
shown as relative 
values (relative to 
the highest value 
of the respective 
variable along the 
ecosequence). 

Figure 1.3.7: Biplot of the RDA for the 
humid−temperate forest, relating P speciation to 
biological parameters of P weathering and P recycling. 
The data are presented in type II scaling, the angles 
between the arrows can be interpreted in terms of 
correlation strength between variables. 
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1.3.3. P cycling in the Mediterranean woodland 

Primary P (hydroxyapatite) was the dominant P species in the Mediterranean woodland soil, 

where it was highest in the saprolite and decreased towards the topsoil (Figure 1.3.8). Primary 

P in the topsoil was not detected close to roots (0−2 mm) but accounted for up to 24% in bulk 

soil (4−6 mm distance to roots). Secondary inorganic P was largely precipitated in Fe− and 

Al−(hydr)oxides and accounted for up to 56% of total P. The content varied greatly among the 

samples and was even absent in some topsoil samples. P sorbed to short−range−order Fe− 

and Al−(hydr)oxides was only found in 6 out of 15 samples and was also highly variable in 

amount. In accordance with the low content of sorbed P species, the sorption capacity for 

inorganic P in the soil was low (Sanyal and Datta 1991). Fe−speciation data from Moessbauer 

spectroscopy in Study 2 also indicated a low sorption capacity, as most Fe was bound in 

silicates. The B horizon had slightly higher ferrihydrite contents and, consequently, a higher P 

sorption capacity than the A horizon (Figure 1.3.9). 

Organic P was highest in the topsoil and accounted for up to 74% of total P. Regarding 

rhizogradients, organic P was highest in root proximity in the topsoil and strongly declined 

towards the bulk soil, corroborating high P turnover in root vicinity (Figure 1.3.8). The RDA 

exploring the relationship between P speciation (independent variables), organic acid contents 

and phosphatase activity (explained variables, Study 1, Figure 1.3.10), showed a strong 

Figure 1.3.8: P 
speciation in the 

Mediterranean 
woodland as 
determined by XANES 
spectroscopy.  Samples 
from north facing 
profiles are depicted as 
circles, from south 
facing profiles as 
diamonds. 
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correlation of organic P with oxalic acid, phosphatase kinetic parameters, and Cmic. Moreover, 

the arrows representing these variables overlapped mainly with topsoil samples in the biplot. 

This indicated that organic acids in the topsoil of the Mediterranean woodland were involved in 

the recycling of organic P. 

Allocation of plant−derived 13C to 

organic acids was at a similar level as 

in the humid−temperate forest, but 

the kinetics were slower with highest 

amounts of 13C in free LMWOAs two 

weeks after labeling (Study 3; Figure 

2.4.4). The tracer enrichment in roots 

followed a similar pattern, indicating 

that non−sorbed LMWOA were of 

plant origin (Figure 2.4.3). However, 

13C in sorbed oxalic acid showed the 

same pattern as 13C in fungi (Figure 

2.4.3 and Figure 2.4.4). A PCA with 

supplementary variables (PCA on 13C 

enrichment in roots, bacteria, and 

fungi; operational P pools as 

supplementary variables: H2O-P, 

NaHCO3-P, NH4−P, DCB−P) revealed 

that 13C allocation to sorbed LMWOA and fungi was closely correlated with DCB−extractable P 

(Figure 2.4.5). Hence, sorbed oxalic acid exudated by fungi appears to be responsible for the 

dissolution of crystalline P minerals in the Mediterranean woodland soils and, thus, an important 

agent for mineral P weathering. Moreover, the RDA (Figure 1.3.10) emphasized the ambiguous 

role of LMWOA in this ecosystem as it showed a strong correlation of citric and malic acid with 

Fe−, Al−P and Ca−P. Consequently, LMWOA seem to support P recycling in the topsoil and 

contribute to mineral weathering in the subsoil. Precipitated P species are likely to be an 

important P source for plants and microorganisms in the Mediterranean woodland. This is 

because the easily bioavailable inorganic P pool (H2O-P + NaHCO3-P) and organic P (except for 

the soil’s thin A horizon) were small. Moreover, the sorption capacity for P was low (Figure 

1.3.9). Nevertheless, microbial uptake of sorbed inorganic P is high (Study 2; Figure 1.3.4). 

Microbial inorganic P uptake was improved when glucose was added, indicating that despite 

low P availability, the microbial community is C, and not P limited. The C limitation was validated 

Figure 1.3.9: P 
sorption kinetics 
(lower subfigure) 
and explaining 
variables of P 
sorption (upper 
subfigure) in the 

Mediterranean 
woodland. The 
y−axis of the 
sorption kinetics 
figure shows the 
ratio of radioactivity 
remaining in soil 
solution after a 
given time to the 
total added 
radioactivity. Thus, 
high values indicate 
low sorption 
capacity (sorptivity) 
of the soil. Sorption 
explaining variables 
are shown as 
relative values 
(relative to the 
highest value of the 
respective variable 
along the 
ecosequence). 
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by the acid phosphatase maximal activity, 

which was higher close to roots and in the 

topsoil (high C availability) than in bulk soil, 

subsoil or saprolite (low C availability) 

(Figure 2.5.5 and Figure 2.5.6). These 

findings confirm that the system is C 

limited, likely due to high denudational 

losses  and erosion rates (Schaller et al. 

2018; van Dongen et al. 2019; Oeser and 

Blanckenburg 2020). 

Conclusively it was found that LMWOA in 

the Mediterranean woodland are involved 

in both, biological P weathering and P 

recycling. It is likely that mineral P species are of great importance for biotas’ P nutrition as 

losses expected to be high and only a thin A horizon exists where organic P accumulates. 

Microbial activity was limited by the availability of labile C, as well indicating a low relevance of 

nutrients from organic matter mineralization. 

  

 
Figure 1.3.10: Biplot of the RDA for the Mediterranean 
woodland relating P speciation to biological parameters of P 
weathering and P recycling. The data are presented in type II 
scaling, the angles between the arrows can be interpreted in 
terms of correlation strength. 
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1.4. Synthesis and Conclusion 

In Table 1.4.1 summarizes the research aims addressed in the four studies of this work and the 

main conclusion that were drawn from the studies. 

Table 1.4.1: Summary of the four studies: research aims and main conclusion. 

Study I: From rock eating to vegetarian ecosystems — Disentangling processes of 

phosphorus acquisition across biomes 

Research aim: Determine plant P acquisition strategies across three dimensions; along a sequence of 
ecosystems (aridity gradient); from the rhizosphere to bulk soil (C−input gradient); with soil 
profile depth (expected P availability gradient) 

Conclusions: The P acquisition strategy shifts across biomes from mineral weathering in arid conditions to 
recycling of organic phosphorus under a temperate climate 

LMWOAs exuded by roots induce biochemical weathering of P minerals under dry climate, but 
support organic phosphorus mobilization under humid climate. 

Study 2: Microbial mobilization and utilization of sorbed inorganic phosphorus in soils of granodioritic origin formed under 
hyperarid to humid−temperate climate 

Research aim: Determine soil sorption strength for inorganic P along an aridity gradient. 

Quantify microbial uptake of sorbed inorganic P from the soil solid phase along an aridity 
gradient. 

Determine how labile root−derived carbon affects microbial P uptake. 

Conclusions: P sorption follows a unimodal distribution with strong sorption in the hyperarid desert (driven by 
accumulation of CaCO3) and the humid−temperate forest (due to a high clay content and 
accumulation of Al−humus complexes). 

Microbial inorganic P uptake is highest in the Mediterranean woodland; P utilization is limited by 
the availability of labile C at this site. 

Organic P is preferred over sorbed inorganic P by microorganisms in the humid−temperate 
forest. Moreover, microbial activity is decoupled from the input of labile C but is likely P limited. 

Study 3: Plant allocation of freshly assimilated C to roots, microorganisms, and weathering agents along an aridity gradient 
depends on prevailing P forms 

Research aim: Determine belowground allocation of freshly assimilated C into P weathering agents, microbial 
functional groups, and roots. 

Characterize P availability by sequential extraction. 

Relate P availability to the amount of C incorporated in roots, microorganisms, and weathering 
agents. 

Conclusions: Bioavailable P is highest in the humid−temperate forest. The arid shrubland and Mediterranean 
woodland have equal ammounts of bioavailable and hardly−bioavailable P. 

Allocation of recently fixed plant C to LMWOA is similarly high in the Mediterranean woodland 
and humid−temperate forest soils but low in the arid shrubland soils. 

C allocation to oxalic acid is an indicator for biological weathering of precipitated and sorbed 
inorganic P in the Mediterranean woodland and arid shrubland. 

P mobilization in the Mediterranean woodland and the arid shrubland soils is dominated by 
roots and fungi. 

Study 4: Environmental drivers and stoichiometric constraints on enzyme activities in soils from rhizosphere to continental 
scale 

Research aim: Determine activities of extracellular enzymes involved in C, N, and P cycling across scales: 
ecosequence (water availability gradient), depth profile (nutrient availability gradient), 
rhizosphere/bulk soil (C input gradient). 

Effects of substrate availability and stoichiometric constraints on enzyme activities. 

Conclusions: Maximal activity of C, N, and P acquring enzymes in soils increases with increasing mean 
annual precipitation. 

Maximal activity of C, N, and P acquring enzymes decreases with soil depth. 

Maximal activity of C, N, and P acquring enzymes decreases from rhizosphere to bulk soil. 

Maximal activity of N and P acquiring enzymes is controlled by nutrient limitation. 

Nutrient limitation is induced by input of labile C (primarily in the rhizosphere and topsoil). 
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Much is known about the effect of time (e.g. Walker and Syers 1976; Crews et al. 1995; Chen et 

al. 2015) and climate on P forms in soil (e.g. Feng et al. 2016; Ippolito et al. 2010; Hou et al. 

2018a). The effect of climate determined by earlier studies in fact is a mixed effect of climate 

and biota on soil P speciation and cycling. To which extent biota control P speciation and soil P 

cycling, however, was never systematically investigated. The inherent problem of disentangling 

the effect of biota on soil P cycling from that of climate, is that biota is directly dependent on 

climate. This makes it impossible to change one parameter while keeping the other constant. 

This problem could not be overcome by this study, nevertheless, some conclusions about the 

strength of either parameter on P cycling can be drawn. 

For further studies it remains to quantify the rates of P transformation that are solely caused 

by biological activity. It would also be of great importance to disentangle the contributions of 

plants, bacteria, and fungi to P mobilization under different climatic conditions. This would 

support to improve our understanding of the P cycle in natural ecosystems and could also 

contribute to the development of strategies to improve P nutrition of crops. 

1.4.1. Integration of P cycling processes across the ecosystem gradient 

Figure 1.4.1 shows a compilation of the outcomes of this work. As stated in Hypothesis 1, 

primary P in soil declined along the climatic gradient from the arid shrubland to the 

humid−temperate forest. At the same time, organic P increased, reflecting increased biological 

activity and, therefore, the conversion of primary into organic P. Secondary pedogenic Fe− and 

Al−P minerals occurred mainly in precipitated forms in the arid shrubland soils. With decreasing 

aridity, the proportion of P sorbed to Fe− and Al−P increased, most likely favored by the more 

advanced formation of pedogenic Fe- and Al-(hydr)oxides (sorption sites for P). P speciation 

along the ecosequence indicated that the arid shrubland and Mediterranean woodland 

ecosystems are still in an early state of pedogenic P transformation, both sites still contain 

primary P, while the humid−temperate forest soils are deeply weathered and depleted in primary 

P. 

By relating amounts and 13C incorporation in LMWOA, acid phosphatase activity and Cmic to the 

chemical P speciation along the ecosequence, LMWOA were shown to function as biological 

weathering agents in the arid shrubland ecosystem, whereas in the humid−temperate forest 

LMWOA are predominantly involved in organic P recycling. In the Mediterranean woodland the 

data suggest that LMWOA are involved in both processes, mineral weathering in the subsoil and 

organic P recycling in the topsoil. It is known that LMWOA can facilitate mineral weathering (e.g. 

Jones 1998; Hinsinger 2001; Dechassa and Schenk 2004) but also mobilize organic P for 
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subsequent enzymatic degradation (e.g. Giles et al. 2012; Wei et al. 2010). With respect to 

Hypothesis 2 it must be concluded that biological weathering was likely to be highest in the 

Mediterranean woodland. Hence P speciation determines whether LMWOA act as biological 

weathering agents or facilitate enzymatic degradation of organic P (Figure 1.4.1). If LMWOA are 

involved in mineral weathering, they themselves exert an influence on P speciation by aiding in 

the dissolution of mineral inorganic P species and initiating P transformation (centuries to 

millennia). This, in turn means, that climate and biota determine P cycling mechanisms in soil 

on a centennial to millennial scale. Since climate not only sets the abiotic conditions for mineral 

weathering and erosion, but also determines net primary productivity through solar radiation, 

temperature, precipitation, etc., it is concluded that the rate of P transformation in soil is mainly 

determined by climate. However, it is left to biota what mechanisms are at play to mobilize the 

P sources present in soil. This was demonstrated in the arid shrubland soils. Under conditions 

of low C availability microorganisms utilized primary- and/or organic P. When the C limitation 

of microorganisms was alleviated by the addition of glucose, microorganisms began to utilize 

the sorbed inorganic P pool. 

Hypothesis 3 addressed the question whether microbial P uptake is limited by the availability of 

labile C. It was shown that microorganisms depend strongly on easily available C (i.e., root 

exudates) to maintain inorganic P uptake in the arid shrubland and Mediterranean woodland 

soils. The addition of labile C in the incubation study enhanced microbial inorganic P uptake in 

these ecosystems. Also, 13C incorporation in oxalic acid in the arid shrubland and Mediterranean 

woodland ecosystems correlated with well−crystallized P minerals and 13C incorporation in 

fungi. In the humid−temperate forest, however, microbial uptake of sorbed inorganic P is 

decoupled from the input of readily available C, probably due to the rich reservoir of C 

compounds in the soil. It was therefore concluded that microbial P uptake under arid shrubland 

and Mediterranean woodland is C limited. 
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Figure 1.4.1: Conceptual figure of the whole ecosystem gradient. Relevant processes of P cycling in soil are 
schematically depicted. 

It was demonstrated that climatic conditions determine the P speciation in soil and that biota 

react to these conditions, by adapting P cycling mechanisms. It can be assumed that adaptation 

to changing conditions occurs more readily in less developed soils, where most of the P is in 

primary and precipitated secondary P forms. With higher proportions of organic P in soil the 

recycling mechanisms probably become more specific and alternative P sources exploited. This 

is valuable information to predict the P availability in ecosystems under climate change. 

However, it was shown that P sorption and C limitation of P microbial P mobilization are not 

linearly correlated with aridity. It is, therefore, likely, that under changing climate ecosystems 

will reach tipping points where established P cycling mechanisms fail. To ensure P nutrition of 

ecosystems, it is crucial how fast climate change occurs so that ecosystems can adapt to new 

conditions and adjust P cycling mechanisms. Climate change is projected to change the annual 

distribution of precipitation and increase precipitation variability (IPCC 2014). For the regions 

investigated in this study a reduction in MAP of >50% is predicted within the next 50 years, with 
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greatest reductions in the southern study sites (Garreaud 2011; IPCC 2007). This will reduce 

soil moisture and consequently lead to a limitation of enzymatic nutrient mineralization. It is 

likely, that the most developed ecosystems with the highest contents of organic P but depleted 

mineral P stocks will suffer greatest from more arid conditions. 
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2.2.1. Abstract 

Low−molecular−weight organic acids (LMWOAs) are crucial for the mobilization and 

acquisition of mineral phosphorus by plants. However, the role of LMWOAs in mobilizing 

organic phosphorus, which is the predominant phosphorus form in at least half of the world's 

ecosystems, especially in humid climates, is unclear. The mechanisms of phosphorus 

mobilization by LMWOAs depend on climate, mainly precipitation, and shape the phosphorus 

nutrition strategies of plants. 

We disentangled the impact of roots and associated microorganisms on mechanisms of 

phosphorus cycling mediated by LMWOAs by studying soils along an ecosystem−sequence 

(ecosequence): from arid shrubland (~70 mm yr−1), and Mediterranean woodland 

(~370 mm yr−1) to humid−temperate forest (~1470 mm yr−1). Phosphorus speciation in soil 

was examined by X−ray absorption near edge structure analysis (XANES). LMWOAs were 

quantified as biological rock−weathering and organic phosphorus mobilization agents and 

compared with kinetics of acid phosphatase as a proxy for organic phosphorus mineralization. 

Calcium−bound phosphorus in topsoils decreased from 126 mg kg−1 in the arid shrubland, to 

19 mg kg− 1 in the Mediterranean woodland and was undetectable in the humid−temperate 

forest. In contrast, organic phosphorus in topsoils in close root proximity (0−2 mm distance to 

roots) was absent in the arid shrubland but raised to 220 mg kg−1 in the Mediterranean 

woodland and to 291 mg kg− 1 in the humid−temperate forest. The organic phosphorus content 

in topsoils was 1.6 to 2.4 times higher in close root proximity (0−2 mm distance to roots) 

compared to bulk soil (4−6 mm distance to roots) in the Mediterranean woodland and 

humid−temperate forest, showing intensive phosphorus bioaccumulation in the rhizosphere. 

Redundancy analysis (RDA) revealed that LMWOAs were explained by the content of 

hydroxyapatite and variscite phosphorus−species in the arid shrubland, indicating that 

LMWOAs contribute to mineral weathering in this soil. LMWOA contents, phosphatase activity, 

and microbial biomass carbon correlated strongly with organic phosphorus in the 

humid−temperate forest soil, which implies a high relevance of LMWOAs for organic 

phosphorus recycling. In the Mediterranean woodland soil, however, oxalic acid correlated with 

organic phosphorus in the topsoil (suggesting phosphorus recycling), whereas in the subsoil 

malic and citric acid were correlated with primary and secondary phosphorus minerals 

(implying mineral weathering). We conclude that phosphorus acquisition and cycling depend 

strongly on climate and that the functions of LMWOAs in the rhizosphere change fundamentally 

along the precipitation gradient. In the arid shrubland LMWOAs facilitate biochemical 
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weathering (rock eating), while in the humid−temperate forest their functions change towards 

supporting organic phosphorus recycling (vegetarian). 

Keywords: rhizosphere processes; phosphorus K−edge−XANES spectroscopy; 

low−molecular−weight organic substances; organic phosphorus breakdown; biogenic 

weathering; climate gradient 

Conceptual Figure: 

 

Figure 2.2.1: Conceptual Figure for study 1. 

2.2.2. Introduction 

Chemical and physical weathering depend on climate and have a strong control over plant’s 

phosphorus (P) accessibility. In general, apatite weathering is strongly driven by water 

availability (Maher, 2010). Phosphate (H2PO4
−, HPO4

2−, and PO4
3−) concentrations in soil solution 

are low and constantly have to be replenished from undissolved pools to sustain plant’s P 

demands (Kirkby and Johnston, 2008). Beyond abiotic dissolution by water, plants and 

associated microorganisms modify biochemical conditions in the rhizosphere (Kuzyakov and 

Razavi, 2019), e.g. by the exudation of low−molecular−weight organic acids (LMWOAs) and 

simultaneous release of protons. Thereby, plants and microorganisms enhance mineral 

weathering (biochemical weathering) in root proximity and the mobilization of scarce nutrients, 

but also facilitate the uptake of organic P. 

There are three mechanisms by which LMWOAs enhance the dissolution of P minerals. (1) The 

exudation of organic anions, associated with the exudation of a proton as counterion, lowers 

rhizosphere pH (Ma et al., 2019) and, subsequently, leads to the dissolution of 

calcium−phosphates (Ca−P). (2) Organic anions chelate bi− and trivalent cations and decrease 
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the concentration of iron (Fe3+), aluminum (Al2+), and calcium (Ca2+) in soil solution (Jones, 

1998). This process forces the dissolution of Ca−, Fe− and Al−P and hampers phosphate 

precipitation. (3) Organic anions block sorption sites, especially at sesquioxides, and desorb 

phosphate ions (Hinsinger, 2001 ⁠; Jones, 1998⁠; Jones and Darrah, 1994). Several authors have 

reported that LMWOAs are also capable of organic P mobilization (Giles et al., 2014 ⁠; Lan et al., 

1995), especially citric acid was demonstrated to be highly effective in liberating organic P 

species in tropical natural and plantation soils (Wei et al., 2010). Because sorption of organic P 

species to metal ions occurs analogous to that of free phosphates, it was suggested that the 

liberating mechanisms are similar (Wei et al., 2010). LMWOAs could on the one hand serve to 

desorb organic P, exposing it to enzymatic attack, and on the other hand hamper the 

precipitation of liberated P by keeping Fe and Al concentrations in the soil solution low. Different 

LMWOAs are differently effective in dissolving the various P forms in soils. Johnson and 

Loeppert (2006) showed that citrate is the most effective LMWOA in desorbing P from Fe 

surfaces. This is likely due to its tricarboxylic structure and the ability to complex trivalent metal 

cations. On the other hand, oxalate is most effective in releasing P from Ca−phosphates (Jones, 

1998). The effect of malate was only tested in mixtures with other organic acids and never for 

this acid alone (e.g., Fox et al., 1990). 

To date it is unclear how crucial LMWOAs are for biochemical weathering (Jones, 1998⁠; 

López−Arredondo et al., 2014 ⁠; Ryan et al., 2001). Furthermore, there are only few data on the 

concentrations of LMWOAs in soil under field conditions. It was demonstrated that oxalate at 

concentrations of about 1 mM effectively dissolves feldspars in a batch experiment (Hinsinger, 

2001). However, LMWOAs’ concentrations in bulk soil in most cases are lower than the 

concentrations used in batch experiments to dissolve pure minerals (Neaman et al., 2006). 

Nevertheless, concentrations in some microenvironments such as the rhizosphere, can exceed 

by far those in bulk soil (Drever, 1994⁠; Neaman et al., 2006). 

It has repeatedly been shown that P starvation enhances the exudation of LMWOA by roots 

(Hedley et al., 1982⁠; Kirk et al., 1999⁠; Lipton et al., 1987). More specifically, citric acid exudation 

was high under P deficiency in rhizosphere soil under cabbage, but not in rhizosphere soil under 

carrot and potato (Dechassa and Schenk, 2004). A study by Gaume et al. (2001) comparing a 

low−P resistant maize (Zea mays L.) cultivar with a non−low−P resistant breed showed that the 

ability to exude organic acids in response to P deficiency can vary even among genotypes of 

the same species. 

Several studies that investigated the change in P speciation along climosequences conclude 

that climate, mediated by vegetation, is the main driver of apatite transformation to secondary 
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Fe− and Al−phosphates, phosphates adsorbed to sesquioxides, and organic P (Feng et al., 2016⁠; 

Ippolito et al., 2010⁠; Pinheiro Junior et al., 2019). Precipitation is particularly important because 

the addition of water with low ion concentrations (P, Fe, Al, Ca) to the soil solution promotes the 

abiotic dissolution of P minerals and desorption of P due to concentration gradients. Ippolito et 

al. (2010) found that the loss of Ca−P from soil was related to mean annual precipitation (MAP) 

and explained this by the loss of Ca. On the other hand, Walker and Syers (1976) postulate 

highest P leaching rates at the beginning of pedogenesis. This implies that MAP needs to 

exceed a certain threshold for P leaching to occur, but weathering and soil mineral composition 

has to be in a state where P retention by sesquioxides is still low. 

It is widely understood that different ecosystems have contrasting strategies to acquire 

nutrients. Moreover, it has been demonstrated that during ecosystem development a change 

from acquisition to recycling of nutrients within an ecosystem often occurs via a transition of 

the plant community from short living individuals to a more complex, interacting community 

(Lambers et al., 2008⁠; Odum, 1969). Under arid conditions P must largely be acquired from the 

parent material, because low primary productivity transforms only a small amount of mineral P 

to organic P. Moreover, physical- and chemical weathering, but also enzymatic processes, are 

restricted by water limitation under arid and semiarid climate for most of the time. In periods 

when water is available, it is mandatory for plants to accelerate mineral weathering by the 

production of weathering agents (Banfield et al., 1999; Lenton and Watson, 2004). Recycling of 

organic P becomes increasingly important with increasing humidity of the climate, as it can help 

to prevent leaching and associated P−losses caused by precipitation (Feng et al., 2016; Hou et 

al., 2018). Moreover, humid climates are correlated with high primary productivity and thus a 

higher proportion of P is bound in the organic pool as compared to arid ecosystems (Feng et 

al., 2016). The amount of total P decreases with proceeding soil development (Turner et al., 

2018⁠; Yang and Post, 2011 Walker and Syers, 1976). At the same time the proportion of P 

occluded in organomineral-complexes was highest in the most weathered soils (Yang and Post, 

2011). Lang et al. (2017) indicate that deeply weathered humid ecosystems intensively recycle 

P within the organic pool, rather than acquiring it from the parent material. 

We address the concept of acquiring versus recycling ecosystems (Lang et al., 2017) and 

propose that the P−source preferred by the ecosystems depends on mean annual precipitation, 

as driver of the biotas’ productivity and, thus, P demand. We hypothesize that (1) under arid 

climate LMWOAs facilitate the dissolution of primary P species (weathering), with partial 

re−precipitation of the P as secondary inorganic P minerals. (2) In soils under humid conditions, 

we expect LMWOAs to support recycling of organic P species, induced by a high risk for P losses 
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by precipitation. This would indicate a high importance of nutrient recycling under humid 

conditions because suggested weathering rates are too low to provide sufficient P to the 

ecosystems’ biota. This is supported by a study of Oeser and Blanckenburg (2020), who 

examined the same study sites, and found no increase in weathering depths with increasing 

precipitation. At the same time, net primary productivity, and thus, P demand along the 

ecosequence increased strongly from arid to humid ecosystems (Werner et al., 2018). 
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2.2.3. Material and Methods 

Experimental sites 

We focused on three study sites that represent a gradient across biomes (ecosequence) and 

extend from 29 ° to 38 ° of southern latitude. They are located along the Coastal Cordillera of 

Chile, and all soils have developed from granodioritic parent material. Mean annual precipitation 

(MAP) increases from 66 mm yr−1 to 1469 mm yr−1 and mean annual temperature (MAT) 

decreases from 13.7 °C to 6.6 °C, from north to south (Fick and Hijmans, 2017) (Table 2.2.1). 

The study sites comprise an ecosequence from arid shrubland (Reserva Nacional Santa Gracia) 

in the north to Mediterranean woodland (Parque Nacional La Campana) and humid−temperate 

forest (Parque Nacional Nahuelbuta) in the most southern site. Important site specifics are 

shown in Table 2.2.1. For a comprehensive description of vegetation, soils and geology see 

Bernhard et al. (2018b) and Oeser et al. (2018). 

Soil sampling and sample preparation 

Soil sampling was done in austral summer 2016. At each site samples were taken from three 

soil pits on a south−facing slope, arranged as a catena (top−, mid−, and toe−slope), and one 

soil pit at the opposing north−facing slope (mid−slope) (Bernhard et al., 2018b). Soil pits were 

sampled at three depths. To compare sites and profiles among each other, depth increments 

were determined in percent of the total soil depth; with 100% defined as the boundary of soil to 

saprolite. Samples were taken from 0−50% (‘topsoil’), 50−100% of soil depth (‘subsoil’), and 

>100% (‘saprolite’). For absolute sampling depths in each soil pit see Table 2.2.1. To obtain a 

gradient from rhizosphere to bulk soil, samples were taken at three distances (0−2 mm, 

2−4 mm, 4−6 mm) from root channels of young living roots. The 0−2 mm and 2−4 mm distance 

increments were defined as rhizosphere soil, the distance 4−6 mm was considered as bulk soil. 

Due to the coarse texture of the parent material in the arid shrubland saprolite, it was not 

possible to accurately sample increments of two millimeters. Therefore, only distance 

increments 0−2 mm and 4−6 mm were sampled. Roots were found in all sampled horizons, but 

in different abundances. Rooting density decreased with increasing soil depth and increased 

with increasing MAP. For more details about the rooting density and pictures of the soil pits the 

reader is referred to Oeser et al. (2018). We did not distinguish roots on species level but 

sampled an average of all roots occurring in the respective soil pit and depth. Roots with a 

diameter of ≤ 2 mm were considered as young roots. To confirm that the sampled roots were 

still active, we removed the root bark to observe if the underlying tissues was moist, hence, 

transporting water. 
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All analyses were run in all three depth increments for south−facing slopes (with mentioned 

exception for the arid shrubland ecosystem) and depth increments 0−50% (e.g., topsoil) and 

>100% (e.g., saprolite) for north facing slopes. We aliquoted the samples and immediately froze 

and stored the samples meant for DNA analyses and LMWOA measurement at −20 °C. Samples 

for X−ray absorption near edge structure (XANES) analysis were dried and ball milled at 200 rpm 

for 2 min. Gravimetric water content was measured by drying the samples at 105 °C until weight 

constancy. Total P content was determined by pressure digestion with HNO3 (König et al., 

2014). Briefly, samples (100 mg) were placed into Teflon beakers and 2 ml of 65 % HNO3 were 

added. Beakers were tightly closed and heated to 190 °C for 12 h. Subsequently, the extract was 

diluted with double distilled water (ultrapure) and analyzed on an inductively coupled 

plasma−optical emission spectrometer (ICP−OES) (Thermo Scientific iCap 6000 Series, 

Bremen, Germany). 

DNA content and phosphatase kinetics 

Total genomic DNA extraction for soil samples was performed using the FastDNA SPIN Kit for 

Soil (MP Biomedicals, Solon, USA) following the manufacturer's instructions. Samples of 

maximally 0.25 g were homogenized in three processing cycles with 2 min ice incubations 

between cycles. The extracted DNA was eluted in 80 µL sterile ultrapure water and quantified 

with a NanoDrop 2000C (Thermo Fisher Scientific, Bremen, Germany). Diluted DNA extracts 

were stored at −80°C until qPCR analyses. Bacterial and fungal DNA content was used to 

calculate microbial biomass carbon (MBC) in the samples by using a conversion factor of 5 

(Anderson and Martens, 2013). Besides DNA contents, kinetics of acid phosphatase, 

determined by Stock et al. (2019) from the same sample set, were included in the multivariate 

statistical approaches (see section “Statistical analysis”). To describe phosphatase kinetics 

from a Michaelis−Menten fit, the maximum phosphatase reaction rate Vmax and the 

half−saturation constant Km, were reported. Vmax represents the maximum enzyme activity at 

substrate saturation and Km the substrate concentration required for half−maximal activity.  

LMWOA extraction 

LMWOAs were extracted based on a method after Szmigielska et al. (1997), with modifications. 

LMWOAs were extracted with 0.5 M HCl in methanol (MeOH) with a soil to solution ratio of 1:1 

(v/v) by shaking for one hour. After centrifugation at 950 g for 15 min the supernatant was 

transferred to a reaction vessel and dried under a gentle stream of N2. For derivatization, 3 ml 

of MeOH and 300 µl of H2SO4 (50%) were added to the samples which then were placed in a 

heating block at 60 °C for 30 min. Analytes were purified by liquid−liquid extraction using 

chloroform (CHCl3) as final solvent. Samples were analyzed on a GC−MS (GC 7890A, MS 7000A 
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Series Triple Quad, Agilent Technologies, Waldbronn, Germany) with a capillary column 

(DB−FFAP, 30 m length, 1 µm film thickness, 0.25 mm diameter; Agilent Technologies, 

Waldbronn, Germany). Standard solutions contained the following organic acids: oxalic−, 

malonic−, fumaric−, succinic−, maleic−, malic− and citric acid (Table: S 2.2.1). Contents of 

LMWOAs were determined for three south−facing and one north−facing soil pit in each 

ecosystem, respectively. As organic acids as well as their anions are co−extracted by the 

presented approach, the abbreviation for LMWOAs refers to acids and their respective anions. 

P speciation by XANES P K−edge spectroscopy 

Spectra at the P K−edge were measured at the Beamline 8 of the electron storage ring (1.2 GeV; 

bending magnet; beam current: 80 – 150 mA; 1.1 to 1.7 x 1011 photons s–1) at the Synchrotron 

Light Research Institute (SLRI), Nakhon Ratchasima, Thailand (Klysubun et al., 2012). Air dried, 

milled samples were homogenized and applied to P free ‘Kapton tape’ (Lanmar Inc., Northbrook, 

IL, USA) (area 2.0 cm x 0.5 cm). Samples were measured in fluorescence mode. The chamber 

was flushed with He 2 min before, and during measurements. The energy of the X−ray beam 

was modulated by an InSb (111) double crystal monochromator, with an energy resolution 

(ΔE/E) of 3 x 10–4 (i.e., about 0.6 eV at the P K−edge). Energy calibration was done with 

elemental P powder (E0 = 2145.5 eV; precision 0.11 eV). Depending on the P content of the 

sample, 3 to 5 scans were recorded. 

Evaluation of the XANES spectra was done using the software R Version 3.4.3 (R Core Team, 

2017) and the LCF package for linear combination fitting (LCF) (Werner, 2017). Spectra of the 

samples were background corrected and edge−step normalized by allowing energy levels to 

float in a defined range. For the lower pre−edge point this was between −48 eV to −28 eV and 

for the upper pre−edge point between −18 eV to −8 eV, relative to E0, with energy steps of 1 eV. 

The post−edge energy was allowed to vary between 29 eV to 39 eV, energy steps of 0.5 eV, for 

the lower point and 60 eV to 70 eV, energy steps of 1 eV, for the upper point, relative to E0. All 

fits which deviated from 1 by less than 0.0005 were chosen and those with the lowest R values 

selected as to best fit the data. In a second step the optimized background correction and 

normalization parameters were used in the fit_athena environment of the LCF package (which 

uses the same algorithm as the Athena Software (Ravel and Newville, 2005)). The number of 

total standards allowed in the final fit was constrained to 4, the sum of weights of the standards 

was forced to one. If the second−best fit diverged from the best fit in at least one P species by 

more than five percent, out of these two fits, we selected the one that was most similar to the 

third−best fit. For the fitting process a total of 13 standards (Table 2.2.2) was selected 

(Gustafsson et al., 2020⁠; Prietzel et al., 2016). 
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The 13 P species used for the fitting procedure were summarized in six soil P classes: 

Ca−bound P (Ca−P), Fe− and Al−phosphates (Fe−P, Al−P), P adsorbed to Fe− and 

Al−oxyhydroxides (sorbFe−P, sorbAl−P), and organic P (Po). The Ca−P class contained the P 

species hydroxyapatite (HydAp), octacalciumphosphate (OCP) and brushite (BRU) as they 

represent the most important primary P mineral (HydAp) and secondary calcium−phosphates 

in these granodiorite−derived neutral to acidic soils. The Fe−P class consists only of a standard 

for short−range order Fe−phosphates (sroFe−P) (which was the only P standard available in the 

fitting that accounts for Fe−phosphates) while the Al−P class was composed of short−range 

order Al−phosphates (sroAl−P), and variscite (VAR). Both classes were included to account for 

secondary P minerals. The sorbFe−P compound class entailed P sorbed to ferrihydrite 

(adsP−FER), and P sorbed to goethite (adsP−GOE), whereas the sorbAl−P compound class 

consisted of P sorbed to Al saturated clay (adsP−Al_clay), P sorbed to Al−hydroxides 

(adsP−AlOH), P sorbed to boehmite (adsP−BOE), and P sorbed to Al saturated soil organic 

matter (SOM) (adsP−SOM). Po is represented by a standard of pure Inositol hexakisphosphate. 

An overview over P standards and how they were classified is given in Table 2.2.2. A total of 43 

samples were specifically chosen to cover gradients in three dimensions (climate, soil depth, 

and rhizosphere to bulk soil), and to be most representative for the respective site. Therefore, 

always the north− and south−facing mid−slope profiles from each site were analyzed. 

To be able to combine the P contents in the different distances to roots the ‘rhizosphere P per 

root length segment’ was calculated as total P content in a cylindrical shaped volume around 

roots with a length of 1 cm and an outer diameter of 8 mm. We assumed an average root 

thickness of 2 mm to calculate the volume of the cylinder, sheathing the roots, e.g., the cylinder 

volume in 0−2 mm root distance was calculated as the difference of a cylinder with a radius of 

4 mm minus a cylinder with a radius of 2 mm, and so forth. The total P content (in mg P per kg 

soil) and the content in the P compound classes, respectively, were multiplied by the bulk 

density (derived from Bernhard et al. (2018a)) and multiplied by the volume of the cylinder in 

the respective root distance (0−2 mm = 0.38 cm³, 2−4 mm = 0.63cm³, 4−6 mm = 0.88 cm³). 

Statistical analyses 

All statistical analyses were conducted using R Version 3.4.3 (R Core Team, 2017). Principal 

component analysis (PCA) was carried out by using the function prcomp() of the ‘stats’ package 

of R. Data from all soil pits were included and were normalized to a mean of zero and a standard 

deviation of one. Linear models for LMWOAs and P speciation, respectively, at each depth, and 

with root distance as explaining variable, where calculated using the lm() function, as well of the 

package ‘stats’. The linear model was fitted separately for north− and south−facing slopes. 
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Differences in all three LMWOAs, MBC, Vmax, Km, and P speciation with depth and between 

sites at one depth were also tested by a linear model. Pairwise comparison between the sites 

or depths was done by the function lsmeans() of the ‘lsmeans’ package (Lenth, 2016) with Tukey 

adjustment. The Redundancy analysis (RDA) was calculated by the rda() function of the 

package ‘vegan’ (Oksanen et al., 2018). An RDA was calculated separately for each site and 

included samples from all soil pits and depths at each site. Explaining and explained variables 

were normalized to a mean of zero and standard deviation of one. For the RDA, any sample with 

a missing value in one of the explanatory variables was excluded from the analysis in the 

respective site. Data are presented in type II scaling, hence, angles between arrows can directly 

be interpreted in terms of correlation. The correlation between variables is expressed as the 

cosine (cos(α)) of the angle between the arrows of two variables. Except for the RDA plots (done 

by the plot() function of R) the package ‘ggplot2’ was used to produce all graphical outputs of 

data (Wickham, 2016). Considering an ongoing debate about the meaning of p values and their 

interpretation, and our study design with highly variable parameters of natural ecosystems, the 

threshold for significance was set to p < 0.1 (Amrhein et al., 2019). 

Table 2.2.2: Standards included in the Linear combination fitting (LCF) for P species characterization of phosphorus 
K−edge X−ray absorption near edge structure (XANES) spectra are given in the first column. Characterization of each 
standard in the second column. Abbreviations as used in the redundancy analysis (RDA) are written in the third 
column. Standards were grouped to P classes which are presented in column four. 

P class Standarda Description  Abbreviation 
calcium phosphates 
(Ca−P) 

Hydroxyapatitea Primary P mineral in the soils of this study. HydAp 

 Brushiteb Secondary Ca−phosphate. BRU 
 Octa−Ca−phosphateb Secondary Ca−phosphate OCP 
Al phosphates 
(Al−P) 

AlPO4−amorphousa Secondary Al phosphates with short range 
ordered crystal lattice. 

sroAl−P 

 Varisciteb Secondary Al phosphate. VAR 
orthophosphate sorbed 
to Al−(oxy)hydroxides 
(sorbAl−P) 

Boehmite−PO4
a Phosphate adsorbed to Boehmite. adsP−BOE 

 adsP−AlOH3
b Phosphate adsorbed to Al−hydroxide. adsP−AlOH 

 adsP−Al−Montmorillonitea Phosphate adsorbed to Al saturated clay. adsP−Al_clay 
 adsP−Al−SOMa Phosphate adsorbed to soil organic 

matter. 
adsP−SOM 

Fe−phosphates 
(Fe−P) 

FePO4−amorphousa Secondary Fe phosphates with short 
range ordered crystal lattice. 

sroFe−P 

orthophosphate sorbed 
to Fe−(oxy)hydroxides 
(sorbFe−P) 

adsP−Ferrihydritea Phosphate adsorbed to Ferrihydrite. adsP−FER 

 adsP−Goethiteb Phosphate adsorbed to Goethite. adsP−GOE 
organically bound P 
(Po) 

Inositol hexakisphosphatea Organic P: the spectrum was obtained 
from inositolhexakisphosphate. Due to 
missing characteristics of organic P 
species in XANES spectra it was used in 
this study to represents organic P in 
general. 

Po 

a) (Prietzel et al. 2016a) 
b) (Gustafsson et al. 2020) 
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2.2.4. Results 

Two PCAs were calculated to identify the influence of P speciation alone and the influence of P 

speciation together with LMWOA contents on the variability within the dataset. The PCA for P 

speciation alone (Figure 2.2.2 A) explained on the first principal component axis 49.5% and on 

the second axis 17.2% of the total variance within P species. The humid−temperate forest and 

the arid shrubland samples were clearly separated along PC 1. In the Mediterranean woodland 

some topsoil samples forced the woodland polygon to overlap with the polygon comprising 

samples from the humid−temperate forest soil, whereas all subsoil and saprolite and some 

topsoil samples of the Mediterranean woodland ecosystem overlapped with the arid shrubland. 

When LMWOAs (oxalic, malic, citric) were included in the PCA (Figure 2.2.2 B) the clear 

separation of ecosystems along PC 1 was less expressed, but more variance was explained by 

PC 2, resulting in a more equally distributed explained variance among the two axes. PC 2 

ordinated the samples from the humid−temperate forest and Mediterranean woodland by 

sampling depth, which was not discerned when only P species were used for the PCA. The latter 

PCA clearly indicated a systematic, presumably process−based, interaction between 

P−speciation and LMWOAs, since the separation was kept, and the explained variance was 

more evenly distributed between the first two principal components. 

 

Figure 2.2.2: PCAs for (A) P species and (B) P species and low−molecular−weight organic acids (LMWOA) as 
variables. Sampling sites are indicated by color, arid shrubland in purple, Mediterranean woodland in orange and 
humid−temperate forest in turquoise. Marker type denotes the sampling depth: circles = topsoil, diamonds = subsoil, 
and saprolite = triangles. 

Microbial biomass carbon and enzyme kinetics 

MBC content (in µg MBC per g soil) in the topsoil increased with increasing precipitation along 

the ecosequence (Table: S 2.2.8, Table: S 2.2.12). Within the soil profile, MBC content decreased 

in all three sites with greater soil depth (Table: S 2.2.8). Furthermore, in all sites the MBC content 

was always significantly different when comparing the topsoil with the saprolite (p<0.01). In the 
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humid−temperate forest, the content of MBC was higher in root proximity compared to bulk soil 

(Table: S 2.2.8). Along the ecosequence, the maximum reaction rate of acid phosphatase (Vmax, 

in nmol substrate g−1 soil h−1) increased with increasing humidity (Table: S 2.2.8, after Stock et 

al., 2019). The Vmax was lower in the topsoil and saprolite of the Mediterranean woodland and 

the topsoil of the Arid shrubland, compared to the humid−temperate forest. 

LMWOA contents 

Contents of oxalic, malic, and citric acid together accounted for more than 97% of all extracted 

LMWOAs. These acids also represent the most−efficient P dissolving di− and tricarboxylic acids 

in soils (Gerke et al., 2000). Therefore, we only present the results for these three acids (Figure 

2.2.3 and Table: S 2.2.8). When comparing between sites, only malic acid contents in the topsoil 

were higher in the humid−temperate forest compared to the arid shrubland (Figure 2.2.3). No 

difference in terms of acid contents in the topsoil were found between the humid temperate 

forest and the Mediterranean woodland. Next, when assessing the differences with soil depth, 

the contents of malic and citric acid increased significantly from the topsoil to the saprolite in 

the arid shrubland soil. LMWOA contents in the Mediterranean woodland ecosystem were more 

uniformly distributed with soil profile depth (only malic acid increased significantly from the 

topsoil to the subsoil). Malic acid contents under humid−temperate forest strongly decreased 

from the topsoil to the saprolite. Finally, when comparing by root proximity we found higher 

citric acid content in root proximity compared to bulk soil in the topsoil at the south−facing 

slope of the Mediterranean woodland, and in the saprolite at the north−facing slope of the 

humid−temperate forest (Figure 2.2.3, red and blue arrows). Contents of malic acid were higher 

in root proximity (0−2 mm) than bulk soil in the subsoil of the south−facing slope under 

humid−temperate forest. Oxalic acid contents were higher in root proximity than bulk soil in the 

subsoil of the arid shrubland’s south−facing profile. The same was true in all three depths at 

the south−facing slope in the Mediterranean woodland, and in the saprolite at the south−facing 

slope of the humid−temperate forest. 
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Figure 2.2.3: Content of low−molecular−weight organic acids (LMWOA) (citric−, malic− and oxalic acid) for north 
(blue circles) and south (red diamonds) facing slopes for all three sites (arid shrubland (‘shrubland’), Mediterranean 
woodland (‘woodland’) and humid−temperate forest (‘forest’)) and three sampling depths (topsoil, subsoil and 
saprolite) separated by the three horizontal panels. Whiskers indicate the magnitude of the standard error from the 
mean. The x−axis shows root proximity (intervals of 2 mm from 0−2 mm, 2−4 mm, and 4−6 mm), y−axis plots the 
content of organic acids per gram soil dry weight. Sample size on the south facing slope is n=3, on the north facing 
slope single replicates are shown (n=1). Arrows indicate significant changes with distance to the roots, the color of 
the arrow was chosen according to the respective data row. Level of significance is indicated by asterisk (p < 0.05) 
and cross (p < 0.1). 

P XANES K−edge measurements 

When comparing between sites, Ca−P generally declined with increased precipitation, except 

for the saprolite of the Mediterranean woodland and the arid shrubland (Figure 2.2.4, Table 

2.2.3). When focusing on the differences by soil depth, the Ca−P content increased from topsoil 

to subsoil and saprolite in the Mediterranean woodland. There was no difference in Ca−P 

content between the subsoil and the saprolite in the Mediterranean woodland and no effect of 

soil depth in the arid shrubland. In the humid−temperate forest Ca−P was only found in two 

samples in the saprolite. When assessing the differences with root proximity, the Ca−P content 

in the topsoil declined with increasing distance from the root at the north−facing slope of the 

arid shrubland (Figure 2.2.4, Table: S 2.2.7). 
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Fe−P and Al−P in the topsoil were higher in the arid shrubland than in the humid−temperate 

forest. In the saprolite Al−P was higher in both, the arid shrubland and Mediterranean woodland, 

compared to the humid−temperate forest (Figure 2.2.4, Table: S 2.2.7). P sorbed to 

Al−(oxy)hydroxides (sorbAl−P) was significantly higher in the humid−temperate forest than in 

the two other sites. In the topsoil at the south−facing slope of the humid−temperate forest the 

sorbAl−P contents increased with increasing distance from the root. 

The Po content in the topsoil was lower under arid shrubland than under Mediterranean 

woodland and humid−temperate forest. Po decreased from topsoil to saprolite in the 

humid−temperate forest. In the topsoil at the south−facing slope of the Mediterranean 

woodland Po was higher in the rhizosphere than bulk soil. 

Rhizosphere P per root segment in soils decreased with increasing precipitation. Average 

values were: 440 µg cm−1, 238 µg cm−1, and 216 µg cm−1 in the topsoil, for the arid shrubland, 

Mediterranean woodland and humid−temperate forest, respectively. In the saprolite, the 

rhizosphere P per root segment was 418 µg cm−1 in the arid shrubland, 296 µg cm−1 in the 

Mediterranean woodland and 497 µg cm−1 in the humid−temperate forest. 
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Figure 2.2.4: Contents of P compound classes from phosphorus K−edge X−ray absorption near edge structure 
(XANES) analysis: calcium phosphates(Ca−P), Al− and Fe phosphates (Al−P and Fe−P), orthophosphate sorbed to 
Al− and Fe−(oxy)hydroxides (sorbAl−P and sorbFe−P) and organic P, split by slope facing (circles = north facing; 
diamonds = south facing) and by site (arid shrubland (‘shrubland’) in purple, Mediterranean woodland (‘woodland’) in 
orange and humid−temperate forest (‘forest’) in turquoise. Samples from different depths are separated by the three 
horizontal panels (topsoil, subsoil and saprolite). The x−axis shows root proximity (0−2 mm, 2−4 mm, and 4−6 mm), 
the y−axis plots the fractions of the respective P class on total P. Red arrows indicate significant changes with root 
proximity (p < 0.1). The markers present individual replicates (n=1).Relating P speciation to P mobilizing 

processes 

Based on the outcomes of the PCA (Figure 2.2.2) and the expected site−specific relations 

between P speciation, LMWOAs, phosphatase kinetics (Vmax, Km), and MBC (Figure 2.2.3, Figure 

2.2.4, and Table: S 2.2.8), a RDA was calculated for each of the sites separately (Figure 2.2.5). 

P species were taken as explanatory variables and LMWOAs, MBC, acid phosphatase activity 

(Vmax), and acid phosphatase half saturation constant (Km) as explained variables. The 

explanatory variables constrained 75%, 67%, and 80% of the variance for the arid shrubland, the 

Mediterranean woodland, and the humid−temperate forest, respectively. 
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In the arid shrubland, variscite and hydroxyapatite were highly correlated with LMWOA contents. 

Hydroxyapatite shows values of cos(α)=0.99, 0.98, 0.92 for oxalic, malic, and citric acid, 

respectively. Variscite correlation values (cos(α)) were 0.99, 1.00, 1.00, for oxalic, malic, and 

citric acid, respectively (Table: S 2.2.6). Variscite and hydroxyapatite together accounted for 

61%, 66%, and 82% of total P content in the arid shrubland’s topsoil, subsoil and saprolite, 

respectively. Biotic parameters Vmax, Km, and MBC were mainly independent of P speciation 

under arid shrubland. 

In the Mediterranean woodland soils Vmax, Km, MBC, and oxalic acid showed the strongest 

positive correlation with Po and P sorbed to goethite. The correlation parameter cos(α) was 0.92, 

1.0, 0.96, 0.96, for Po and 0.59, 0.88, 0.97, 0.97 for P sorbed to goethite, each for MBC, Vmax, Km, 

and oxalic acid, respectively, (Table: S 2.2.6). Po was mostly found in the topsoil and was absent 

in the subsoil at this site (Table: S 2.2.7). In the Mediterranean woodland subsoil and saprolite 

hydroxyapatite, variscite and short−range order Fe−P together made up at least 70% of total P 

in each root distance (Table: S 2.2.7). Malic and citric acid were highly to moderately correlated 

with variscite and short−range order Fe−P (cos(α)= 0.93, and 0.62 for variscite and 0.98, and 

0.75 for short−range order Fe−P, each for malic− and citric acid, respectively; Figure 2.2.5 and 

Table: S 2.2.6). 

The RDA for the humid−temperate forest soils revealed a strong (except for Km) positive 

correlation of all dependent variables with Po (cos(α)= 0.96, 0.98, 0.96, 1.00, 0.98, 0.39, for 

oxalic−, malic−, citric acid, MBC, Vmax, and Km, respectively; Figure 2.2.5, Table: S 2.2.6). Po 

represented on average 51% of the total P in the topsoil and 17% in the saprolite. LMWOAs, 

MBC, and Vmax were strongly positively correlated with Po. All explained variables showed 

moderate to strong negative correlations with all other P species in the humid−temperate forest 

ecosystem (Figure 2.2.5, Table: S 2.2.6, Table: S 2.2.7, and Table: S 2.2.8). 
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Figure 2.2.5: Triplots of the redundancy analysis (RDA) for the arid shrubland, Mediterranean woodland, and 
humid−temperate forest ecosystems. With P species as explanatory variables and microbial biomass carbon, 
low−molecular−weight organic acids, phosphatase activity and −affinity as explained variables. Green arrows 
indicate direction of the respective explaining variables, orange arrows of explained variables. The name of the 
respective variable is plotted at each arrowhead. Samples from all three sampling depths (topsoil = light yellow; 
subsoil = orange; saprolite = red) and root proximities (intervals of 2 mm: 0−2 mm = circles, 2−4 mm = diamonds 
and 4−6 mm = triangles) were included in the RDA. Red dotted ellipsoids were included to guide the reader to the 
main messages of the respective figure, which are discussed in the text. The bold arrows in the subfigure of the arid 
shrubland and the Mediterranean woodland ecosystem point out the effect of soil depth on the outcome of the RDA. 
The sample size for each RDA was 10, 14, and 12 for the arid shrubland, Mediterranean woodland, and 
humid−temperate forest ecosystems, respectively. 
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2.2.5. Discussion 

Mature ecosystems are characterized by well−established nutrient cycles, i.e. each atom of a 

certain nutrient is used by the vegetation multiple times, thereby passing through various 

nutrient pools (Chadwick et al., 1999⁠; Lang et al., 2017). As the focus of this study was on plant 

P acquisition and recycling strategies along an ecosequence, we first explored specifics and 

common features of P speciation and LMWOAs in the soils of the study sites, i.e. the arid 

shrubland, the Mediterranean woodland, and the humid−temperate forest ecosystem, by 

performing a PCA (Figure 2.2.2). The PCA confirmed a clear separation of the soils from the 

most arid and most humid ecosystems in terms of P speciation. If LMWOA contents were 

included, the separation of the humid−temperate forest and the Mediterranean woodland 

ecosystems improved. The samples were ordered by soil depth along PC 2. The overall variance 

accounted for by the PCA remained constant but was more evenly distributed among the two 

axes. Thus, we conclude that LMWOAs display an ecosystem specific interaction with P 

speciation, which points toward a systematic dependency of LMWOAs on P minerals in the 

respective ecosystems. Along the ecosequence (arid to humid), the vegetation−community 

changes from shrub to tree dominated, at the same time the belowground carbon allocation 

and leaf area index increase (Bernhard et al., 2018). The PCA (including both P speciation and 

LMWOAs) clearly separated top− from subsoils in the humid−temperate forest and the 

Mediterranean woodland, indicating that P mobilization mechanisms are different in the various 

soil layers. Although it is likely that all plants possess the ability to exudate LMWOAs, it can be 

speculated that soil regions with low P availability provide an ecological niche for species with 

an exceptionally high ability to exudate LMWOAs. 

The arid shrubland ecosystem 

The most important finding for the arid ecosystem is the strong dependence of LMWOA 

contents on hydroxyapatite and variscite in the subsoil and saprolite. This suggests a 

mechanistic relation between primary P (hydroxyapatite), which is still available in high 

amounts, secondary Al−P, and LMWOAs of biotic origin (Figure 2.2.5). Therefore, the arid 

shrubland is considered to be a rock eating ecosystem. Contents of LMWOAs always increased 

in root proximity, except for citric acid in the topsoils of the arid shrubland (Figure 2.2.3). This 

results from the fact that roots exude these acids, which is in accordance with many other 

studies (e.g. Cieśliński et al., 1998 ⁠; Hinsinger, 2001 ⁠; Szmigielska et al., 1996). However, biotic 

activity in these soils is rather low, which can be explained by the low vegetation cover (30–

40%) (Table 2.2.1) (Bernhard et al., 2018b) leading to low microbial biomass in the soils of the 

arid ecosystem (Table: S 2.2.8). 
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Ecosystems with low and seasonally variable water availability are characterized by vegetation 

that produces nutrient−poor litter which is resistant to decomposition (Becker and Kuzyakov, 

2018⁠; Makkonen et al., 2012). As expected, the pool of organically bound P in these soils was 

small (Figure 2.2.4). Abiotic processes involved in the dissolution of P minerals are strongly 

influenced by the availability of water and, thus, limited under arid shrubland (Maher, 2010). 

However, the high hydroxyapatite (Table: S 2.2.7) contents in the arid shrubland ecosystem 

compared to the two other sites indicates that not only net primary productivity and vegetation 

cover, but also overall weathering is generally low. Additionally, enzymatic activity (Stock et al., 

2019) and MBC are also low, suggesting that all biotic processes occur at a low rate. 

Biota−driven mineral dissolution processes include the exudation of organic anions and the 

release of protons (Banfield et al., 1999⁠; Drever and Stillings, 1997 ⁠; Neaman et al., 2006⁠; Plassard 

et al., 2011), but only occur in root proximity, where plants can partially control the 

microenvironmental conditions, e.g. by maintaining a moist soil via mucilage exudation 

(Carminati and Vetterlein, 2013 ⁠; Kroener et al., 2018). Therefore, it is likely that plants growing 

under such conditions have to acquire most of their mineral nutrients, through biochemical 

weathering, from the subsoil and saprolite where P minerals are still abundant. 

In contrast to the subsoil and saprolite, the RDA does not resolve which processes are involved 

in the topsoil at this site. Despite of low enzymatic activities it cannot be excluded that organic 

P plays a certain role in the topsoil. Low contents of organic P could also be an indication for 

strong utilization, i.e., rapid turnover, or mineralization of these compounds. 

Humid−temperate forest ecosystem 

In this site, the weathering of granodioritic parent material is most advanced compared to the 

two northern ecosystems. This is reflected by the absence of hydroxyapatite and other 

Ca−phosphates in the top− and subsoil of the humid−temperate forest (Figure 2.2.4 & Table: S 

2.2.7). Brucker and Spohn (2019), who investigated the same ecosequence, reported lowest 

apatite contents, and highest contents of secondary P minerals in the soils of the 

humid−temperate forest. Rhizosphere P per root segment was lowest in the top− and subsoils 

of this ecosystem (Figure: S 2.2.2) compared to the two northern ecosystems. This 

demonstrates the general pattern of decreasing P contents with increasing precipitation and, 

thus, soil development (Hou et al., 2018⁠; Turner et al., 2018 ⁠; Walker and Syers, 1976). This 

interpretation is supported by the fact that the rhizosphere P per root segment in the saprolite 

of the humid−temperate forest is highest among the three ecosystems, suggesting that this 

depletion is not due to a lower P content in the parent material, but indeed results from the 

processes that take place during ecosystem and soil development. 
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As shown by Stock et al. (2019), phosphatase kinetics indicate the highest relevance of 

breakdown of organic compounds (recycling) for P nutrition in the humid−temperate forest 

compared to the two other ecosystems. The RDA supports these previous results and, most 

importantly, implies that LMWOAs in the humid−temperate forest serve to support plant Po 

mobilization, therefore we classify the humid temperate forest as a vegetarian ecosystem.  

Thus, the function of LMWOAs is, in contrast to the arid shrubland, neither the weathering nor 

the mobilization of hydroxyapatite or variscite (Figure 2.2.5). Alternatively, increased Po in root 

proximity of this ecosystem’s topsoil reflects the accumulation of Po around roots, likely from a 

thriving microbial community (Figure 2.2.3 for Po and Table: S 2.2.8 for MBC contents), induced 

by high root exudation rates. Therefore, it is reasonable to assume that more frequent recycling 

occurs within the topsoil of the humid−temperate forests. However, even if a tight P cycle is 

established, there will still be leaching and erosional losses that have to be replenished by P 

acquisition from mineral sources (Uhlig et al., 2017). 

P losses due to leaching affect not only inorganic P in the soil solution, but also dissolved 

inorganic and organic P species. This results from the increase in the breaking up of organic P 

and the leaching of dissolved inorganic P and particulate organic or inorganic P species 

transported in the soil pore system after heavy rainfall (Bol et al., 2016). Finer grain sizes in the 

humid−temperate forest compared to the two other sites (Bernhard et al., 2018b) are a factor 

that may contribute to reduced P losses e.g. by leaching or particulate transport (Hou et al., 

2018⁠; Sims et al., 1998). This is because they have a higher specific surface area, which provides 

sorption sites for P in the soil. Moreover, from P adsorption experiments (data not shown) it is 

clear that P availability in this site is lowest along the ecosequence. On the other hand, MAP is 

more than three times higher compared to the Mediterranean woodland. MAP is a strong driver 

of abiotic P weathering and is negatively correlated with primary P and plant available P. This is 

also shown for primary P in this study and for plant available P in Bernhard et al. (2018a). On 

the contrary, increased MAP enhances primary production and thus the C availability in soils, 

which is positively correlated with organic P accumulation. 

Higher C availability results in microbial growth and P uptake and consequently organic P 

accumulation in soils and enhanced P flux through the soil solution. In general soil pH is 

negatively correlated with the solubility of Ca−phosphates and the degradation of organic P, 

whereas it is positively correlated with the formation of secondary P minerals (Hou et al., 2018). 

The positive effect on secondary P minerals originates from decreasing solubility of Fe and Al 

with decreasing pH. In this study, the pH in topsoils dropped from 6.4 in the arid shrubland to 

5.5 in the Mediterranean woodland and 4.3 in the humid−temperate forest (Table 2.2.1). P 
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sorbed to Al−(oxy)hydroxides was in all three sampling depths lower in the arid shrubland or the 

Mediterranean woodland compared to the humid−temperate forest (Figure 2.2.4, Table 2.2.3 

(for absolute values), Table: S 2.2.14 for p values). Consequently, it seems that a high flux of P 

through the soil solution, due to elevated C availability and related biological activity, in concert 

with stabilizing conditions for Al and Fe−(oxy)hydroxides, caused by a low pH, enhances P 

sorption to Al−(oxy)hydroxides. Because rhizosphere P per root segment in the topsoil of the 

humid−temperate forest is low, it seems likely that the elevated P flux in combination with high 

water availability in soil also causes high P leaching losses despite a high sorption capacity. 

As indicated by lower plant available P in the humid−temperate forest compared to the two 

other sites (Bernhard et al., 2018a) the sorption seems to be rather strong and only a small 

proportion of the sorbed P can be expected to contribute to plant nutrition under these 

circumstances. A strategy to overcome P limitation due to leaching losses is biological uplift 

(Gao et al., 2019). As implied by the RDA (Figure 2.2.5) in the humid−temperate forest, primary 

P acquisition happens in the deep subsoil and saprolite. This interpretation is supported by the 

fact that LMWOA contents per MBC ratios (Table: S 2.2.8) increased with soil depth (this was 

true in all ecosystems), pointing towards an intended higher exudation of acids deeper in the 

soil profile to gain access to this P source (Table S8). 

Mediterranean woodland ecosystem 

The vegetation in the Mediterranean woodland ecosystems is generally adapted to seasonal 

rainfall and longer droughts (Amigo Vázquez and Flores Toro, 2013 ⁠; Nardini et al., 2014). Plants 

reduce water loss through transpiration during these dry and mostly hot periods by producing 

sclerophyllous leaves (Nardini et al., 2014). Litterfall is higher than in the arid shrubland, leaving 

a bigger pool of organically bound nutrients to be cycled within the Mediterranean woodland 

ecosystem (Figure 2.2.3). The PCA results support the theoretical assumption that this 

ecosystem is in an intermediate state between the two endmembers of the studied 

ecosequence (Figure 2.2.2), which were discussed in the previous paragraphs. This theory is 

verified by the RDA, which identifies recycling of P in the topsoil and biochemical weathering of 

secondary P minerals in the subsoil (Figure 2.2.5). The RDA also provides indications about 

several underlying processes. Phosphatase kinetics (Vmax, Km), MBC, oxalic acid (explained 

variables), and Po (explaining variable) have high values in samples from topsoil and root 

proximity. The clear correlation between Po and the explained variables Vmax, Km, MBC, and oxalic 

acid verifies that P recycling is the main process in the topsoil, and it is driven by roots. 

Surprisingly, in contradiction to Wei et al. (2010), it also implies that oxalic acid in the topsoil of 

this ecosystem is involved in the recycling of organic P. In contrast, biochemical weathering of 



Publications and manuscripts 

65 

short−range order Fe−P (sroFe−P) and variscite (VAR) in the subsoil and saprolite is mediated 

by malic and citric acid as biotic drivers (Figure 2.2.5, inferred from the strong correlation 

between these variables). We found a weak correlation, however, of malic and citric acid with 

hydroxyapatite, which all showed high contents in samples from the subsoil and saprolite in the 

Mediterranean woodland. It is, therefore, reasonable to assume that biochemical weathering 

also contributes to mineral dissolution in this ecosystem. Hence, P dynamics in this ecosystem 

might be controlled by biological uplift of P (Bullen and Chadwick, 2015 ⁠; Gao et al., 2019) from 

subsoil horizons and recycling of these nutrients, once they entered the biological cycle. It has 

been shown that deep−rooting plants can act as nutrient pumps, that lift up nutrients from the 

subsoil, subsequently accumulating in the topsoil as organically bound nutrients, after they have 

undergone transformation within plants (Bullen and Chadwick, 2015 ⁠; Gao et al., 2019⁠; Wu et al., 

2019). Nutrient uplift is driven by plants demand and mediated via roots. 

Soil erosion rates in the Mediterranean woodland were highest among all sites (Schaller et al., 

2018⁠; van Dongen et al., 2019), which leads to a rapid removal of the upper soil layer. This may 

explain why intense recycling only occurs in the upper soil layer. This is because with high 

erosion only a shallow soil horizon with organic P accumulation remains. However, it is unclear 

to what extend P is lost from the system by erosion and runoff, but they are most likely not 

identical between the two investigated slopes (north− and south−facing). At the north−facing 

slope, total rhizosphere P per root segment decreased with depth (819 µg cm−1 in the topsoil 

and 556 µg cm−1 in the saprolite), whereas at the south−facing slope it increased from 

320 µg cm−1 in the topsoil to 822 µg cm−1 in the saprolite (Table 2.2.3). The higher content of 

sand at the south−facing soil (>70%), combined with a MAP of about 370 mm yr−1 (Table 2.2.1) 

likely facilitates the leaching and erosion of plant available P from the soil on the south−facing 

slope. Hou et al. (2018) have shown that coarse grain sizes and high MAP are key factors 

determining P losses. 

2.2.6. Conclusions 

This study elucidates plant strategies for phosphorus nutrition across ecosystems and shows 

that balance between phosphorus acquisition and cycling along the investigated ecosequence 

strongly depend on climate. It contributes to resolve plant strategies of phosphorus nutrition 

under natural conditions. 

Low−molecular−weight organic acids (LMWOAs) exuded by roots induce not only biochemical 

weathering of phosphate minerals, but also support organic phosphorus mobilization. The 

functions of LMWOAs change with increasing precipitation. Under arid shrubland oxalic, malic, 

and citric acid support the dissolution of phosphorus minerals, whereas under Mediterranean 
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woodland malic and citric acid accelerate biochemical weathering in the subsoil and oxalic acid 

mobilizes organic phosphorus in the topsoil. All LMWOAs support the mobilization of organic 

phosphorus in the topsoil under humid−temperate forest. Consequently, phosphorus 

acquisition strategy shifts across biomes from mineral weathering to recycling of organic 

phosphorus corresponding to increasing precipitation from 70 mm yr−1 to 1470 mm yr−1. In the 

soils under arid shrubland, phosphorus acquisition is actively driven by biochemical weathering 

of parent material (rock eating ecosystem). In the soils under humid−temperate forest, however, 

there was no direct evidence for biochemical weathering but intensive phosphorus recycling 

(vegetarian ecosystem). Phosphorus losses in the Mediterranean woodland are likely to be very 

high and the demand for it creates an incentive for a strong phosphorus supply through 

(biological) weathering in the subsoil, while at the same time organic phosphorus in the topsoil 

is recycled. 
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2.2.11. Supplementary 

Table: S 2.2.1: External standards included in the low−molecular−weight organic acids method. Retention time with 
a capillary column DB−FFAP, 30 m, 0.25 mm diameter and a film thickness of 1 µm. For settings of the gas 
chromatograph contact the authors. The limit of detection was calculated as the amount of analyte in the smallest 
standard before derivatization. 

Analyte Retention time Limit of detection 

 [min] [µg] 

Oxalic acid 6.6 5.5 

Malonic acid 8.8 5.5 

Fumaric acid 9.5 5.5 

Succinic acid 10.6 5.5 

Maleic acid 12.5 5.5 

Malic acid 19.1 5.5 

Citric acid 26.3 5.5 

Table: S 2.2.2: Total and constrained variance by the redundancy analysis (RDA). For the semiarid shrubland, 
Mediterranean woodland and humid−temperate forest. 

Site 
 

Inertia Proportion 

Arid shrubland Total 5.96 1.00 

Constrained 4.49 0.75 

Unconstrained 1.47 0.25 

Mediterranean woodland Total 6.20 1.00 

Constrained 4.16 0.67 

Unconstrained 2.04 0.33 

Humid−temperate forest Total 6.67 1.00 

Constrained 5.34 0.80 

Unconstrained 1.33 0.20 

Table: S 2.2.3: Scores of predictor variables (loadings) on redundancy analysis (RDA) axes. The values are a measure 
for how much variance of the variable is represented by the respective axis. Results are shown for the arid shrubland, 
Mediterranean woodland and humid−temperate forest. 

Site Variable RDA1 RDA2 RDA3 RDA4 RDA5 RDA6 

Semiarid 
shrubland 

HypAp −0.11 −0.03 0.17 −0.07 −0.51 −0.13 

BRU 0.23 0.17 0.43 −0.12 0.18 0.16 

OCP 0.19 0.20 −0.26 0.24 0.23 0.02 

VAR −0.76 −0.19 −0.10 −0.07 −0.41 −0.34 

sroFeP 0.58 −0.02 −0.04 0.51 0.55 0.21 

adsP−BOE 0.20 0.18 −0.16 0.16 −0.42 0.79 

Po 0.21 0.08 0.00 −0.82 0.49 0.15 

Mediterranean 
woodland 

HypAp 0.65 −0.09 −0.43 0.33 −0.17 0.24 

BRU −0.17 −0.64 0.09 −0.19 −0.24 −0.25 

OCP 0.14 0.11 0.14 −0.28 −0.20 −0.67 

VAR 0.64 0.41 −0.61 0.05 0.11 −0.09 

sroFeP 0.51 0.47 0.19 −0.37 0.57 −0.08 

adsP−BOE −0.16 −0.30 −0.03 0.23 0.34 −0.05 

adsP−GOE −0.51 0.33 0.43 0.24 −0.56 0.29 

Po −0.80 0.03 0.35 0.05 −0.03 0.32 
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Humid−temperate 
forest 

sroAlP 0.41 −0.03 0.06 0.24 −0.24 0.06 

VAR −0.11 0.55 0.22 −0.27 −0.38 −0.58 

sroFeP −0.34 −0.48 0.16 0.38 0.43 −0.33 

adsP−Al_clay −0.15 0.00 −0.68 0.14 0.12 −0.30 

adsP−BOE −0.43 −0.01 0.09 0.15 0.02 −0.08 

adsP−SOM −0.41 −0.08 0.35 −0.18 0.20 0.70 

adsP−FER −0.22 0.19 −0.31 −0.03 −0.32 0.60 

adsP−GOE −0.19 0.04 −0.28 0.00 −0.04 −0.09 

Po 0.94 −0.09 0.01 −0.12 −0.05 −0.11 

Table: S 2.2.4: Scores of explained variables (loadings) on redundancy analysis (RDA) axes. The values are a measure 
for how much variance of the variable is represented by the respective axis. Results are shown for the arid shrubland, 
Mediterranean woodland and humid−temperate forest. Values are presented in type II scaling. Therefore, they allow 
to infer correlation with explaining variables. For correlation between explaining end explained variables see Table: S 
2.2.6. 

Site Variable RDA1 RDA2 RDA3 RDA4 RDA5 RDA6 

Arid shrubland Oxalic −0.97 −0.14 0.02 −0.35 0.03 0.02 

Malic −1.02 −0.17 −0.12 0.03 −0.10 −0.06 

Citric −1.09 −0.28 −0.08 0.24 0.09 0.02 

MBC 0.10 −0.29 −0.19 0.03 −0.09 0.08 

Vmax 0.05 −0.69 0.43 0.03 −0.03 0.00 

Km 0.73 −0.75 −0.26 −0.08 0.04 −0.03 

Mediterranean 
woodland 

Oxalic −0.85 0.27 −0.44 0.04 0.21 0.01 

Malic 0.35 0.50 0.03 0.46 −0.04 −0.04 

Citric 0.08 0.70 0.43 −0.22 0.09 −0.02 

MBC −1.01 −0.40 0.36 0.12 0.08 −0.10 

Vmax −0.99 0.07 0.27 0.12 −0.06 0.14 

Km −1.01 0.32 −0.21 −0.13 −0.21 −0.06 

Humid−temperate 
forest 

Oxalic 1.01 0.18 −0.21 0.01 0.16 −0.06 

Malic 1.09 0.14 0.14 0.18 −0.15 −0.05 

Citric 1.04 0.20 0.05 0.32 0.03 0.08 

MBC 1.00 −0.14 0.41 −0.44 0.02 0.02 

Vmax 0.76 −0.24 −0.55 −0.22 −0.08 0.02 

Km 0.27 −0.84 0.08 0.24 0.04 −0.01 

Table: S 2.2.5: Standard deviation, explained variance per axis and cumulative explained variance from the 
redundancy analysis (RDA) for the arid shrubland, Mediterranean woodland and humid−temperate forest. 

Site 
 

RDA1 RDA2 RDA3 RDA4 RDA5 RDA6 

Arid shrubland SD 1.74 1.01 0.50 0.40 0.16 0.10 

Proportion 0.67 0.23 0.06 0.04 0.01 0.00 

Cumulative 0.67 0.90 0.96 0.99 1.00 1.00 

Mediterranean 
woodland 

SD 1.64 0.86 0.66 0.46 0.27 0.16 

Proportion 0.64 0.18 0.10 0.05 0.02 0.01 

Cumulative 0.64 0.82 0.93 0.98 0.99 1.00 

Humid−temperate 
forest 

SD 1.96 0.82 0.65 0.58 0.22 0.10 

Proportion 0.72 0.13 0.08 0.06 0.01 0.00 

Cumulative 0.72 0.85 0.93 0.99 1.00 1.00 



Publications and manuscripts 

73 

  
T

ab
le

: S
 2

.2
.6

: C
or

re
la

tio
ns

 b
et

w
ee

n 
ex

pl
ai

ni
ng

 a
nd

 e
xp

la
in

ed
 v

ar
ia

bl
es

 f
ro

m
 t

he
 r

ed
un

da
nc

y 
an

al
ys

is
 e

xp
re

ss
ed

 a
s 

th
e 

co
si

ne
 o

f 
th

e 
an

gl
e 

be
tw

ee
n 

th
e 

ar
ro

w
s 

re
su

lti
ng

 f
ro

m
 t

he
 

sc
or

es
 o

f 
pr

ed
ic

to
r 

va
ria

bl
es

 (
T

ab
le

: S
 2

.2
.3

) 
an

d 
sc

or
es

 o
f 

ex
pl

ai
ne

d 
va

ria
bl

es
 (

T
ab

le
: S

 2
.2

.4
) 

(9
0 

° 
= 

in
de

pe
nd

en
t, 

0
 °

 =
 c

ol
lin

ea
rit

y)
. N

ot
e 

th
at

 f
or

 t
he

 P
 s

pe
ci

es
 a

ds
P

−A
lO

H
 n

o 
va

lu
es

 a
re

 r
ep

or
te

d.
 T

hi
s 

is
 d

ue
 to

 m
is

si
ng

 d
ep

en
de

nt
 v

ar
ia

bl
es

 f
or

 th
e 

tw
o 

sa
m

pl
es

 f
or

 w
hi

ch
 th

is
 P

 s
pe

ci
es

 w
as

 f
ou

nd
. 

S
ite

 
V

ar
ia

bl
e 

H
yd

A
p 

O
C

P
 

B
R

U
 

sr
oA

l−
P 

V
A

R
 

sr
oF

e−
P 

ad
sP

−A
l_

cl
ay

 
ad

sP
−A

l
O

H
 

ad
sP

−B
O

E 
ad

sP
−S

O
M

 
ad

sP
−F

E
R

 
ad

sP
−G

O
E 

P
o 

A
ri

d 
sh

ru
bl

an
d 

O
xa

lic
 

0.
99

 
−0

.7
9 

−0
.8

8 
n.

d.
 

0.
99

 
−0

.9
8 

n.
d.

 
n.

d.
 

−0
.8

3 
n.

d.
 

n.
d.

 
n.

d.
 

−0
.9

8 

M
al

ic
 

1.
00

 
−0

.8
0 

−0
.8

9 
n.

d.
 

1.
00

 
−0

.9
8 

n.
d.

 
n.

d.
 

−0
.8

4 
n.

d.
 

n.
d.

 
n.

d.
 

−0
.9

8 

C
itr

ic
 

1.
00

 
−0

.8
5 

−0
.9

3 
n.

d.
 

1.
00

 
−0

.9
6 

n.
d.

 
n.

d.
 

−0
.8

8 
n.

d.
 

n.
d.

 
n.

d.
 

−0
.9

9 

M
B

C
 

−0
.0

9 
−0

.4
6 

−0
.3

0 
n.

d.
 

−0
.0

8 
0.

36
 

n.
d.

 
n.

d.
 

−0
.4

0 
n.

d.
 

n.
d.

 
n.

d.
 

−0
.0

3 

V
m

ax
 

0.
17

 
−0

.6
7 

−0
.5

3 
n.

d.
 

0.
18

 
0.

11
 

n.
d.

 
n.

d.
 

−0
.6

2 
n.

d.
 

n.
d.

 
n.

d.
 

−0
.2

9 

K
m

 
−0

.5
1 

−0
.0

3 
0.

14
 

n.
d.

 
−0

.5
0 

0.
73

 
n.

d.
 

n.
d.

 
0.

04
 

n.
d.

 
n.

d.
 

n.
d.

 
0.

40
 

M
ed

ite
rr

an
ea

n 
w

oo
dl

an
d 

O
xa

lic
 

−0
.9

9 
−0

.5
5 

−0
.0

5 
n.

d.
 

−0
.6

4 
−0

.5
0 

n.
d.

 
n.

d.
 

0.
18

 
n.

d.
 

n.
d.

 
0.

97
 

0.
96

 

M
al

ic
 

0.
46

 
0.

96
 

−0
.9

4 
n.

d.
 

0.
93

 
0.

98
 

n.
d.

 
n.

d.
 

−0
.9

9 
n.

d.
 

n.
d.

 
−0

.0
5 

−0
.5

5 

C
itr

ic
 

−0
.0

3 
0.

71
 

−0
.9

9 
n.

d.
 

0.
62

 
0.

75
 

n.
d.

 
n.

d.
 

−0
.9

3 
n.

d.
 

n.
d.

 
0.

45
 

−0
.0

7 

M
B

C
 

−0
.8

7 
−0

.9
5 

0.
59

 
n.

d.
 

−0
.9

8 
−0

.9
3 

n.
d.

 
n.

d.
 

0.
76

 
n.

d.
 

n.
d.

 
0.

59
 

0.
92

 

V
m

ax
 

−1
.0

0 
−0

.7
3 

0.
18

 
n.

d.
 

−0
.8

0 
−0

.6
9 

n.
d.

 
n.

d.
 

0.
40

 
n.

d.
 

n.
d.

 
0.

88
 

1.
00

 

K
m

 
−0

.9
9 

−0
.5

5 
−0

.0
5 

n.
d.

 
−0

.6
4 

−0
.5

0 
n.

d.
 

n.
d.

 
0.

18
 

n.
d.

 
n.

d.
 

0.
97

 
0.

96
 

H
um

id
−t

em
pe

r
at

e 
fo

re
st

 
O

xa
lic

 
n.

d.
 

n.
d.

 
n.

d.
 

0.
97

 
−0

.0
2 

−0
.7

1 
−0

.9
8 

n.
d.

 
−0

.9
9 

−1
.0

0 
−0

.6
4 

−0
.9

2 
0.

96
 

M
al

ic
 

n.
d.

 
n.

d.
 

n.
d.

 
0.

98
 

−0
.0

6 
−0

.6
8 

−0
.9

9 
n.

d.
 

−1
.0

0 
−1

.0
0 

−0
.6

8 
−0

.9
4 

0.
98

 

C
itr

ic
 

n.
d.

 
n.

d.
 

n.
d.

 
0.

96
 

0.
00

 
−0

.7
2 

−0
.9

8 
n.

d.
 

−0
.9

9 
−1

.0
0 

−0
.6

3 
−0

.9
2 

0.
96

 

M
B

C
 

n.
d.

 
n.

d.
 

n.
d.

 
1.

00
 

−0
.3

2 
−0

.4
6 

−0
.9

9 
n.

d.
 

−0
.9

9 
−0

.9
5 

−0
.8

4 
−1

.0
0 

1.
00

 

V
m

ax
 

n.
d.

 
n.

d.
 

n.
d.

 
0.

97
 

−0
.4

7 
−0

.3
1 

−0
.9

6 
n.

d.
 

−0
.9

5 
−0

.8
9 

−0
.9

2 
−1

.0
0 

0.
98

 

K
m

 
n.

d.
 

n.
d.

 
n.

d.
 

0.
37

 
−0

.9
9 

0.
60

 
−0

.3
1 

n.
d.

 
−0

.2
7 

−0
.1

3 
−0

.8
5 

−0
.5

0 
0.

39
 

 



Publications and manuscripts 

74 

  
T

ab
le

: S
 2

.2
.7

: P
 s

pe
ci

es
 r

es
ul

ts
 f

ro
m

 t
he

 li
ne

ar
 c

om
bi

na
tio

n 
fit

tin
g 

(L
C

F)
 o

f 
ph

os
ph

or
us

 K
−e

dg
e 

X
−r

ay
 a

bs
or

pt
io

n 
ne

ar
 e

dg
e 

st
ru

ct
ur

e 
sp

ec
tr

os
co

py
 (

X
A

N
E

S
).

 T
he

 u
pp

er
 p

ar
t 

sh
ow

s 
th

e 
pe

rc
en

ta
ge

 o
f 

ea
ch

 s
pe

ci
es

 in
 t

ot
al

 P
. I

n 
th

e 
lo

w
er

 p
ar

t 
of

 t
he

 t
ab

le
 t

hi
s 

is
 m

ul
tip

lie
d 

by
 t

he
 t

ot
al

 P
 c

on
te

nt
 in

 e
ac

h 
sa

m
pl

e 
an

d 
gi

ve
n 

as
 c

on
te

nt
 p

er
 k

g 
of

 s
oi

l [
m

g
 k

g−1
]. 

D
at

a 
ar

e 
su

bd
iv

id
ed

 b
y 

sa
m

pl
in

g 
si

te
s 

(a
rid

 s
hr

ub
la

nd
, M

ed
ite

rr
an

ea
n 

w
oo

dl
an

d 
an

d 
hu

m
id

−t
em

pe
ra

te
 f

or
es

t)
, t

he
re

in
 b

y 
sa

m
pl

in
g 

de
pt

h 
(t

op
so

il,
 s

ub
so

il 
an

d 
sa

pr
ol

ite
) 

an
d 

in
 

ea
ch

 d
ep

th
 b

y 
th

re
e 

di
st

an
ce

s 
to

 th
e 

ro
ot

 (0
−2

 m
m

, 2
−4

 m
m

, a
nd

 4
−6

 m
m

). 
T

he
 L

C
F 

w
as

 r
es

tr
ic

te
d 

to
 a

 m
ax

im
um

 o
f 

fo
ur

 s
ta

nd
ar

ds
 p

er
 s

am
pl

e.
 If

 a
 P

 p
o

ol
 w

as
 n

ot
 d

et
ec

te
d 

in
 a

 
sa

m
pl

e 
th

is
 is

 in
di

ca
te

d 
by

 n
.d

. (
no

t d
et

er
m

in
ed

). 

S
ite

 
Fa

ci
n

g 
D

ep
th

 
R

oo
t 

pr
ox

im
ity

 
H

yd
A

p 
O

C
P

 
B

R
U

 
sr

oA
l−

P
 

V
A

R
 

sr
oF

e−
P

 
ad

sP
−

A
l_

cl
ay

 
ad

sP
−

A
lO

H
 

ad
sP

−
B

O
E 

ad
sP

−
S

O
M

 
ad

sP
−

FE
R

 
ad

sP
−

G
O

E 
P

o 
 

 
 

 
[m

m
] 

(%
) 

 

A
ri

d 
sh

ru
bl

an
d 

S
ou

th
 

T
op

so
il 

0−
2 

n.
d.

 
30

 
7 

n.
d.

 
30

 
33

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

 

2−
4 

27
 

n.
d.

 
n.

d.
 

n.
d.

 
31

 
13

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
29

 
 

4−
6 

43
 

n.
d.

 
n.

d.
 

n.
d.

 
26

 
21

 
n.

d.
 

n.
d.

 
10

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
 

S
ub

so
il 

0−
2 

46
 

n.
d.

 
n.

d.
 

n.
d.

 
54

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
 

2−
4 

46
 

n.
d.

 
n.

d.
 

n.
d.

 
54

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
 

4−
6 

n.
d.

 
23

 
22

 
n.

d.
 

n.
d.

 
38

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
17

 
 

S
ap

ro
lit

e 
0−

2 
n.

d.
 

7 
n.

d.
 

n.
d.

 
26

 
35

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
32

 
 

4−
6 

42
 

n.
d.

 
n.

d.
 

n.
d.

 
58

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
 

N
or

th
 

T
op

so
il 

0−
2 

34
 

n.
d.

 
10

 
n.

d.
 

45
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
10

 
 

2−
4 

38
 

n.
d.

 
n.

d.
 

n.
d.

 
25

 
36

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

 

4−
6 

31
 

n.
d.

 
n.

d.
 

n.
d.

 
36

 
33

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

 

S
ap

ro
lit

e 
0−

2 
31

 
n.

d.
 

n.
d.

 
n.

d.
 

69
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

 

4−
6 

57
 

n.
d.

 
n.

d.
 

n.
d.

 
43

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
 

M
ed

ite
rr

an
ea

n 
w

oo
dl

an
d 

S
ou

th
 

T
op

so
il 

0−
2 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
8 

n.
d.

 
18

 
74

 
 

2−
4 

8 
n.

d.
 

n.
d.

 
n.

d.
 

24
 

22
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

45
 

 

4−
6 

24
 

n.
d.

 
n.

d.
 

n.
d.

 
27

 
16

 
n.

d.
 

n.
d.

 
33

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
 

S
ub

so
il 

0−
2 

11
 

26
 

n.
d.

 
n.

d.
 

42
 

20
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
 

2−
4 

34
 

n.
d.

 
n.

d.
 

n.
d.

 
56

 
11

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

 

4−
6 

34
 

n.
d.

 
n.

d.
 

n.
d.

 
39

 
17

 
n.

d.
 

n.
d.

 
10

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
 

S
ap

ro
lit

e 
0−

2 
27

 
n.

d.
 

n.
d.

 
n.

d.
 

25
 

24
 

n.
d.

 
n.

d.
 

24
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

 

2−
4 

31
 

n.
d.

 
n.

d.
 

n.
d.

 
43

 
12

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
14

 
 

4−
6 

29
 

n.
d.

 
n.

d.
 

n.
d.

 
42

 
22

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
7 

 

N
or

th
 

T
op

so
il 

0−
2 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

22
 

10
 

n.
d.

 
n.

d.
 

19
 

n.
d.

 
n.

d.
 

n.
d.

 
49

 
 

2−
4 

n.
d.

 
14

 
n.

d.
 

n.
d.

 
28

 
37

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
21

 
 

4−
6 

n.
d.

 
n.

d.
 

10
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

18
 

42
 

n.
d.

 
30

 
 

 



Publications and manuscripts 

75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

S
ap

ro
lit

e 
0−

2 
7 

n.
d.

 
n.

d.
 

n.
d.

 
38

 
36

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
19

 
 

2−
4 

n.
d.

 
6 

n.
d.

 
n.

d.
 

28
 

42
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

24
 

 

4−
6 

18
 

n.
d.

 
n.

d.
 

n.
d.

 
51

 
31

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

 

H
um

id
−t

em
pe

ra
te

 fo
re

st
 

S
ou

th
 

T
op

so
il 

0−
2 

n.
d.

 
n.

d.
 

n.
d.

 
17

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
83

 
 

2−
4 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

33
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
67

 
 

4−
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

51
 

15
 

n.
d.

 
n.

d.
 

34
 

 

S
ub

so
il 

0−
2 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

10
 

n.
d.

 
25

 
n.

d.
 

34
 

n.
d.

 
n.

d.
 

n.
d.

 
30

 
 

2−
4 

n.
d.

 
n.

d.
 

n.
d.

 
21

 
n.

d.
 

n.
d.

 
36

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
9 

34
 

 

4−
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

14
 

n.
d.

 
36

 
39

 
n.

d.
 

n.
d.

 
10

 
 

S
ap

ro
lit

e 
0−

2 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
31

 
n.

d.
 

n.
d.

 
21

 
26

 
n.

d.
 

21
 

 

2−
4 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

28
 

12
 

n.
d.

 
47

 
n.

d.
 

n.
d.

 
14

 
 

4−
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

54
 

19
 

n.
d.

 
7 

n.
d.

 
n.

d.
 

20
 

 

N
or

th
 

T
op

so
il 

0−
2 

n.
d.

 
n.

d.
 

n.
d.

 
11

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

23
 

n.
d.

 
n.

d.
 

65
 

 

2−
4 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
9 

n.
d.

 
n.

d.
 

n.
d.

 
54

 
n.

d.
 

n.
d.

 
37

 
 

4−
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

44
 

n.
d.

 
n.

d.
 

n.
d.

 
27

 
n.

d.
 

n.
d.

 
n.

d.
 

29
 

 

S
ap

ro
lit

e 
0−

2 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
12

 
n.

d.
 

n.
d.

 
57

 
22

 
n.

d.
 

9 
 

2−
4 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
24

 
n.

d.
 

n.
d.

 
45

 
31

 
n.

d.
 

n.
d.

 
n.

d.
 

 

4−
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
16

 
47

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

37
 

 

S
ite

 
 

D
ep

th
 

R
oo

t 
pr

ox
im

i
ty

 
H

yd
A

p 
O

C
P

 
B

R
U

 
sr

oA
l−

P
 

V
A

R
 

sr
oF

e−
P

 
ad

sP
−

A
l_

cl
ay

 
ad

sP
−

A
lO

H
 

ad
sP

−
B

O
E 

ad
sP

−
S

O
M

 
ad

sP
−

FE
R

 
ad

sP
−

G
O

E 
P

o 
P

to
t 

 
 

 
[m

m
] 

[m
g 

kg
−1

] 

A
ri

d 
sh

ru
bl

an
d 

S
ou

th
 

T
op

so
il 

0−
2 

n.
d.

 
91

.4
 

21
.3

 
n.

d.
 

91
.4

 
10

0.
5 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
30

4.
5 

2−
4 

79
.9

 
n.

d.
 

n.
d.

 
n.

d.
 

91
.7

 
38

.5
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

85
.8

 
29

5.
8 

4−
6 

14
4.

3 
n.

d.
 

n.
d.

 
n.

d.
 

87
.3

 
70

.5
 

n.
d.

 
n.

d.
 

33
.6

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
33

5.
7 

S
ub

so
il 

0−
2 

16
5.

3 
n.

d.
 

n.
d.

 
n.

d.
 

19
4.

0 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
35

9.
3 

2−
4 

16
7.

2 
n.

d.
 

n.
d.

 
n.

d.
 

19
6.

2 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
36

3.
4 

4−
6 

n.
d.

 
62

.8
 

60
.1

 
n.

d.
 

n.
d.

 
10

3.
8 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

46
.4

 
27

3.
2 

S
ap

ro
lit

e 
0−

2 
n.

d.
 

21
.6

 
n.

d.
 

n.
d.

 
80

.2
 

10
8.

0 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
98

.8
 

30
8.

6 

4−
6 

12
3.

1 
n.

d.
 

n.
d.

 
n.

d.
 

17
0.

0 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
29

3.
1 

N
or

th
 

T
op

so
il 

0−
2 

99
.9

 
n.

d.
 

29
.4

 
n.

d.
 

13
2.

3 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

29
.4

 
29

3.
9 

2−
4 

15
9.

5 
n.

d.
 

n.
d.

 
n.

d.
 

10
4.

9 
15

1.
1 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
41

9.
7 

4−
6 

12
5.

4 
n.

d.
 

n.
d.

 
n.

d.
 

14
5.

7 
13

3.
5 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
40

4.
6 

 



Publications and manuscripts 

76 

 

  

 
 

S
ap

ro
lit

e 
0−

2 
13

6.
3 

n.
d.

 
n.

d.
 

n.
d.

 
30

3.
3 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

43
9.

6 

 
 

 
4−

6 
19

1.
7 

n.
d.

 
n.

d.
 

n.
d.

 
14

4.
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

33
6.

3 

M
ed

ite
rr

an
ea

n 
w

oo
dl

an
d 

S
ou

th
 

T
op

so
il 

0−
2 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
23

.8
 

n.
d.

 
53

.6
 

22
0.

3 
29

7.
7 

2−
4 

12
.8

 
n.

d.
 

n.
d.

 
n.

d.
 

38
.5

 
35

.3
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

72
.3

 
16

0.
6 

4−
6 

31
.8

 
n.

d.
 

n.
d.

 
n.

d.
 

35
.7

 
21

.2
 

n.
d.

 
n.

d.
 

43
.7

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
13

2.
4 

S
ub

so
il 

0−
2 

37
.4

 
88

.4
 

n.
d.

 
n.

d.
 

14
2.

7 
68

.0
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
33

9.
9 

2−
4 

89
.1

 
n.

d.
 

n.
d.

 
n.

d.
 

14
6.

7 
28

.8
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
26

2.
0 

4−
6 

95
.8

 
n.

d.
 

n.
d.

 
n.

d.
 

10
9.

8 
47

.9
 

n.
d.

 
n.

d.
 

28
.2

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
28

1.
6 

S
ap

ro
lit

e 
0−

2 
53

.3
 

n.
d.

 
n.

d.
 

n.
d.

 
49

.3
 

47
.4

 
n.

d.
 

n.
d.

 
47

.4
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

19
7.

3 

2−
4 

67
.9

 
n.

d.
 

n.
d.

 
n.

d.
 

94
.1

 
26

.3
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

30
.6

 
21

8.
9 

4−
6 

11
1.

3 
n.

d.
 

n.
d.

 
n.

d.
 

16
1.

3 
84

.5
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

26
.9

 
38

3.
9 

N
or

th
 

T
op

so
il 

0−
2 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

62
.1

 
28

.2
 

n.
d.

 
n.

d.
 

53
.6

 
n.

d.
 

n.
d.

 
n.

d.
 

13
8.

3 
28

2.
3 

2−
4 

n.
d.

 
40

.4
 

n.
d.

 
n.

d.
 

80
.8

 
10

6.
7 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

60
.6

 
28

8.
5 

4−
6 

n.
d.

 
n.

d.
 

30
.1

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
54

.2
 

12
6.

4 
n.

d.
 

90
.3

 
30

1.
1 

S
ap

ro
lit

e 
0−

2 
16

.9
 

n.
d.

 
n.

d.
 

n.
d.

 
91

.7
 

86
.9

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
45

.9
 

24
1.

4 

2−
4 

n.
d.

 
11

.5
 

n.
d.

 
n.

d.
 

53
.5

 
80

.3
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

45
.9

 
19

1.
2 

4−
6 

37
.0

 
n.

d.
 

n.
d.

 
n.

d.
 

10
4.

9 
63

.8
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
20

5.
7 

H
um

id
−t

em
pe

r
at

e 
fo

re
st

 
S

ou
th

 
T

op
so

il 
0−

2 
n.

d.
 

n.
d.

 
n.

d.
 

59
.6

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
29

0.
9 

35
0.

5 

2−
4 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

82
.4

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

16
7.

2 
24

9.
6 

4−
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

74
.3

 
21

.9
 

n.
d.

 
n.

d.
 

49
.6

 
14

5.
8 

S
ub

so
il 

0−
2 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

50
.6

 
n.

d.
 

12
6.

4 
n.

d.
 

17
1.

9 
n.

d.
 

n.
d.

 
n.

d.
 

15
1.

7 
50

5.
7 

2−
4 

n.
d.

 
n.

d.
 

n.
d.

 
74

.3
 

n.
d.

 
n.

d.
 

12
7.

3 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
31

.8
 

12
0.

3 
35

3.
7 

4−
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

30
.8

 
n.

d.
 

79
.1

 
85

.7
 

n.
d.

 
n.

d.
 

22
.0

 
21

9.
9 

S
ap

ro
lit

e 
0−

2 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
87

.4
 

n.
d.

 
n.

d.
 

59
.2

 
73

.3
 

n.
d.

 
59

.2
 

28
1.

9 

2−
4 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

81
.4

 
34

.9
 

n.
d.

 
13

6.
6 

n.
d.

 
n.

d.
 

40
.7

 
29

0.
6 

4−
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

15
9.

2 
56

.0
 

n.
d.

 
20

.6
 

n.
d.

 
n.

d.
 

59
.0

 
29

4.
8 

N
or

th
 

T
op

so
il 

0−
2 

n.
d.

 
n.

d.
 

n.
d.

 
68

.2
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
14

2.
7 

n.
d.

 
n.

d.
 

40
3.

3 
62

0.
4 

2−
4 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
34

.7
 

n.
d.

 
n.

d.
 

n.
d.

 
20

8.
3 

n.
d.

 
n.

d.
 

14
2.

7 
38

5.
7 

4−
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

13
9.

8 
n.

d.
 

n.
d.

 
n.

d.
 

85
.8

 
n.

d.
 

n.
d.

 
n.

d.
 

92
.1

 
31

7.
7 

S
ap

ro
lit

e 
0−

2 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
42

.0
 

n.
d.

 
n.

d.
 

19
9.

5 
77

.0
 

n.
d.

 
31

.5
 

34
9.

9 

2−
4 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
19

9.
1 

n.
d.

 
n.

d.
 

37
3.

2 
25

7.
1 

n.
d.

 
n.

d.
 

n.
d.

 
82

9.
4 

4−
6 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
14

8.
2 

43
5.

4 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

34
2.

8 
92

6.
4 

 



Publications and manuscripts 

77 

T
ab

le
: 

S
 2

.2
.8

: 
A

bs
ol

ut
e 

co
nt

en
ts

 o
f 

lo
w

−m
ol

ec
ul

ar
−w

ei
gh

t 
or

ga
ni

c 
ac

id
s 

(L
M

W
O

A
; o

xa
lic

−,
 m

al
ic

−,
 c

itr
ic

−a
ci

d)
, M

B
C

, V
m

ax
 a

nd
 K

m
 v

al
ue

s 
of

 a
ci

d 
ph

os
ph

at
as

e,
 a

nd
 L

M
W

O
A

 
co

nt
en

ts
 n

or
m

al
iz

ed
 b

y 
M

B
C

 a
re

 s
ho

w
n 

in
 th

e 
ta

bl
e.

 V
al

ue
s 

ar
e 

av
er

ag
ed

 o
ve

r 
fo

ur
 s

oi
l p

its
 in

 e
ac

h 
si

te
 ±

th
e 

st
an

da
rd

 e
rr

or
. A

t 
N

or
th

 f
ac

in
g 

so
il 

pi
ts

 o
nl

y 
to

ps
oi

l a
nd

 th
e 

sa
pr

ol
ite

 
w

er
e 

sa
m

pl
ed

. A
t 

S
ou

th
 f

ac
in

g 
al

l t
hr

ee
 d

ep
th

s 
(t

op
so

il,
 s

ub
so

il,
 s

ap
ro

lit
e)

 w
er

e 
sa

m
pl

ed
. I

n 
th

e 
sa

pr
ol

ite
 o

f 
th

e 
ar

id
 s

hr
ub

la
nd

 o
nl

y 
ro

ot
 d

is
ta

nc
es

 0
−2

 m
m

 a
nd

 4
−6

 m
m

 w
er

e 
sa

m
pl

ed
, i

n 
al

l o
th

er
 s

ite
s 

sa
m

pl
ed

 r
oo

t d
is

ta
nc

es
 w

er
e 

0
−2

 m
m

, 2
−4

 m
m

, a
nd

 4
−6

 m
m

. I
f a

 v
al

ue
 is

 m
is

si
ng

 th
is

 is
 in

d
ic

at
ed

 b
y 

‘n
.d

.’ (
no

t d
et

ec
te

d)
. 

S
ite

 
D

ep
th

 
D

is
ta

nc
e 

O
xa

lic
  

M
al

ic
 

C
itr

ic
 

M
B

C
 

O
xa

lic
/M

B
C

 
M

al
ic

/M
B

C
 

C
itr

ic
/M

B
C

 
V

m
ax

 
K

m
 

 
 

[m
m

] 
 

[µ
g 

g−
1]

 
 

 
 

[n
g 

µg
−1

] 
 

 
 

A
ri

d 
sh

ru
bl

an
d 

T
op

so
il 

0−
2 

5.
6±

1.
8 

4.
6±

4.
2 

1.
1±

0.
8 

27
5.

2±
34

.4
 

22
.9

±8
.8

 
19

.4
±1

8 
4.

4±
3.

3 
15

3.
5±

79
.1

 
4.

3±
1 

2−
4 

3.
9±

0.
9 

1.
4±

1.
1 

0.
4±

0.
3 

20
7.

6±
32

 
18

.5
±2

.6
 

6.
2±

4.
4 

1.
9±

1.
2 

94
.2

±3
1.

2 
4.

6±
1.

3 

4−
6 

4.
2±

0.
7 

1.
9±

1.
2 

1.
2±

0.
5 

26
1.

3±
37

.9
 

16
.8

±3
.2

 
7.

4±
5 

5±
1.

7 
14

3.
1±

43
.2

 
4.

4±
0.

3 

S
ub

so
il 

0−
2 

7.
7±

1.
4 

5.
8±

2.
3 

2.
9±

0.
8 

27
8±

36
.2

 
27

.4
±1

.8
 

19
.6

±7
 

10
.1

±2
 

10
4.

8±
14

.1
 

2.
9±

0.
3 

2−
4 

5.
8±

0.
4 

2.
8±

1.
2 

0.
8±

0.
4 

14
2±

25
.1

 
42

.8
±5

.5
 

22
.4

±9
.4

 
6.

8±
4 

10
3.

9±
26

.9
 

3.
1±

0.
4 

4−
6 

3.
8±

0.
3 

1.
9±

1.
2 

1.
2±

0.
9 

16
8.

7±
40

.1
 

25
.3

±6
.6

 
12

.8
±6

.4
 

7.
5±

4.
3 

98
.5

±1
8 

2.
7±

0.
4 

S
ap

ro
lit

e 
0−

2 
8.

5±
2.

1 
12

.2
±5

.4
 

5.
9±

2 
16

4.
5±

40
.7

 
64

.5
±2

5 
10

5.
2±

64
.1

 
45

.2
±1

6.
7 

93
.4

±3
.6

 
2.

3±
0.

4 

4−
6 

3.
3±

1.
1 

1.
9±

0.
8 

0.
8±

0.
3 

4.
5±

0.
8 

81
8.

4±
27

7.
3 

48
7.

3±
24

2.
9 

17
8.

2±
70

.6
 

n.
d.

 
n.

d.
 

M
ed

ite
rr

an
ea

n 
w

oo
dl

an
d 

T
op

so
il 

0−
2 

24
.7

±2
.5

 
8.

1±
3 

8.
5±

3.
4 

11
63

.4
±3

21
.4

 
31

.3
±1

3.
4 

7.
3±

2.
6 

7.
2±

2.
4 

34
8.

4±
43

.8
 

7.
1±

0.
6 

2−
4 

11
.8

±4
.2

 
6.

1±
3.

8 
4.

7±
0.

8 
81

7.
4±

20
7.

1 
15

.5
±7

.6
 

10
.1

±7
.2

 
6.

4±
1.

5 
23

3.
9±

41
.8

 
3.

4±
0.

5 

4−
6 

11
.4

±1
.3

 
2.

9±
0.

8 
3±

1 
10

92
.2

±2
05

.1
 

11
.5

±2
.1

 
2.

4±
0.

6 
2.

5±
0.

7 
25

4.
3±

39
.9

 
4.

1±
0.

3 

S
ub

so
il 

0−
2 

18
.4

±2
.3

 
6.

6±
2.

2 
6.

8±
2.

3 
25

0.
3±

91
.8

 
93

±3
2.

7 
38

.1
±2

0.
5 

31
±1

3.
5 

16
4.

8±
20

.1
 

5.
9±

0.
4 

2−
4 

10
.5

±3
 

6.
3±

2.
6 

3.
5±

1.
6 

18
0.

2±
19

.7
 

63
.7

±2
5.

2 
38

.7
±1

9.
8 

21
.3

±1
1.

1 
15

0.
8±

9.
7 

5.
3±

0.
9 

4−
6 

5.
2±

1.
7 

3.
8±

1.
2 

3.
9±

1.
8 

14
3.

9±
22

.2
 

37
.6

±1
1.

1 
29

.3
±1

2.
1 

31
.9

±1
7.

9 
12

1.
2±

16
.9

 
4.

7±
1.

5 

S
ap

ro
lit

e 
0−

2 
15

.5
±5

.6
 

4.
7±

1.
2 

8.
1±

4 
17

7.
4±

68
.2

 
96

.4
±2

5.
9 

30
.8

±8
.8

 
39

.6
±1

7.
2 

11
1±

38
.5

 
10

.4
±5

.6
 

2−
4 

6.
3±

1.
5 

7.
4±

1.
3 

8.
4±

6.
9 

42
7.

9±
35

5.
7 

71
.4

±3
6.

3 
97

.6
±5

6.
7 

65
.1

±6
3.

7 
10

0.
2±

74
.1

 
2.

4±
0.

9 

4−
6 

6.
1±

2.
3 

2.
3±

0.
9 

2.
8±

2.
3 

70
.3

±4
3.

6 
16

7.
8±

10
7.

1 
67

.6
±4

7.
6 

26
.9

±1
1.

9 
55

.8
±3

8.
9 

3.
6±

1.
5 

H
um

id
−t

em
pe

ra
te

 
fo

re
st

 
T

op
so

il 
0−

2 
42

.4
±1

5.
1 

10
.8

±2
.9

 
19

.5
±8

.2
 

21
87

.5
±4

40
.8

 
20

.4
±6

.6
 

5.
1±

1.
1 

9.
7±

4.
1 

12
77

±5
06

.4
 

9.
7±

0.
7 

2−
4 

39
.3

±1
1.

8 
7.

8±
3 

12
.5

±5
.7

 
17

34
.1

±3
20

.6
 

21
.8

±4
.9

 
4±

1.
1 

6±
2.

2 
89

8.
4±

39
1.

1 
3.

6±
0.

8 

4−
6 

32
.6

±1
2.

9 
9.

3±
4.

6 
16

.4
±1

1.
3 

10
73

.9
±4

84
.7

 
71

.5
±4

6.
5 

20
.3

±1
4.

4 
20

.6
±1

0.
9 

10
30

.3
±4

89
.9

 
3.

2±
1.

4 

S
ub

so
il 

0−
2 

11
.4

±2
.8

 
3.

3±
0.

2 
3±

1.
5 

39
3.

1±
10

0.
3 

30
.1

±3
.7

 
9.

8±
2.

9 
8.

9±
4 

52
6.

1±
18

9.
2 

2.
4±

0.
1 

2−
4 

10
±1

.7
 

0.
9±

0.
7 

1.
2±

1 
25

1.
1±

68
.9

 
46

.5
±1

3 
2.

6±
1.

8 
3.

2±
2.

5 
62

7±
29

1.
1 

5.
3±

1.
7 

4−
6 

6.
7±

1.
6 

1.
2±

0.
6 

1.
4±

1.
1 

21
2.

5±
41

.1
 

40
.5

±1
4.

4 
8.

2±
0.

4 
1.

7±
0 

51
2.

1±
30

7.
4 

3.
5±

0.
2 

S
ap

ro
lit

e 
0−

2 
7.

6±
2 

3±
2.

5 
2.

8±
2.

5 
16

1.
5±

51
.1

 
71

.7
±4

3.
4 

49
.8

±4
5.

8 
46

.6
±4

6.
3 

n.
d.

 
n.

d.
 

2−
4 

3.
9±

0.
9 

0.
7±

0.
5 

1.
1±

0.
8 

97
.9

±8
6.

3 
26

6.
8±

24
3.

6 
90

.3
±8

6.
2 

14
8.

3±
14

7 
n.

d.
 

n.
d.

 

4−
6 

2.
9±

0.
7 

1.
3±

0.
8 

1.
6±

0.
9 

43
7.

5±
43

1.
4 

22
6.

6±
22

0.
8 

14
6.

1±
14

2.
4 

33
3.

1±
33

2.
1 

n.
d.

 
n.

d.
 

 



Publications and manuscripts 

78 

Table: S 2.2.9: Parameters from linear models examining the effect of distance from the roots on microbial biomass 
carbon (MBC), low−molecular−weight organic acids (oxalic, malic, citric), and phosphatase kinetics (Vmax, Km). 
Significant p values are bolded and italicized.

Site Depth Variable Slope Intercept r² p n 

Arid shrubland Topsoil MBC −7.18 257.53 0.25 0.175 6 

Subsoil MBC −23.21 235.71 0.15 0.451 3 

Saprolite MBC −44.05 222.83 1.00 0.000 4 

Topsoil Oxalic  −0.21 4.32 −0.18 0.660 6 

Subsoil Oxalic  −0.14 5.52 −0.78 0.783 3 

Saprolite Oxalic  −1.96 11.48 0.43 0.211 4 

Topsoil Malic  −0.07 0.37 0.07 0.304 6 

Subsoil Malic  −0.43 2.08 0.97 0.082 3 

Saprolite Malic  −0.71 4.18 0.35 0.248 4 

Topsoil Citric  0.04 0.20 −0.22 0.762 6 

Subsoil Citric  −0.33 1.43 0.47 0.342 3 

Saprolite Citric  −0.53 3.44 0.21 0.313 4 

Topsoil Vmax −13.84 246.13 −0.19 0.688 6 

Subsoil Vmax −4.73 97.01 0.33 0.394 3 

Saprolite Vmax n.d. n.d. n.d. n.d. n<3 

Topsoil Km −0.38 7.06 0.28 0.163 6 

Subsoil Km 0.06 3.17 0.96 0.095 3 

Saprolite Km n.d. n.d. n.d. n.d. n<3 

Mediterranean 
woodland 

Topsoil MBC −17.71 1078.30 −0.20 0.713 6 

Subsoil MBC −26.24 274.37 0.51 0.330 3 

Saprolite MBC −27.08 305.60 −0.14 0.570 6 

Topsoil Oxalic  −2.94 23.22 0.15 0.244 6 

Subsoil Oxalic  −2.82 19.56 0.20 0.435 3 

Saprolite Oxalic  −2.82 18.75 0.19 0.213 6 

Topsoil Malic  −0.44 3.81 0.00 0.379 6 

Subsoil Malic  −0.04 7.12 −1.00 0.986 3 

Saprolite Malic  −0.91 8.05 0.09 0.286 6 

Topsoil Citric  −1.16 7.72 0.10 0.282 6 

Subsoil Citric  −1.38 11.23 0.83 0.187 3 

Saprolite Citric  −1.91 15.28 −0.01 0.381 6 

Topsoil Vmax −19.23 279.56 0.12 0.261 6 

Subsoil Vmax 4.52 120.93 0.85 0.174 3 

Saprolite Vmax −19.74 170.30 0.09 0.324 5 

Topsoil Km −0.90 8.07 0.36 0.121 6 

Subsoil Km −0.64 6.29 0.47 0.345 3 

Saprolite Km −0.32 5.01 −0.20 0.598 5 

Humid−temperate 
forest 

Topsoil MBC −279.08 2501.08 0.99 0.000 6 

Subsoil MBC −46.95 337.59 0.99 0.049 3 

Saprolite MBC 34.50 12.75 0.48 0.077 6 

Topsoil Oxalic  −6.68 49.16 −0.07 0.463 6 

Subsoil Oxalic  −0.66 8.39 −0.38 0.624 3 

Saprolite Oxalic  −0.98 6.45 0.31 0.145 6 

Topsoil Malic  −2.31 13.24 0.25 0.177 6 

Subsoil Malic  −0.74 3.33 0.62 0.287 3 

Saprolite Malic  −0.05 0.28 0.12 0.262 6 
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Topsoil Citric  −5.07 26.83 0.15 0.240 6 

Subsoil Citric  0.22 1.46 −0.89 0.848 3 

Saprolite Citric  0.06 0.34 −0.21 0.746 6 

Topsoil Vmax −60.37 689.36 −0.13 0.546 6 

Subsoil Vmax −68.40 478.54 0.22 0.428 3 

Saprolite Vmax −43.95 434.12 0.88 0.155 3 

Topsoil Km −1.08 7.76 0.31 0.146 6 

Subsoil Km 0.30 2.19 0.37 0.380 3 

Saprolite Km 0.43 3.84 −0.86 0.832 3 

Table: S 2.2.10: Parameters from linear models examining the effect of distance from the roots on P species (Ca−P 
= calcium phosphates, Al−P = Al−phosphates, sorb Al−P = orthophosphate sorbed to Al−(oxy)hydroxides, Fe−P = 
Fe−phosphates, sorb Fe−P = orthophosphates sorbed to Fe−(oxy)hydroxides, Po = organically bound P ). Significant 
p values are bolded and italicized. 

Site Depth Facing Variable Slope Intercept r p n 

Arid shrubland Topsoil North Ca−P −0.04 0.49 1.00 0.000 3 

Topsoil South Ca−P 0.02 0.31 −0.72 0.758 3 

Subsoil South Ca−P 0.00 0.46 0.50 0.333 3 

Saprolite North Ca−P n.d. n.d. n.d. n.d. n<3 

Saprolite South Ca−P n.d. n.d. n.d. n.d. n<3 

Topsoil North Fe−P 0.08 −0.02 0.36 0.381 3 

Topsoil South Fe−P −0.03 0.31 −0.29 0.593 3 

Subsoil South Fe−P 0.10 −0.16 0.50 0.333 3 

Saprolite North Fe−P n.d. n.d. n.d. n.d. n<3 

Saprolite South Fe−P n.d. n.d. n.d. n.d. n<3 

Topsoil North Al−P −0.02 0.42 −0.60 0.703 3 

Topsoil South Al−P −0.01 0.32 0.14 0.454 3 

Subsoil South Al−P −0.14 0.77 0.50 0.333 3 

Saprolite North Al−P n.d. n.d. n.d. n.d. n<3 

Saprolite South Al−P n.d. n.d. n.d. n.d. n<3 

Topsoil North sorbFe−P n.d. n.d. n.d. n.d. n.d. 

Topsoil South sorbFe−P n.d. n.d. n.d. n.d. n.d. 

Subsoil South sorbFe−P n.d. n.d. n.d. n.d. n.d. 

Saprolite North sorbFe−P n.d. n.d. n.d. n.d. n<3 

Saprolite South sorbFe−P n.d. n.d. n.d. n.d. n<3 

Topsoil North sorbAl−P n.d. n.d. n.d. n.d. n.d. 

Topsoil South sorbAl−P 0.03 −0.04 0.50 0.333 3 

Subsoil South sorbAl−P n.d. n.d. n.d. n.d. n.d. 

Saprolite North sorbAl−P n.d. n.d. n.d. n.d. n<3 

Saprolite South sorbAl−P n.d. n.d. n.d. n.d. n<3 

Topsoil North Po −0.03 0.11 0.50 0.333 3 

Topsoil South Po 0.00 0.10 −1.00 1.000 3 

Subsoil South Po 0.04 −0.07 0.50 0.333 3 

Saprolite North Po n.d. n.d. n.d. n.d. n<3 

Saprolite South Po n.d. n.d. n.d. n.d. n<3 

Mediterranean 
woodland 

Topsoil North Ca−P 0.03 0.00 −0.04 0.512 3 

Topsoil South Ca−P 0.06 −0.07 0.93 0.121 3 

Subsoil South Ca−P −0.01 0.38 0.50 0.333 3 

Saprolite North Ca−P 0.03 0.02 0.36 0.381 3 
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Saprolite South Ca−P 0.00 0.28 −0.50 0.667 3 

Topsoil North Fe−P −0.03 0.23 −0.86 0.832 3 

Topsoil South Fe−P 0.04 0.01 −0.01 0.503 3 

Subsoil South Fe−P −0.01 0.18 −0.79 0.788 3 

Saprolite North Fe−P −0.01 0.40 −0.59 0.700 3 

Saprolite South Fe−P −0.01 0.21 −0.95 0.901 3 

Topsoil North Al−P −0.06 0.33 0.11 0.464 3 

Topsoil South Al−P 0.07 −0.03 0.66 0.269 3 

Subsoil South Al−P −0.01 0.48 −0.95 0.894 3 

Saprolite North Al−P 0.03 0.29 −0.36 0.619 3 

Saprolite South Al−P 0.04 0.24 0.41 0.365 3 

Topsoil North sorbFe−P 0.11 −0.18 0.50 0.333 3 

Topsoil South sorbFe−P −0.05 0.20 0.50 0.333 3 

Subsoil South sorbFe−P n.d. n.d. n.d. n.d. n.d. 

Saprolite North sorbFe−P n.d. n.d. n.d. n.d. n.d. 

Saprolite South sorbFe−P n.d. n.d. n.d. n.d. n.d. 

Topsoil North sorbAl−P 0.00 0.13 −1.00 0.970 3 

Topsoil South sorbAl−P 0.06 −0.05 0.05 0.483 3 

Subsoil South sorbAl−P 0.03 −0.04 0.50 0.333 3 

Saprolite North sorbAl−P n.d. n.d. n.d. n.d. n.d. 

Saprolite South sorbAl−P −0.06 0.26 0.50 0.333 3 

Topsoil North Po −0.05 0.48 −0.12 0.537 3 

Topsoil South Po −0.19 0.95 0.97 0.079 3 

Subsoil South Po n.d. n.d. n.d. n.d. n.d. 

Saprolite North Po −0.05 0.29 0.13 0.460 3 

Saprolite South Po 0.02 0.02 −0.50 0.667 3 

Humid−temperate 
forest 

Topsoil North Ca−P n.d. n.d. n.d. n.d. n.d. 

Topsoil South Ca−P n.d. n.d. n.d. n.d. n.d. 

Subsoil South Ca−P n.d. n.d. n.d. n.d. n.d. 

Saprolite North Ca−P n.d. n.d. n.d. n.d. n.d. 

Saprolite South Ca−P n.d. n.d. n.d. n.d. n.d. 

Topsoil North Fe−P 0.00 0.03 −1.00 1.000 3 

Topsoil South Fe−P n.d. n.d. n.d. n.d. n.d. 

Subsoil South Fe−P n.d. n.d. n.d. n.d. n.d. 

Saprolite North Fe−P 0.04 0.01 −0.14 0.546 3 

Saprolite South Fe−P n.d. n.d. n.d. n.d. n.d. 

Topsoil North Al−P 0.08 −0.06 0.04 0.488 3 

Topsoil South Al−P −0.04 0.18 0.50 0.333 3 

Subsoil South Al−P −0.03 0.18 −0.55 0.684 3 

Saprolite North Al−P n.d. n.d. n.d. n.d. n.d. 

Saprolite South Al−P n.d. n.d. n.d. n.d. n.d. 

Topsoil North sorbFe−P n.d. n.d. n.d. n.d. n.d. 

Topsoil South sorbFe−P n.d. n.d. n.d. n.d. n.d. 

Subsoil South sorbFe−P 0.00 0.03 −1.00 1.000 3 

Saprolite North sorbFe−P −0.06 0.24 0.50 0.333 3 

Saprolite South sorbFe−P −0.07 0.28 0.50 0.333 3 

Topsoil North sorbAl−P 0.01 0.32 −0.97 0.924 3 

Topsoil South sorbAl−P 0.17 −0.17 1.00 0.000 3 

Subsoil South sorbAl−P 0.08 0.38 −0.35 0.612 3 
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Saprolite North sorbAl−P −0.06 0.81 0.06 0.482 3 

Saprolite South sorbAl−P 0.07 0.52 0.19 0.439 3 

Topsoil North Po −0.09 0.71 0.81 0.198 3 

Topsoil South Po −0.12 0.98 0.92 0.126 3 

Subsoil South Po −0.05 0.40 0.21 0.433 3 

Saprolite North Po 0.07 −0.06 0.05 0.483 3 

Saprolite South Po 0.00 0.19 −0.97 0.916 3 

Table: S 2.2.11: Results of linear models examining the effect of soil depth on the parameters microbial biomass 
carbon (MBC), oxalic−, malic−, and citric acid content, maximum reaction rate of acid phosphatase (Vmax), and half 
saturation constant of acid phosphatase (Km) , calculated per study site. The table shows the p values of the overall 
model and of the post−hoc least square means (with “Tukey” correction) pairwise comparison. Significant p values 
are bolded and italicized. 

Site Variable P−value of the 
overall linear 
model 

Topsoil − 
Subsoil 

Topsoil − 
Saprolite 

Subsoil − 
Saprolite 

Arid shrubland MBC 0.02 0.31 0.01 0.31 

Oxalic  0.66 0.82 0.66 0.98 

Malic  0.12 0.77 0.11 0.43 

Citric  0.12 0.98 0.12 0.26 

Vmax 0.25 0.26 0.61 0.99 

Km 0.01 0.01 0.04 0.92 

Mediterranean 
woodland 

MBC <0.01 <0.01 <0.01 0.96 

Oxalic  0.71 0.86 0.70 0.99 

Malic  0.09 0.10 0.22 0.68 

Citric  0.31 0.77 0.28 0.82 

Vmax 0.03 0.14 0.03 0.86 

Km 0.57 0.78 0.56 0.98 

Humid−temperate 
forest 

MBC <0.01 <0.01 <0.01 0.94 

Oxalic  0.12 0.30 0.12 0.98 

Malic  0.07 0.24 0.07 0.94 

Citric  0.19 0.42 0.19 0.97 

Vmax 0.41 0.48 0.56 0.99 

Km 0.64 0.73 0.95 0.63 

Table: S 2.2.12: Results of linear models examining the effect of study site in each soil depth on the parameters 
microbial biomass carbon (MBC), oxalic−, malic−, and citric acid content, maximum reaction rate of acid 
phosphatase (Vmax), and half saturation constant of acid phosphatase (Km) , calculated per study site. The table 
shows the p values of the overall model and of the post−hoc least square means (with “Tukey” correction) pairwise 
comparison. Significant p values are bolded and italicized. 

Variable Depth P−value of the 
overall linear model 

Humid−temperate 
forest − 
Mediterranean 
woodland 

Mediterranean 
woodland − 
Arid shrubland 

Humid−temperate 
forest −  
Arid shrubland 

MBC Topsoil <0.01 0.01 <0.01 <0.01 

MBC Subsoil 0.85 1.00 0.88 0.87 

MBC Saprolite 0.21 0.32 0.25 0.95 

Oxalic  Topsoil 0.10 0.40 0.61 0.09 

Oxalic  Subsoil 0.29 0.45 0.30 0.93 

Oxalic  Saprolite 0.19 0.18 0.49 0.86 

Malic  Topsoil 0.05 0.24 0.57 0.04 

Malic  Subsoil 0.04 0.06 0.05 0.99 

Malic  Saprolite <0.01 <0.01 0.09 0.39 
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Citric  Topsoil 0.15 0.39 0.76 0.13 

Citric  Subsoil 0.02 0.05 0.02 0.60 

Citric  Saprolite 0.02 0.02 0.07 0.91 

Vmax Topsoil 0.05 0.08 0.99 0.06 

Vmax Subsoil 0.14 0.29 0.81 0.13 

Vmax Saprolite 0.03 0.03 0.99 0.14 

Km Topsoil 0.56 0.79 0.91 0.54 

Km Subsoil 0.29 0.30 0.45 0.93 

Km Saprolite 0.73 0.83 0.91 0.74 

Table: S 2.2.13: Results of linear models examining the effect of soil depth on P compound classes (Ca−P = calcium 
phosphates, Al−P = Al−phosphates, sorb Al−P = orthophosphate sorbed to Al−(oxy)hydroxides, Fe−P = 
Fe−phosphates, sorb Fe−P = orthophosphates sorbed to Fe−(oxy)hydroxides, Po = organically bound P ) was 
calculated per study site. Distance from the roots was set as a fixed effect, with random slopes and random intercept. 
The table shows the results of the post−hoc least square means (with “Tukey” correction) pairwise comparison (p 
values). Significant p values are bolded and italicized. 

Site Variable P−value of the 
overall linear 
model 

Topsoil − 
Subsoil 

Topsoil – 
Saprolite 

Subsoil − 
Saprolite 

Arid shrubland Ca−P 0.25 0.61 0.61 0.23 

Fe−P 0.83 0.81 0.96 0.96 

Al−P 0.82 0.92 0.81 0.95 

sorbFe−P n.d. n.d. n.d. n.d. 

sorbAl−P 0.51 0.54 0.61 1.00 

Po 0.79 0.95 0.90 0.77 

Mediterranean 
woodland 

Ca−P 0.01 0.01 0.05 0.57 

Fe−P 0.62 0.87 0.59 0.87 

Al−P 0.06 0.05 0.18 0.63 

sorbFe−P 0.42 0.48 0.48 1.00 

sorbAl−P 0.65 0.63 0.86 0.90 

Po 0.14 0.15 0.24 0.92 

Humid−temperate forest Ca−P n.d. n.d. n.d. n.d. 

Fe−P n.d. n.d. n.d. n.d. 

Al−P 0.37 0.78 0.70 0.35 

sorbFe−P 0.54 0.92 0.52 0.74 

sorbAl−P 0.25 0.44 0.24 0.87 

Po 0.04 0.07 0.04 0.89 
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Table: S 2.2.14: Results of linear models examining the effect of study site in each soil depth on P compound classes 
(Ca−P = calcium phosphates, Al−P = Al−phosphates, sorb Al−P = orthophosphate sorbed to Al−(oxy)hydroxides, 
Fe−P = Fe−phosphates, sorb Fe−P = orthophosphates sorbed to Fe−(oxy)hydroxides, Po = organically bound P ) was 
calculated. Distance from the roots was set as a fixed effect, with random slopes and random intercept. The table 
shows the results of the post−hoc least square means (with “Tukey” correction) pairwise comparison (p values). 
Significant p values are bolded and italicized. 

Variable Depth P−value of the 
overall linear model 

Humid−temperate 
forest − 
Mediterranean 
woodland 

Mediterranean 
woodland − 
Arid shrubland 

Humid−temperate 
forest −  
Arid shrubland 

Ca−P Topsoil <0.01 0.07 <0.01 <0.01 

Ca−P Subsoil <0.01 <0.01 <0.01 <0.01 

Ca−P Saprolite <0.01 0.04 0.19 <0.01 

Fe−P Topsoil 0.02 0.18 0.44 0.02 

Fe−P Subsoil 0.35 0.35 0.95 0.50 

Fe−P Saprolite 0.03 0.03 0.08 0.96 

Al−P Topsoil 0.05 0.80 0.14 0.05 

Al−P Subsoil 0.16 0.15 0.82 0.32 

Al−P Saprolite <0.01 <0.01 0.28 <0.01 

sorbFe−P Topsoil 0.17 0.22 0.22 1.00 

sorbFe−P Subsoil 0.42 0.48 1.00 0.48 

sorbFe−P Saprolite 0.17 0.21 1.00 0.28 

sorbAl−P Topsoil 0.01 0.09 0.44 0.01 

sorbAl−P Subsoil 0.01 0.01 0.96 0.01 

sorbAl−P Saprolite <0.01 <0.01 0.85 <0.01 

Po Topsoil <0.01 0.39 0.06 <0.01 

Po Subsoil 0.04 0.04 0.75 0.10 

Po Saprolite 0.53 0.68 0.94 0.54 
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Figure: S 2.2.1: Exemplary phosphorus K−edge X−ray absorption near edge structure 
spectroscopy (XANES) spectra along the ecosequence (A) from all three soil depths (distance 
0−2 mm from roots) and (B) from the Mediterranean woodland in topsoil, and saprolite for all 
three distances from roots (0−2 mm, 2−4 mm, and 4−6 mm). Black dots represent the 
measured data, the red curve is the best fit chosen by the lowest R factor. Green dots show the 
residual from the data to the fit (R−factor).

                      
         
                     

                      
         
                     

                      
         
                     

                      
       
                     

                      
       
                     

                      
       
                     

           

                            

                            

                            

                            

                            

                            

 

                            

                                                                                    

                            

                            

                            

                            

                            

                            

  
  

  
 

  
  

  
 

  
  

  
   

                                                              

  
  

  
  

  
  

  
  

  
  

 

           

 
  

  
  

  
  

  
  

  
  

  
 

  
  

  
  

  
  

  
  

  
  

 

  
  

  
  

  
  

  
  

  
  

 

  
  

  
  

  
  

  
  

  
  

 

  
  

  
  

  
  

  
  

  
  

 

  
  

  
  

  
  

  
  

  
  

 



Publications and manuscripts 

85 

 

 

Figure: S 2.2.2: Pools of rhizosphere P per root segment (total P, calcium−phosphates (Ca−P), Fe− and 
Al−phosphates (Fe−P, Al−P), orthophosphates sorbed to Fe− and Al−(oxy)hydroxides (sorbFe−P, sorbAl−P), and 
organic P (Po) were calculated for a cylinder around roots. Contents in each distance to the root were converted to 
rhizosphere P per root length by multiplying with bulk density and the respective volume of the cylinder sheathing 
the root. Average root thickness was set to 2 mm. For the arid shrubland (‘shrubland’), Mediterranean woodland 
(‘woodland’), and humid−temperate forest (‘forest’). In each site for the topsoil, subsoil, and saprolite. 
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2.3.1. Abstract 

Phosphor (P) sorption in soil is a multivariate process strongly dependent on soil mineralogy, 

organic carbon (C) content, free surface area, and pH, all of which are influenced by climate. 

This study aimed to examine differences in inorganic P sorption capacity of four soils along an 

aridity gradient and, subsequently, microbial P utilization. To investigate the differences in 

inorganic P sorption capacity and microbial P uptake, a combined approach of an 33P isotope-

exchange kinetics determination, and a consecutive laboratory incubation experiment were 

conducted. The experimental setup included a subset of mesocosms in the incubation 

experiment, which received a defined amount of glucose to simulate root exudation and supply 

microorganisms with labile C required to fuel P mobilization mechanisms. 

P sorptivity was highest in the hyperarid and humid site. The large sorption capacity of the 

hyperarid site was associated with calcium carbonates and elevated clay content compared to 

an arid and Mediterranean site. At the humid site, high P sorptivity coincided with high contents 

of clay, total organic carbon, oxalate extractable aluminum, ferrihydrite, and a large free surface 

area. Microbial inorganic P uptake was below the detection limit in the hyperarid desert and 

highest in the Mediterranean woodland soil. The results indicate P limitation of microbial growth 

in the hyperarid desert’s topsoil, possibly due to high CaCO3 content. Isotopic dilution of 

desorbable P in the humid-temperate forest soil, likely by mineralized organic P, indicated 

highest importance of organic P for microbial P nutrition. At the Mediterranean site, microbial P 

mobilization was C limited, as indicated by enhanced microbial utilization of sorbed inorganic P 

under glucose addition. This study provides an insight in P sorption and microbial P utilization 

processes in soils from similar parent material but with different weathering history due to 

disparities in historical and present climate. The results imply that P cycling processes are 

highly site specific and consequences of changing climate on P cycling cannot be predicted by 

linear means. 

Keywords: isotope techniques; soil mineralogy; Fe speciation in soil; soil incubation studies; 

microbial phosphorus (P) cycling in soil; climate dependent phopshorus (P) adsorption in soil 

Highlights: 

• P sorption is highest in soils under arid and humid climate. 

• Microbial utilization of sorbed inorganic P is highest under Mediterranean climate. 

• Under arid and Mediterranean climate microbial P utilization is C-limited. 

• Under humid climate organic P is utilized and C limitation is relieved 
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Conceptual Figure: 

 

Figure 2.3.1: Conceptual Figure for study 2. 

2.3.2. Introduction 

Phosphorus (P) is an essential nutrient in all ecosystems and important for the cellular energy 

cycle (Marschner and Marschner, 2012). Unlike other macronutrients, the availability of P is 

highly dependent on soil type and status of pedogenesis. In natural ecosystems, the availability 

of P is determined by two factors: i) the initial content in the parent material and ii) the 

immobilization by secondary minerals and weathering products, i.e., the speciation of 

pedogenic sesquioxides and the surface area available for sorption processes (Vitousek and 

Farrington, 1997; Walker and Syers, 1976). P mobility in most soils is low because of rapid 

sorption to positive charged surfaces of sesquioxides and organo−mineral complexes or 

precipitation with polyvalent cations (Gerke and Hermann, 1992; Sims and Pierzynski, 2005; 

Violante and Pigna, 2002). While initial adsorption is fast, strong sorption to minerals requires 

longer times to manifest. Short−range order minerals are particularly important for strong 

sorption processes. In some cases, e.g., in soils with andic properties or otherwise highly 

reactive sesquioxides, this sorption can even be irreversible (Okajima et al., 1983). Data on the 

types of sesquioxides in a soil therefore not only allow conclusions to be drawn about rapid 

sorption processes, but also about the long−term availability of P (Gérard, 2016). The speciation 

of iron (Fe) and aluminum (Al) in soils depends on both, the parent material and weathering 

processes controlled by past and present climatic conditions. Water availability and 

temperature are among the main abiotic drivers of weathering processes (Goudie and Viles, 

2012; Wu et al., 2013). Mean annual precipitation (MAP) and mean annual temperature (MAT) 

influence vegetation (cover and composition), soil pH, and total soil organic carbon (TOC) 
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content, which are important biological and physicochemical parameters for mineral 

weathering and formation of secondary sesquioxides. 

Plant P availability is determined by sorption strength to the soil solid phase on the one hand 

and the capacity of microorganisms to solubilize P on the other hand (Richardson and Simpson, 

2011). For biota’s P nutrition, inorganic P, weakly adsorbed to the soil solid phase is a critical 

parameter to determine P availability in a soil. This is because if P from the soil solution is taken 

up by biota it is replenished by P weakly adsorbed to the soil’s solid phase. Due to the strong 

immobilization by sorption in many soils, the P content in these soils is high, but the P availability 

is low. This distinct behavior of P requires adaptations of organisms to mobilize P. 

Microorganisms are known to modify chemical conditions in soil to mobilize inorganic P, for 

example by acidification and exudation of chelating compounds (Richardson and Simpson, 

2011). It has been shown that biological P acquisition strategies are an ecosystem property and 

depend largely on climatic conditions (Koester et al., 2021). Microorganisms play a crucial role 

in P mobilization and liberation for subsequent plant uptake (Spohn and Kuzyakov, 2013). 

Microbial P uptake in bulk soil represents the basal biotic P mobilization as it is not influenced 

by (seasonal) input of labile root−derived carbon. In contrast, the rhizosphere provides a 

spatially constrained environment where biochemical energy in the form of low molecular 

compounds (covering a substrate spectrum from carbohydrates to organic acids) is provided 

to microorganisms and used as energy source to utilize P pools that would otherwise not be 

accessible. Understanding microbial inorganic P mobilization and uptake in an ecosystem, 

therefore, is a prerequisite to infer P availability to plants. The capacity of microorganisms to 

actively access the pool of sorbed inorganic P may be an indicator for the P limitation in an 

ecosystem (Pistocchi et al., 2018). 

This study was carried out with soils collected along an ecosequence comprising four study 

sites in the Chilean Coastal Cordillera. The ecosystems under study were a hyperarid desert in 

the north an arid shrubland and Mediterranean woodland in central Chile and a 

humid−temperate forest in the south all developed on the same parent material. This study 

setup allowed us to study microbial inorganic P uptake in soils which are largely different in their 

mineralogy, C content and quality, pH, and other climate dependent variables. As the soils of 

the ecosequence originate from the same parent material, differences in soil mineralogy can be 

related to different climatic conditions under which the respective soil developed. It remains to 

be studied how altered carbon availability affects the microbial ability to mobilize P from the 

soils in the ecosystems studied and, furthermore, how microbial uptake of inorganic P adsorbed 

to the soil’s solid phase differs as a function of the climatically determined mineralogy. 
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We hypothesize that (I) the sorption capacity along the ecosequence will be highest in the humid 

ecosystem, which contains the highest amount of pedogenic Fe− and Al− minerals, and 

gradually declines towards drier ecosystems. (II) Microbial uptake of inorganic P will be highest 

in the hyperarid desert ecosystem, due to high contents of inorganic P and low P sorptivity in 

the soil. (III) The addition of glucose will lead to an increased uptake of inorganic P in all 

ecosystems, as the input of readily available C stimulates P mobilization mechanisms such as 

organic acid exudation. 

To test the hypotheses, two sequential laboratory studies were conducted. First the sorption of 

P to the soil’s solid phase was determined by measuring P isotope−exchange kinetics (IEK). P 

has only one stable isotope (31P) and two radioactive isotopes (32P and 33P) which do not occur 

in nature and can only be produced artificially. The radioactive isotopes have half−lives of less 

than a month. Therefore, short−term batch observations with radioactive P isotopes, to 

determine P IEK of sterile soils, are an excellent opportunity to measure abiotic P sorptivity of 

soils (Fardeau, 1993; Lopez−Hernandez et al., 1998). The 33P labeled soil for the incubation 

experiment was also prepared by adsorbing P to sterilized soils. With the incubation experiment 

we pursued the goal to determine microbial P mobilization and incorporation, depending on 

climate driven soil mineralogy. Furthermore, we created rhizosphere−resembling conditions in 

half of the mesocosms by adding glucose to imitate the input of labile C by roots and determine 

its effect on microbial P mobilization. 

2.3.3. Material and Methods 

Study sites and sampling 

The geological properties of all sites were described by Bernhard et al. (2018) and Oeser et al. 

(2018). Basic parameters of the soils are shown in . Mean annual precipitation of the four sites 

increases from north to south from 12 mm y−1 in the hyperarid desert, to 66 mm yr−1 in the arid 

shrubland, 367 mm yr−1 in the Mediterranean woodland, and 1469 mm yr−1 in the 

humid−temperate forest. Mean annual temperature decreases with increasing precipitation 

from 16.8 °C in the hyperarid desert, 13.7 °C in the arid shrubland, 14.1 °C in the Mediterranean 

woodland to 6.6 °C in the humid−temperate forest (Bernhard et al., 2018). 

Samples were collected at each site from a south facing soil profile in midslope position. About 

2 kg well mixed soil from A and B horizon were taken per site. Soils were air dried directly after 

sampling and roots were removed after soils were sieved to < 2 mm. About 250 g of soil from 

each site and horizon were sterilized by 𝛾−irradiation (min. 50 kGy, STERIS, Radeberg, Germany) 

to be used in the IEK measurement.
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Experimental Setup 

In this study, two sequential experiments were conducted. First, the soils’ sorption capacity for 

P was determined in an IEK experiment. With the IEK experiment the P pool (de)sorbable solely 

by physicochemical processes were determined. Moreover, the observed sorption kinetics 

allowed to analyze the underlying sorption processes (Randriamanantsoa et al., 2015). The 33P 

labeled soil of the IEK experiment was mixed with unlabeled soil and used in an incubation study 

to determine microbial inorganic P uptake. In addition to analyzing basal microbial P 

mobilization in the incubation experiment, conditions in the rhizosphere were mimicked by 

adding glucose to a subset of mesocosm (Landi et al., 2006). 

Isotope−exchange−kinetics 

For the IEK study, a mixture of 1 g of sterile soil with 10 g double distilled water (ddH2O) was 

placed on a shaker and allowed to equilibrate for 16 h. At the start of the experiment, 35 kBq g−1 

of 33P suspended in 100 µl 0.1 M H3PO4
− solution (carrier solution) was added to the soil. 

Aliquots of 1 ml were taken from the suspension at 1, 5, 10, 30, 70, and 100 minutes after 

addition of the tracer. Samples were centrifuged at 20,000 g for 2 minutes to stop the sorption 

process immediately after aliquots were taken. The supernatant was transferred to a fresh vial, 

and the centrifugation was repeated. Three replicates per sampling time were measured. The 

radioactivity in solution was measured on a scintillation counter (HIDEX 300 SL, Hidex 

Deutschland Vertrieb GmbH, Germany). IEK were obtained by fitting a curve according to 

Equation 2.3.1 to the measured radioactivity (Bünemann, 2015). 

𝑟(𝑡)𝑅 = m ∗ (𝑡 + 𝑚1𝑛)𝑛 + 𝑟𝑖𝑛𝑓𝑅  Equation 2.3.1 

Where r(t)/R is the ratio of radioactivity remaining in soil solution after the time t and the total 

added radioactivity (relative specific activity), and rinf/R is the ratio of radioactivity at the end of 

the IEK study and the total radioactivity added to the soil. Parameters m, n, and rinf were 

determined by the fit and used in the later analysis. 

Incubation experiment 

The same procedure as described for the IEK study, without sampling individual time points, 

was done to prepare 33P labeled soil for the incubation study (three times 80 g soil and 400 ml 

ddH2O per soil horizon). For the incubation study, unsterile soil from A and B horizons was 

pre−incubated for 14 days at 15 °C and at 42% of water holding capacity (WHC). The 

pre−incubated soils were mixed with the 33P labeled sterile soil in a ratio of 7:1 (unsterile:sterile, 

w:w). The homogenized soil was then filled into a plastic ring (diameter of 5 cm and a volume 
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of 100 cm³) mounted on a ceramic plate. A weight of 1.5 kg was used to apply a defined 

pressure (≈7500 N m−2) via a stamp to equalize bulk density of samples from the same site and 

horizon. The installation was placed in a sealed jar with a sand covered bottom. A quantity of 

water corresponding to 50% of WHC was applied to the soil from top. An additional 5 ml were 

added to the sand layer at the bottom of the mesocosms to saturate the soil through the 

ceramic plate to field capacity (100% WHC) (mesocosm preparation as in Apostel et al. (2017) 

and Najera et al. (2020)). A schematic experimental setup is shown in Figure: S 2.3.1. The 

incubation study run for 25 days with the first sampling after mixing the sterile and unsterile soil 

(t=−5), the second sampling time at the day of glucose addition (t=0), and subsequent sampling 

times 2, 7, and 20 days after the addition of glucose (t=2, t=7 and t=20). Four replicate 

mesocosms were prepared per harvesting time point and treatment. Half of the mesocosms 

from all sites and horizons received glucose on day 5 after the start of the incubation. The 

amount of glucose corresponded to 50 % of the respective mass of microbial biomass carbon 

(Cmic) as determined by DNA contents described in Koester et al. (2021). 

Laboratory analyses 

Microbial biomass phosphor (Pmic) and microbial biomass carbon (Cmic) 

From an aliquot of 3−5 g from each mesocosm microbial biomass phosphor (Pmic) was 

extracted by hexanol−resin fumigation following the protocol of Bünemann et al. (2016), which 

is a modification of the method published by Kouno et al. (1995). To correct for sorption of P 

during extraction, aliquots were spiked with H3PO4
− solution, with an amount of P in the range 

of the expected P content of fumigated samples. Total inorganic P in the extracts of fumigated 

and unfumigated samples was determined photometrically by the malachite green method 

(Ohno and Zibilske, 1991).  The 33P content in the extract of fumigated and unfumigated 

samples for Pmic determination was measured by adding 8 ml of scintillation cocktail (Rotiscint 

eco plus, Carl Roth GmbH & co. KG, Karlsruhe, Germany) to 3 ml of the extract and mixing in a 

plastic vial. Quantification was done with a scintillation counter (HIDEX 300 SL, Hidex 

Deutschland Vertrieb GmbH, Germany). 

Pmic was calculated according to Equation 2.3.2 for the stable isotope 31P and the radioactive 

isotope 33P. 

𝑃𝑚𝑖𝑐 = (𝑃ℎ𝑒𝑥 – 𝑃𝑟𝑒𝑠𝑖𝑛) 𝛼⁄  Equation 2.3.2 

Phex and Presin are the 31P and 33P concentrations of the hexanol−fumigated and unfumigated 

extract, respectively. The factor α is given by the recovery of the spiked P (Equation 2.3.3), where 
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Pspike is the concentration of 31P in the spiked sample and Padded is the amount of 31P initially 

added to the spiked sample. 

𝛼 = ∑ 𝑃𝑠𝑝𝑖𝑘𝑒 − ∑ 𝑃𝑟𝑒𝑠𝑖𝑛𝑛 𝑃𝑎𝑑𝑑𝑒𝑑⁄  Equation 2.3.3 

Inorganic P taken up from the 33P labeled pool at the soil solid phase was calculated by 

Equation 5. 

𝑃𝑢𝑝𝑡𝑎𝑘𝑒 =  𝑃𝑤31𝑃𝑤33 ∗ 𝑃𝑚𝑖𝑐33  Equation 2.3.4 

31Pw and 33Pw are the concentrations of the respective isotope of P in the unfumigated sample 

and 33Pmic is the radioactivity taken up by the microbial biomass following from Equation 2.3.2. 

Equations 2, 3 and 4 are taken from Bünemann et al. (2016). We also calculated the ratio of 

Presin from the Pmic extracts to the equilibrium concentration of P in soil solution without 

biological activity (Cp) from the IEK experiment. Cp was measured at the end of the IEK study 

after 45 h of isotopic exchange. The ratio was used to infer P uptake efficiency of plants and 

microorganisms from the soil solution.  

Microbial biomass carbon (Cmic) was extracted from each timepoint and horizon as chloroform 

fumigated microbial biomass carbon following the procedure of Vance et al. (1987). Extracts 

were stored at −20 °C until analysis of total C concentration at a TOC/TIC analyzer (Multi 

N/C2100, Analytik Jena, Germany). Cmic was calculated by subtracting the C concentration of 

the non−fumigated sample from the fumigated one and applying a correction factor of 0.45 (J. 

Wu et al., 1990). 

Microbial biomass nitrogen (Nmic) values were taken from (Stock et al., 2021). Microbial element 

ratios (Cmic:Nmic, Cmic:Pmic, Nmic:Pmic) were calculated as averages over all time points in each site, 

horizon, and treatment, respectively (Table 2.3.2). Microbial elements stoichiometry serves to 

identify possible growth limitations of microorganisms by one element. 

Microbial respiration 

Microbial respiration over the course of the experiment was assessed by CO2 traps which 

consisted of a plastic tube containing 5 ml of 0.5 mol l−1 NaOH. A trap was placed in each of the 

mesocosms that were harvested at the end of the experiment and replaced every 3 – 5 days 

(time between CO2 sampling was reduced after glucose addition as this was expected to 

increase the CO2 flux). CO2 respired by microorganisms was measured with a non−dispersive 
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infrared (NDIR) gas analyzer (TOC 5050, Shimadzu Corporation, Kyoto, Japan). For this, 0.4 ml 

of each CO2 trap was diluted 1:10 (v:v) with ddH2O. 

Calculating long− and short−term exchangeable P 

Inorganic P exchangeable within one minute (E1) was calculated using Equation 2.3.5 (Fardeau, 

1993). 

For E(1), the radioactivity in soil solution after one minute from the IEK experiment was used. 

The factor 5 corrects for the ratio of soil:solution to obtain values in µg g−1 soil. Values for 

exchangeable P within 25 days (intermediate timescale) and total exchangeable P (calculated 

by inserting rinf for r(t)) are given in Table: S 2.3.1. 

Soil mineralogy parameters 

The total “free surface area” (Chiou et al., 1990) was measured according to the method 

described by Brunauer et al. (1938). It serves as one parameter determining the sorption 

capacity for P in soil. The method determines the amount of N2 that is adsorbed to a soil sample. 

A free surface area was calculated from the N2−soil sorption. 

Fe speciation in soils was measured by Moessbauer spectroscopy. Samples were ball milled at 

200 rpm for 2 min to obtain a homogenous powder. Spectra reported here were recorded at 

4.2 K. Least square fit of the data was done by the PC−Mos II software (Fast Comtec GmbH, 

Oberhaching, Germany) using appropriate superpositions of Lorentzian lines grouped into 

quadrupole doublets or magnetic sextets. Some components of the spectra were fitted with 

Voigt line shapes, which were calculated by summing over many sextets with Lorentzian lines 

corresponding to Gaussian distributions of magnetic hyperfine fields (Filimonova et al., 2016). 

The method allows to distinguish between FeII+ and FeIII+ integrated in silicate minerals (FeSi) 

and four Fe−(hydr)oxides: ferrihydrite (FeFH), goethite (FeGOE), hematite, and magnetite (grouped 

for results as FeHM). Clay content, total organic carbon, pH, and oxalate extractable Al are taken 

from Bernhard et al. (2018). 

The contribution of clay minerals to P sorption capacity is accounted for by using the content 

of clay sized particles in the soils. The influence of pedogenic Al−(hydr)oxides is evaluated by 

oxalate extractable Al. Both data sets are taken from Bernhard et al. (2018) 

𝐸(𝑡) = 5 ∗ 𝐶𝑃 ∗ 𝑅𝑟(𝑡) Equation 2.3.5 
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Statistics 

All statistics were done in the language R (R Core Team, 2017) using the graphical user interface 

R Studio (RStudio Team, 2018). The fitting to the data points from the IEK study to obtain the 

parameters m, n, and inf of the sorption kinetics was done using the nls function from the ‘stats’ 

package (R Core Team, 2017). The 95% confidence interval of the fit was calculated by the 

function predictNLS from the package ‘propagate’ (Spiess, 2018). 

To investigate the complex interplay between soil properties and sorption kinetics, radar charts 

were calculated (Figure 2.3.3). They depict relative values of explaining variables for P sorptivity 

in the soils. Relative values were obtained by dividing each value by the highest value in all 

samples of each variable. The following variables were considered to determine P sorption 

capacity: free surface area ‘Area’, oxalate leachable Al ‘Alox’, percentage of goethite in total Fe 

‘FeGOE’, percentage of ferrihydrite in total Fe ‘FeFH’, percentage of hematite and magnetite in total 

Fe ‘FeHM’, percentage of silicate bound Fe in total Fe ‘FeSi’, CaCO3 content in the soil ‘CaCO3’, 

percentage of clay in all grain sizes below 2 mm ‘Clay’, and total soil organic carbon ‘TOC’. We 

calculated the sorptivity for each soil as the inverse of the theoretical value of radioactivity 

remaining in soil solution at completed isotopic exchange (rinf) divided by the total radioactivity 

added to the soil (R; rinf/R was determined by the fit). Statistical differences between treatments 

(reference vs. glucose addition) and sites were investigated by an analysis of variance (ANOVA), 

using the function aov from the package ‘stats’. 

2.3.4. Results 

Free surface area and Fe mineralogy 

The free surface area was 4.8 m2 g−1 and 5.3 m2 g−1 in the hyperarid desert’s, 6.0 m2 g−1 and 

13.0 m2 g−1 in the arid shrubland’s, and 3.5 m2 g−1 and 5.4 m2 g−1 in the Mediterranean 

woodland’s A and B horizons, respectively. The free surface area was very similar between 

these sites and horizons except of the arid shrubland’s B horizon, which was more than twice 

as high as the A horizon in the arid shrubland (). The free surface area in the humid−temperate 

forest soil was in the A horizon 5.4 times (18.7 m2 g−1), in the B horizon 4.9 times (26.64 m2 g−1) 

higher than in the adjacent Mediterranean woodland soil. 

Moessbauer spectroscopy revealed that most of the Fe in the hyperarid desert soil was goethite 

(88% and 91% for A and B horizon, respectively). The rest was mainly bound in silicate minerals 

(FeSi). The arid shrubland soil showed high contents of FeSi (35% and 49% for A and B horizon, 

respectively). The remaining Fe was mainly ferrihydrite (15% and 11% for A and B horizon, 

respectively), and magnetite (18% and 17% for A and B horizon, respectively). In the 

Mediterranean woodland and humid−temperate forest, 40−50% of the Fe were bound in 
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silicates (FeSi). The Mediterranean woodland soils contained approximately 10% of ferrihydrite 

and goethite in both horizons, about 5% of hematite and 8% of magnetite. In the 

humid−temperate forest, the amount of ferrihydrite was highest among all sites (29% and 21% 

for A and B horizon, respectively). Goethite constituted 6% of total Fe in the topsoil and 13% in 

the subsoil, while hematite had only a share of less than 3%, and magnetite 4% and 2% in A and 

B horizon, respectively. 

Sorption kinetics 

P sorption capacity of sterile soils decreased from the hyperarid desert to the arid shrubland 

and the Mediterranean woodland but increased sharply again towards the humid−temperate 

forest (Figure 2.3.2) P sorptivity of the soil in the hyperarid desert was weaker in the B horizon 

(36%) than in the A horizon (65 %). The soil from the B horizon of the arid shrubland adsorbed 

only 25% of the added tracer, while in the A horizon 35% was adsorbed, same as in both horizons 

of the Mediterranean woodland. P sorptivity was highest in the humid−temperate forest soil 

(>98% in both horizons). Another parameter for P availability in soils is the amount of P that is 

exchangeable, i.e., sorbed to the soil within 1 min (E1) (Table: S 2.3.1 and Figure: S 2.3.2). The 

amount of E1 in the B horizon of the humid−temperate forest soil is significantly higher than all 

others. E1 was lowest in the A horizon of the hyperarid desert soil. 

 

Figure 2.3.2: Sorption kinetics derived from a short−term batch experiment, measuring isotope−exchange kinetics 
(IEK) of 33P in the soil solution for the hyperarid desert, arid shrubland, Mediterranean woodland, and 
humid−temperate forest, each for A− (green) and B horizon (orange), respectively. The y−axis depicts the ratio of 
radioactivity remaining in solution (r) to the total added radioactivity (R). The IEK experiment lasted 100 minutes. 
Whiskers indicate the standard errors of the mean. The dashed line is the product of a curve fitting, the light ribbon 
around each curve represents the 95 % confidence interval of the fit. 

Figure 2.3.3 gives an overview over variables that possibly influenced P sorption in soil (Area, 

Alox, FeGOE, FeFH, FeHM, FeSi, CaCO3, Clay, TOC). Sorption capacity was highest in the two 

endmembers of the aridity gradient, the hyperarid desert and the humid−temperate forest. The 
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hyperarid desert was the only site in which CaCO3 was detected and it was found in both 

horizons. Furthermore, most of the Fe was goethite, as well in both horizons. Despite a relatively 

high sorptivity the free surface area at this site was low. The soils with low P sorption capacity 

in the arid shrubland and the Mediterranean woodland were characterized by low free surface 

area, low clay content, high proportions of Fe being bound in silicates, hematite, and magnetite. 

The humid−temperate forest was the site with the highest sorption capacity, it showed high 

TOC, large free surface area, high clay content, and a great amount of short−range order Al− 

and Fe minerals (oxalate soluble Al and ferrihydrite), but also silicate bound Fe in the A horizon. 

The B horizon, which had an even higher sorptivity than the A horizon, was characterized by 

large free surface area, and silicate bound Fe, but intermediate contents of clay, ferrihydrite, and 

oxalate soluble Al. 

 

Figure 2.3.3: Radar charts of variables determining P sorption (upper part) and  P sorptivity (lower part) for the 
hyperarid desert, arid shrubland, Mediterranean woodland, and humid−temperate forest, for the A and B horizons at 
each site. The depicted variables are (from top clockwise): Free surface area ‘Area’ (27 m2 g−1), oxalate leachable Al 
‘Alox’ (10589 mg kg−1l), percentage of goethite in total Fe ‘FeGOE’ (91%), percentage of ferrihydrite in total Fe ‘FeFH’ 
(29%), percentage of hematite and magnetite in total Fe ‘FeHM’ (21%), percentage of silicate bound Fe in total Fe ‘FeSi’ 
(53%), CaCO3 content in the soil ‘CaCO3’ (12%), percentage of clay in all grain sizes ‘Clay’ (27%), and total organic 
carbon ‘TOC’ (8%). Numbers in parentheses represent maximum values of the respective variable among all sites 
and horizons. The measured variables were normalized to the respective maximum value of all measurements of 
that variable. The lower part of the figure shows the sorption strength of the soils as the inverse of the radioactivity 
remaining in soil solution at steady state (calculated from the isotope−exchange kinetics determination (batch 
experiment)) divided by the total radioactivity added to the soil for the isotope−exchange kinetics determination. Grey 
arrows in the lower figure highlight the trend of increasing sorption strength towards the most arid and most humid 
study site. 

Microbial biomass C and microbial element ratios 

Irrespective of C amendment, the Cmic content in the A horizons increased along the aridity 

gradient towards more humid climate (Figure 2.3.4). During the experiment, the Cmic content 

fluctuated only slightly in samples that received no glucose, with exception of the subsoils of 

the hyperarid desert and Mediterranean woodland. The daily respired CO2 varied even less 

between sampling times in the reference samples, with exception of the B horizon in the 
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humid−temperate forest (Figure: S 2.3.3). This corroborates the boundary assumption of steady 

state conditions in the non−glucose treatment during the experiment. A positive effect of 

glucose addition on microbial biomass C contents was statistically significant at sampling time 

7 in all soils except in the arid shrubland (Figure 2.3.4). The effect of glucose addition on 

microbial biomass C decreased after sampling time 7 in all soils. 

The Cmic:Pmic and Nmic:Pmic ratios without the addition of glucose first were wider with decreasing 

aridity, reaching their maxima in the Mediterranean woodland’s A horizon, and decreasing again 

to the humid−temperate forest. The Cmic:Nmic ratio showed a less clear trend over the gradient. 

Glucose addition did not affect microbial stoichiometry in soils from the hyperarid desert and 

the arid shrubland. In the A horizon of the Mediterranean woodland, Cmic:Pmic and Nmic:Pmic ratios 

decreased by a factor of about 10, when glucose was added. In the humid−temperate forest 

soil, the Cmic:Pmic ratio became wider by factors of 3.8 and 2.2 after glucose addition, and the 

Nmic:Pmic ratio widened by factors of 3.3 and 2.0 for the A and B horizons, respectively.
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Figure 2.3.4: Microbial biomass carbon (Cmic) and microbial biomass phosphorus (Pmic) in the hyperarid 
desert, arid shrubland, Mediterranean woodland, and humid−temperate forest, each in A and B horizon. Red 
markers show the contents of Cmic and Pmic without the addition of glucose, blue markers the contents of 
Cmic and Pmic from the treatment with glucose addition. The x−axis shows the timeline with the start of the 
incubation experiment when sterile and non−sterile soil was mixed (−5), the day of glucose addition (0) and 
sampling times 2, 7, and 20 days after the glucose was added to half of the mesocosms. Error bars indicate 
standard errors of the mean. Missing data points for Pmic are due to Pmic contents partly being below the 
detection limit in the hyperarid desert and problems with the laboratory analysis for sampling point 0 at the 
Mediterranean woodland’s B horizon. 
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Microbial inorganic P uptake 

Microbial P uptake from the soil solid phase differed significantly between sites and was 

affected by glucose addition (Figure 2.3.5). Microbial uptake of inorganic P was below the 

detection limit in the hyperarid desert soil and peaked in the soil from the Mediterranean 

woodland ecosystem. Microbial P uptake was always higher in topsoils compared to subsoils 

at each site. Shortly after mixing the sterilized soil with the microbially−active soil (time point 

−5), the microbial uptake of inorganic P from A and B horizons was similar between sites with 

9.5 mg kg−1 and 0.42 mg kg−1 in the arid shrubland, 9.8 mg kg−1 and 11.4 mg kg−1 in the 

Mediterranean woodland, and 15.4 mg kg−1 and 8.6 mg kg−1 in the humid−temperate forest, 

respectively. During the experiment, microbial P uptake increased continuously in the 

Mediterranean woodland topsoil up to 30.5 mg kg−1 at sampling time 20, whereas in the 

humid−temperate forest topsoil it decreased from the start (15.4 mg kg−1) towards the end of 

the experiment (3.5 mg kg−1). A significant positive effect of glucose addition on microbial 

inorganic P uptake was observed in the arid shrubland’s A horizon 5 days after glucose 

amendment. This effect was negative at sampling times 7 and 20 (not significant at sampling 

time 20). In the Mediterranean woodland soil, glucose addition enhanced microbial P uptake in 

both horizons, this effect was significant at sampling time 7. Glucose addition did not affect 

microbial inorganic P uptake in the humid−temperate forest. 

Water soluble P extracted by anion−exchange membranes (Presin) was mostly below 10% of the 

equilibrium concentration of P in soil solution without biological activity (Cp), in the hyperarid 

desert and Mediterranean woodland soils (Figure: S 2.3.4). The lowest values were observed in 

the B horizon of the hyperarid desert soil (less than 2%). In the arid shrubland soil, the Presin to 

Cp ratio was about 1.6 times higher in the A horizon than in the B horizon. In contrast, in the 

humid−temperate forest soil, the Presin to Cp ratio in the A horizon was only about one third of 

that in the B horizon. Highest ratios of anion−exchange membrane−extractable P relative to the 

equilibrium concentration of P without biological activity along the aridity gradient were 

measured in the B horizon of the humid−temperate forest (up to 69%). In the A horizon of the 

arid shrubland, Mediterranean woodland, and humid−temperate forest, a significant negative 

effect of glucose addition on Presin proportions was revealed 2 and 7 days after glucose addition. 

In contrast, in the B horizon of the hyperarid desert, the Presin proportion under glucose addition 

was significantly higher than in the sample without glucose addition at the end of the 

experiment. The Presin proportions in samples from the arid shrubland’s and Mediterranean 

woodland’s B horizon 7 days after glucose amendment were significantly lower when glucose 

was added. In the humid−temperate forest, this was true in both horizons 2 and 7 days after 

glucose was added. 
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Figure 2.3.5: Phosphorus (P) incorporated in microbial biomass (Puptake) calculated from the amount of 33P in 
microbial biomass. The figure shows the microbial uptake of sorbed inorganic P for the hyperarid desert, the arid 
shrubland, the Mediterranean woodland, and the humid−temperate forest, each for the A− and B horizon. Red 
markers represent the amount of microbially taken up sorbed inorganic P without the addition of glucose (reference), 
blue markers the values from the treatment with glucose addition (glucose). The x−axis shows the timeline with the 
start of the incubation experiment when sterile and non−sterile soil was mixed (−5), the day of glucose addition (0) 
and sampling times 2, 7, and 20 days after the glucose was added to half of the mesocosms. Error bars indicate the 
standard error of the mean. Due to missing values the data points of reference samples for the arid shrubland B 
horizon at sampling points 7 and 20 and for the humid−temperate forest B horizon at sampling point 20 are missing. 

When error bars are missing the datapoint represents the value of a single sample.Discussion 

Sorption kinetics 

The sorption of inorganic P to the solid phase can be exclusively attributed to abiotic 

physicochemical reactions as sterile soil was used in this study. Further, the reverse process of 

P desorption can be excluded due to the short duration (45 h) of the experiment (Oehl et al., 

2001). The most important soil parameters for soil’s P sorption capacity are the content and 

speciation of Al− and Fe−(hydr)oxides, clay content, pH, and free surface area (Achat et al., 

2016; Gérard, 2016). P sorption capacity of Fe− and Al−oxides correlates negatively with pH (for 

a pH range from about 4 to 10; for common clay minerals from about pH 5 to 10) (Gérard, 2016). 

Along the studied aridity gradient, the pH drops linearly, from 8.1 to 4.3 in the A horizons of the 

hyperarid desert to the humid−temperate forest ecosystem (). As the sorption capacity is higher 

in the hyperarid desert (pH 8.1) than in the arid shrubland (pH 6.4) and the Mediterranean 

woodland (pH 5.5), P sorptivity in the hyperarid desert is controlled by factors other than pH 

(Figure 2.3.3 and ). The free surface area in the A horizon increases linearly along the aridity 
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gradient. The clay content shows a unimodal distribution with the lowest values in the 

Mediterranean woodland (9.5% of total size fractions in the A horizon) and higher values in the 

hyperarid desert (12.1% of total size fractions in the A horizon) and the humid−temperate forest 

(22.5% of total size fractions in the A horizon). This coincides with higher sorption capacity of 

sites with high clay content (Figure 2.3.3). In the humid−temperate forest, the higher sorption 

capacity in the B horizon compared to the A horizon cannot be explained by the clay content, 

which decreases from the A to the B horizon. It might partly be caused by preferential migration 

of the smallest clay particles to the B horizon which have a relatively higher surface area. 

Another explanation would be that the A horizon contains more negatively charged organic 

compounds which occupy binding sites in the A horizon. 

TOC is high in the A horizon of the humid−temperate forest but low in the B horizon at this site 

and the A horizon of the hyperarid desert, which show the highest P sorption. Therefore, the 

TOC content is not a good measure for P sorption in the studied soils. In the A horizon of the 

humid−temperate forest, high TOC values are accompanied by high contents of oxalate 

extractable Al, which represents short−range order pedogenic Al oxides (Figure 2.3.3). It is likely 

that organic carbon forms Al−humus complexes in the A horizon of the humid−temperate 

forest, which are known to provide sorption sites for P (Takahashi and Dahlgren, 2016). This is 

in accordance with results from another study at the same sites (Koester et al., 2021), who 

measured highest content of P sorbed to Al−(hydr)oxides in the humid−temperate forest soils 

and with findings by Helfenstein et al. (2018), who found increasing levels of P Al−oxide−humic 

complexes along a Hawaiian precipitation gradient from about 500 mm y−1 to >3000 mm y−1. It 

has been shown that soils can exhibit hysteresis in P sorption, i.e., release less P by desorption 

than was initially adsorbed (Okajima et al., 1983). Villapando and Graetz (2001) found that the 

strength of the hysteresis effect is strongly positively correlated with oxalate extractable Al, 

which was abundant in the humid−temperate forest. It is also likely that some volcanic material 

(allophane, imogolite) was deposited at the humid−temperate forest site and has migrated to 

the B horizon of this soil. The higher free surface area and the lower clay content in the B horizon 

than in the A horizon point in this direction (Figure 2.3.3). In fact, P concentration and 33P in the 

soil solution at the end of the IEK study were at the lower end of the quantifiable range and 

pointed to a partly irreversible adsorption occurring in the humid−temperate forest soil. This is 

particularly important in the B horizon, where only 2.4 % of the initially added radioactivity 

remained in the soil solution after only one minute of adsorption, indicating a kinetically rapid 

immobilization process. Moreover, in the humid−temperate forest ecosystem. Fe was mostly 

found in silicate forms (potentially in pedogenic clay minerals) and as ferrihydrite (short−range 

order mineral) (Figure 2.3.3), both of which are typically formed under conditions of continuous 
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water supply. The high sorption capacity in the B horizon of the humid−temperate forest cannot 

be explained by Fe mineralogy alone as the ferrihydrite content is lower than in the A horizon. 

As mentioned above, the size fractionation of migrating clay particles might favor higher 

sorption capacity per clay particle in the B horizon. Regardless of the reason for the strong 

sorption in the humid−temperate forest, it can lead to a strong overestimation of E1 values (this 

is the P exchangeable at the soil solid phase within one minute) (Figure: S 2.3.2 and Table: S 

2.3.1) for this site, as the calculation (Equation 2) assumes that all P which was sorbed is also 

desorbable. However, it has been shown that organic substances can compete for sorption 

sites with P (Achat et al., 2016; Grierson, 1992; Jones and Darrah, 1994). This seems to be the 

relevant process in the Mediterranean woodland’s A horizon, where P sorption is low, but the 

TOC content is 2.7%, the second highest value in the studied soils (Table 2.3.1). 

The high CaCO3 contents in the hyperarid desert likely favored the goethite formation at this site 

(Blume et al., 2010). CaCO3 and goethite both provide sorption sites for P ions and seem to be 

the reason for the moderate to strong P sorption in the hyperarid desert. The sorption capacity 

of goethite is only about one fourth of that of ferrihydrite (Blume et al., 2010), which is consistent 

with both, the lower sorption capacity, and the lower free surface area of the hyperarid desert 

soil compared to the humid−temperate forest soil (Figure 2.3.3). The slow kinetics of the strong 

P immobilization observed at the hyperarid site points towards additional, slow immobilization 

mechanisms such as, precipitation or co−precipitation with free Ca2+ in the soil solution. 

The hypothesized linear increase in P sorption along the ecosequence from hyperarid to humid 

climate had to be rejected. The dependency of P sorption on multiple variables resulted in the 

strongest sorption in the most arid and most humid sites. The abiotic P immobilization 

processes, however, are largely different between the sites. 

Microbial inorganic P uptake 

Microbial uptake of inorganic P from the soil solid phase strongly varied across biomes (Figure 

2.3.5). In the hyperarid desert, the 33P content in Pmic and, therefore, microbial inorganic P uptake, 

was below the detection limit. P is not considered a limiting element in ecosystems where 

mineral weathering is in its initial state according to most ecological concepts (Vitousek and 

Farrington, 1997; Walker and Syers, 1976). Nevertheless, in the strongly P immobilizing A 

horizon of the hyperarid desert, a higher Cmic:Pmic ratio under high C availability (i.e., with glucose 

addition) supports the idea that P is limiting microbial growth if, for example, root exuded sugars 

alleviate C limitation (Table 2.3.2). Simultaneously, the Cmic:Nmic ratio remained constant, 

pointing to sufficient N supply even if the C availability is increased (Table 2.3.2). This is in line 
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with results from Bernhard et al. (2018), who found narrow soil C:N ratios (about 1.8 to 10) 

pointing to a sufficient N supply for microbial growth in relation to C in the hyperarid desert. 

In the arid shrubland soil, microbial inorganic P uptake without C addition increased slightly over 

the course of the experiment (Figure 2.3.5), while at the same time Cmic values remained 

constant during the incubation (Figure 2.3.4). This suggests continuous utilization of P in bulk 

soil at this site. While the amount of microbial biomass C remained constant following the C 

pulse, the microbial biomass P was increased at the sampling times 2 and 7 (Figure 2.3.4). 

When microorganisms had access to an easily available C source, the microbial inorganic P 

uptake in the A horizon of the arid shrubland initially was increased over the control (sampling 

time 2) but thereafter decreased again (sampling times 7 and 20, Figure 2.3.5), and was 

significantly lower than the non−glucose treatment at sampling time7. The constant Pmic 

content from sampling time 2 to 7, while at the same time the inorganic P uptake decreased, 

indicates, that an alternative P source other than the inorganic P sorbed at the soil solid phase 

was exploited after the preferred use of the sorbed inorganic P at sampling time 2. One reason 

for this could be that after a boost in microbial activity due to the input of labile C (as confirmed 

by the elevated daily CO2 release, Figure: S 2.3.3), the microbial community switches back to 

the P source that is preferentially utilized under steady−state conditions of scarce labile C (here 

likely primary P (apatite) or organic P). The gradual decline of microbial P under the addition of 

glucose from sampling point 2 to 20 corroborates the assumption made by Koester et al. (2021) 

that low organic P contents in the arid shrubland indicate effective P recycling from organic 

sources. This is probably achieved by rapid remineralization of the microbial biomass P. 

Therefore, the uptake of sorbed inorganic P (Figure 2.3.5) may have been overestimated, due to 

the fast recycling of necromass 33P (especially at the two later sampling times) in this 

ecosystem with low organic P content (Brucker and Spohn, 2019). In terms of nutrient 

limitations in the arid shrubland, the decreasing Cmic:Pmic ratio under the addition of glucose 

(Table 2.3.2) leads to the conclusion that P becomes available if the supply of readily degradable 

C is sufficient. Both, the primary− and the organic P pool were important for microbial P nutrition 

in the arid shrubland. Our findings were confirmed by the results of Brucker et al. (2020), who 

found that C availability constrains P solubilization in this ecosystem. 

Microbial uptake of sorbed inorganic P in the A horizon of the Mediterranean woodland 

increased steadily over the course of the experiment (Figure 2.3.5). The ratio of the biologically 

available P pool (Presin) to the abiotic equilibrium concentration of P in soil solution without 

microbial activity (Cp) (Figure: S 2.3.4) was always smaller than 20%. This indicated that 

microbes lower the concentration of P in the soil solution by efficient microbial uptake systems. 
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Moreover, the addition of glucose significantly reduced the concentration of P in the soil 

solution (Figure: S 2.3.4) and increased microbial uptake of sorbed inorganic P (Figure 2.3.5). 

Because the input of labile C strongly favors the uptake of sorbed inorganic P, we conclude that 

this P pool is preferred for microbial P nutrition at this site. At none of the other sites was such 

a strong effect of glucose addition on microbial uptake of sorbed inorganic P observed. This 

immediate and efficient uptake of sorbed inorganic P in response to C addition in the 

Mediterranean woodland soil shows that this pool would be the preferred P pool to be utilized 

in the rhizosphere, where readily available C is released by the roots. It remains unknown 

whether microorganisms actively desorb P from the soil solid phase (e.g., by the exudation of 

low−molecular weight organic substances) or if the mobilization is due to the efficient uptake 

from the soil solution and subsequent physicochemical desorption. Furthermore, the increase 

in microbial biomass C with elevated P uptake during the incubation points towards a P 

limitation of microbial growth in the Mediterranean woodland’s A horizon if no labile carbon 

(e.g., root−derived) is available to induce the above−described strong P mobilization. The 

narrowed Cmic:Pmic ratio (Table 2.3.2) corroborates that P is limiting microbial growth when labile 

root derived C is scarce. Low uptake of sorbed inorganic P at the end of the experiment in the 

B horizon of the Mediterranean woodland soil indicates that the labile C is already completely 

utilized. The differences in microbial biomass C and P between the reference and the glucose 

samples vanished towards the end of the incubation (Figure 2.3.4). This difference again points 

towards a strong dependence of the microbial community on the input of easily available root 

derived C, which is rapidly consumed if only given as a single−pulse addition. 

The microbial uptake of sorbed inorganic P in the humid−temperate forest soils was low in both 

horizons and not significantly different under the addition of labile C. In both horizons, the 

microbial inorganic P uptake decreased over time. Moreover, high microbial biomass C (Figure 

2.3.4) and the largest CO2 efflux among the study sites (Figure: S 2.3.3) indicated that microbial 

activity along the ecosequence was highest in the humid−temperate forest. Because microbial 

uptake of sorbed inorganic P is low and primary P is not available (Brucker and Spohn, 2019) 

and secondary Fe− and Al−phosphates have low equilibrium concentrations at the pH values 

encountered at this site, the high microbial activity indicated that the utilization of organic P is 

an important source of P for microorganisms in this ecosystem. The utilization of organic P is 

also in line with a study by Koester et al. (2021), who found high organic P contents of up to 

80% of total P, and Stock et al. (2019), who reported high activity of acid phosphatase in these 

soils. As outlined in the discussion part about P sorption, it must be assumed, that P fixation, 

i.e., irreversible abiotic immobilization, occurs in the humid−temperate forest soil. Therefore, the 

pool of (labeled) desorbable P is likely to be small and the 33P would be rapidly exploited. This 
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pointed to constant microbial uptake of sorbed inorganic P over the course of the experiment 

but a depletion in 33P of the small pool of desorbable P, thus, with microbial turnover also the P 

incorporated in microbial biomass. The addition of glucose in both horizons of the 

humid−temperate forest soil neither influenced the microbial uptake of sorbed inorganic P 

(except immediately after addition) nor microbial biomass P content. In the A horizon, the 

pulse−addition of glucose induced an increase in microbial biomass C towards the end of the 

incubation. In the B horizon, however, this effect occurred somewhat earlier at the intermediate 

time points. At the same time, the Nmic:Pmic ratio increased with the addition of glucose. This 

increase indicated that the input of labile root derived C in this ecosystem leads to an 

instantaneous increase of microbial activity and that P availability is sufficient to sustain this 

elevated microbial activity. However, stoichiometric ratios as well as increased biomass C 

reflect, that the provided labile C led only to a short−term overcoming of growth limiting factors. 

The wide Cmic:Pmic ratios after glucose addition (Table 2.3.2) also implies that for continuous 

growth, microbes may as well be P limited. Hence, the microbial community in the 

humid−temperate forest soil seems to be co−limited by P and other nutrients, which to identify 

is beyond the power of this study. 

In summary, the first hypothesis must partly by rejected, since the P sorption capacity along the 

aridity gradient followed a unimodal instead of a simple linear relationship, with the highest P 

sorption capacity of the soil measured in the hyperarid desert and humid−temperate forest. 

Contrary to hypothesis two, microbial uptake of sorbed inorganic P was not highest in the 

hyperarid desert but in the Mediterranean woodland, where sorbed and immobilized P seems 

to be a key P resource for the biota. The third hypothesis assuming higher microbial inorganic 

P uptake under glucose addition can only be confirmed in the A horizon of the Mediterranean 

woodland soil, where this P resource requires C provision to be effectively used. In the other 

sites, either other P sources or other nutrients are limiting microbial growth and thus strongly 

interact with the availability of readily accessible C. 

2.3.6. Conclusion 

The P sorption capacity varied considerably among the soils of the aridity gradient, with the 

highest values found at the two endmembers of the ecosequence. P sorption capacity in the 

hyperarid desert was high but kinetically slow, presumably partially driven by precipitation of P 

with Ca ions. In contrast, P immobilization in the humid−temperate forest was fast and strong, 

and probably sorption driven. 

Microbial uptake of sorbed inorganic P from the soil’s solid phase was below the detection limit 

in the hyperarid desert soil and highest in the A horizon of the Mediterranean woodland soil. We 
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identified organic P as a preferred P source in the humid−temperate forest and potentially also 

in the arid shrubland. Moreover, inorganic P sorbed to the soil solid phase was most intensively 

utilized in the Mediterranean woodland soil. Our results indicate that in the A horizon of the 

Mediterranean woodland P limitation can be overcome when readily available C is exuded in the 

rhizosphere. In contrast, the microbiota in the other ecosystems along the ecosequence were 

either not primarily P limited or relied on different P sources. Consequently, although all these 

soils developed on identical parent material, P speciation, availability, and stoichiometric 

nutrient constraints are highly specific for each of the four sites and no systematic trends along 

the ecosequence could be identified. This suggests that shifts in abiotic boundary conditions 

(i.e., climate change) will alter all of these factors (P speciation, availability, and stoichiometric 

nutrient constraints) in nonlinear ways, making predictions of biogeochemical cycling highly 

complex and experimental approaches that simulate changing conditions essential. 
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2.3.11. Supplementary 

 

Figure: S 2.3.1: Schematic figure of the study design (Study 2). The study comprised four sites along an aridity 
gradient (hyperarid desert, arid shrubland, Mediterranean woodland and humid−temperate forest), in each of which 
the A and B horizon was investigated. A subsample of each soil was irradiated with gamma−rays to sterilize the soil 
for subsequent determination of abiotic inorganic P sorption. For a subsequent incubation experiment the sterile 
soils, labelled with 33P were mixed with unsterile soils from the same site and horizon and microbial inorganic P 
uptake was measured. In addition, a subset of mesocosms was treated with glucose to investigate the effect of high 
labile carbon availability on microbial inorganic P uptake (calculated by 33P in microbial biomass P and total microbial 
biomass P) and microbial parameters (microbial biomass carbon, microbial CO2 release). 
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Figure: S 2.3.2: Phosphorus exchangeable within one minute for the 
hyperarid desert, arid shrubland, Mediterranean woodland and 
humid−temperate forest, each with A (green markers) and B horizon 
(orange markers) along the aridity gradient. Error bars indicate the 
standard errors of the mean. 
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Figure: S 2.3.3: Daily carbon dioxide (CO2) efflux from the soils in the hyperarid desert, arid shrubland, Mediterranean 
woodland, and humid temperate forest, each for the A and B horizon along the ecosequence. Red markers represent 
the amount of CO2 respired without the addition of glucose (reference) while blue markers represent values from the 
treatment with glucose addition (glucose). Error bars indicate standard errors of the mean 
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Figure: S 2.3.4: Comparison of water extractable P (Cp) at the end of the batch experiment (after 45 h of adsorption) 
to water extractable P from Pmic measurements (Presin) in the in the hyperarid desert, arid shrubland, Mediterranean 
woodland, and humid−temperate forest, in each site for A and B horizon. Red markers represent the percentage of 
Presin related to Cp without the addition of glucose (reference), blue markers show the ratio Presin/Cp in percent from 
the treatment with glucose addition. Error bars indicate standard errors of the mean. Significant differences between 
the treatments are marked by an asterisk (p<0.01). 
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Table: S 2.3.1: Overview over the parameters derived from an isotope−exchange kinetics experiment at 
four soils along an aridity gradient with study sites at a hyperarid desert, arid shrubland, Mediterranean 
woodland, and humid−temperate forest. Each soil variable was determined for the A and B horizon, 
respectively. ‘Pi’ is the total amount of inorganic P in soil, ‘Cp’ the amount of P in water at the end of the 
experiment (equilibrium concentration without biological activity). ‘sorbed P’ is the share of inorganic P 
sorbed to the soil relative to the total added P in the short−term batch experiment. ‘m’, ‘n’, and ‘rinf/R’ are 
parameters derived from fitting a curve to the ratio of 33P in soil solution to the total added 33P at the 
various sampling times in the sorption experiment, ‘r1/R’ is the value obtained after one minute of 
sorption. E1min, E25d, and Etotal are the amounts of exchangeable P within one minute, 25 days and three 
months, respectively. Equation 2 was used for the calculation of these values. 

 

 

 

 

 

 

 

 

Variable Hyperarid desert Arid shrubland Mediterranean 

woodland 

Humid−temperate 

forest 

 Horizon 

 A B A B A B A B 

Pi [mg/kg] 964.8 578.7 384.5 535.4 321.8 458.8 305.5 480.2 

Cp[[mg/kg] 10.9 29.7 37.9 34.0 32.6 32.0 5.2 2.0 

sorbed P (%) 64.1 38.5 31.6 26.6 35.7 33.1 98.2 99.6 

m 0.617 0.864 0.781 0.780 0.745 0.836 0.158 0.021 

n 0.111 0.082 0.053 0.023 0.056 0.065 0.599 0.526 

rinf/R 0.011 0.051 0.099 0.063 0.101 0.070 0.017 0.004 

r1/R 0.6128 0.8756 0.8579 0.8100 0.8235 0.8779 0.1642 0.0238 

E1min 17.8 34.0 44.2 41.9 39.6 36.5 31.6 83.6 

E25d 53.6 71.4 69.6 50.1 63.4 65.6 300.3 470.8 

Etotal 964.8 578.7 384.5 535.4 321.8 458.8 305.5 480.2 
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2.4.1. Abstract 

P availability in soil determined by classical wet−chemical extractions suggests that P 

availability in soils is often low. However, plants and microorganisms posses a large set of 

mechanisms to mobilize P (by physical or chemical alteration of soil conditions) which is 

classically seen as hardly− or even unavailable to biota. This study focused on determining the 

exudation of low−molecular−weight organic acids (LMWOA) and the allocation of freshly 

assimilated C to LMWOA by plants, fungi, and bacteria. The aim was to understand which 

biological entities are best in mobilizing a certain P pool and how the C flow from the plant to 

the three biological compartments is steered by the available P forms and climate in a natural 

ecosystem. A sequence of ecosystems (ecosequence) from arid shrubland, over Mediterranean 

woodland, to humid−temperate forest on granodioritic parent material along the Chilean 

Coastal Cordillera was investigated. A field pulse labeling experiment was conducted, in which 

selected representative plant species per site were exposed to a 13CO2 enriched atmosphere for 

up to 2h. LMWOA were sequentially extracted from the soils as free and sorbed LMWOA. 

LMWOA were determined quantitatively and for 13C enrichment by tracer derived 13C. Moreover, 

the soils P pools were quantified as water extractable and NaHCO3 extractable P (together 

referred to as plant available P), ammonium−oxalate extractable P, dithionite−citrate 

bicarbonate extractable P, and total P (NH3 pressure digestion). P in the arid shrubland was 

mainly present as hardly available P in adsorbed and precipitated form while under 

humid−temperate forest the proportion of plant available P was greatest. The LMWOA content 

increased with decreasing aridity from the arid shrubland towards the Mediterranean woodland 

and humid−temperate forest. 13C allocation to LMWOA was similar under Mediterranean 

woodland and humid−temperate forest but lower under arid shrubland. 13C allocation to oxalic 

acid was identified as an indicator for biological weathering of precipitated and sorbed inorganic 

P in the Mediterranean woodland and arid shrubland. Our results indicate the utilization of 

organic P in the humid−temperate forest and a high microbial diversity and, therefore a plethora 

of P mobilizing processes. In the Mediterranean woodland and arid shrubland on the contrary 

P mobilization is more specific and mainly governed by roots and fungi. 

Keywords: Aridity gradient, P acquisition mechanisms, P pool determination, P bioavailability, 

root exudates, photoassimilates 
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2.4.2. Introduction 

The availability of nutrients to plants depends on various soil and climate parameters, among 

which water availability is of utmost importance. In the last decades, many regions globally 

experienced droughts with higher frequency or severity. Future climate prediction models 

forecast an intensification of this trend due to climate change (Shukla et al., 2019). When water 

is sparse, the diffusivity of nutrients in soil is greatly reduced (Rouphael et al., 2012). Moreover, 

the desorption is reduced because nutrient concentrations in the soil solution are higher. Plants 

developed a wealth of adaptations to cope with seasonal or general water shortage. The input 

of energy as photosynthetically fixed carbon (C) into soils is the gateway by which plants 

transfer energy from above− to below−ground and feed all processes which are related to 

mobilization of nutrients in soils by root litter input but, moreover, by root exudates. It has been 

shown that up to 40% of photosynthetically fixed carbon end up as root exudates in soils 

(Kuzyakov and Domanski, 2000). Root exudates are the driver of interactions between plants 

and rhizosphere inhabiting microorganisms. It has been shown that plants exuded up to 1.7 

times more C under drought compared to a control with sufficient water supply, while C 

allocation to plant biomass was reduced by a factor of 0.84 (Henry et al., 2007). Different soil 

properties cause greater variations in root exudate’s chemical composition of a variety of grass 

and forb species than interspecific variations (Herz et al., 2018). Also, the life strategy of plants 

has a great influence on the exudation rate of the roots. Williams and Vries (2020) in their review 

on plant root exudation under drought worked out that fast growing plants have a higher rate 

of root exudation compared to slow growing plants. They attribute this to the strong 

dependence of fast−growing plants on plant growth promoting rhizobacteria (PGPR) for 

nutrient mineralization and, hence, nutrient supply to plants. 

Root exudates comprise a wide variety of compounds among which sugars are quantitatively 

most important (Paterson, 2003). Root deposited sugars are mainly consumed by 

microorganisms in the rhizosphere and, thereby, promote nutrient mobilization (Gunina and 

Kuzyakov, 2015). Besides these quantitatively dominant compounds, there are less abundant, 

but more specific substances released to the soil, e.g., exoenzymes and 

low−molecular−weight−organic acids (LMWOA), which are released to directly enhance 

nutrient mobility in soil (Burns et al., 2013; Hinsinger, 2001; Jones and Darrah, 1994). LMWOA 

are important in a variety of processes in soil. Malic acid is released to maintain charge balance 

upon cation uptake. Enhanced exudation of malic acid was found to be an effective 

chemoattractant for the plant beneficial Bacillus subtilis (Henry et al., 2007). Oxalic and malic 

acid are important for nitrate reduction (Marschner and Marschner, 2012). Moreover, oxalic, 
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malic and citric acid enhance the solubility of Ca−phosphates and improve organic P 

mobilization in soil (Hinsinger, 2001; Jones and Darrah, 1994; Wei et al., 2010). 

As described above it exists a general understanding about the effect of drought on root 

exudation rates and, therefore, nutrient mobilization. However, it remains unclear how nutrient 

mobilization changes when climatic conditions become more arid. Therefore, the present study 

focused on an ecosystem gradient along the Chilean Coastal Cordillera, where differences in 

lithology are minimal, and changes in soil properties and plant species composition between 

sites are mainly attributed to varying climate (increasing aridity from south to north).  

The objective of this study was to determine plant’s C allocation to LMWOA and the microbial 

community, possibly also producing LMWOA, in the rhizosphere to understand P acquisition 

mechanisms along an ecosystem gradient. We hypothesize that (I) in ecosystems under dry 

climate the 13C uptake by microorganisms is faster than in humid ecosystems because the 

microbial community is C limited and relies on labile C from root exudates. (II) Moreover, as 

aridity increases the production of LMWOA (weathering agents) shifts from bacteria to plants 

and fungi because fast growing plants demand a high flux of P from the soil to the roots to 

compensate for a strongly reduced diffusivity under drought, therefore, plants exploit P sources 

which are in spatial vicinity to roots and fungal hyphae. Moreover, fungi can exploit a greater 

soil volume than roots alone.(III) Under humid climate biota prefer organic P sources, whereas 

under Mediterranean and arid climate they exploit precipitated and sorbed inorganic P. This is 

because a greater proportion of P is in the organic pool under humid climate and enzymatic 

activity is higher when water and C are not limiting plant and microbial activity. 

2.4.3. Material and Methods 

Experimental sites 

We focused on three study sites that represent a gradient across biomes (ecosequence) and 

extend from 29 ° to 38 ° of southern latitude. They are located along the Coastal Cordillera of 

Chile, and all soils have developed from granodioritic parent material. Mean annual precipitation 

(MAP) increases from 66 mm yr−1 to 1469 mm yr−1 and mean annual temperature (MAT) 

decreases from 13.7 °C to 6.6 °C, from north to south (Fick and Hijmans, 2017) (Table 2.4.1). 

The study sites comprise an ecosequence from arid shrubland (Reserva Nacional Santa Gracia) 

in the north to Mediterranean woodland (Parque Nacional La Campana) and humid−temperate 

forest (Parque Nacional Nahuelbuta) in the most southern site. Important site specifics are 

shown in Table 2.4.1. For a comprehensive description of vegetation, soils and geology see 

Bernhard et al. (2018b) and Oeser et al. (2018). 
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Table 2.4.1: Most important climate and vegetation characteristics of the three study sites. 

Site MATa 

[°C] 
MAPa 

[mm a−1] 
Aridity 
indexb 

Soil typec Vegetation typec Labelled plant 
species 

Arid shrubland 13.7 66 0.0047 
(arid) 

Cambisol/ 
Leptosol 

Sclerophyllous shrubs, 
cacti 

Gutierrezia 
resinosa 
(Hooker & 
Arnott) Blake 

Mediterranean 
woodland 

14.1 367 0.2365 
(semiarid) 

Cambisol Deciduous forest, 
sclerophyllous shrubs 

Erigeron 
fasciculatus 
(Colla)  

Humid−temperate 
forest 

6.6 1469 1.4 
(humid) 

Orthodystric 
Umbrisol/ 
Umbric Podzol 

Mixed 
broadleaved−coniferous 
forest 

Araucaria 
araucana 
(Molina) K. 
Koch 

a) (Fick and Hijmans, 2017) 
b) (Trabucco and Zomer, 2019) 
c) (Bernhard et al., 2018) 

13CO2 pulse labeling and sampling 

Pulse labeling of plants with 13C enriched CO2 is a widely used technique to quantify 

belowground C allocation by plants (Gavito and Olsson, 2003; Kuzyakov and Domanski, 2000), 

and meanwhile also established for woody vegetation in forests (Sommer et al., 2017). In this 

study, we used a cubic chamber with a site length of 60 cm. The chamber was built from 

polyethylene foil to let pass photosynthetic active radiation. The labeling was conducted in 

November 2016, at the start of the growing season on the southern hemisphere. 13C labeled 

CO2 was provided by the dissolution of 3 g of Na2
13CO2 (13C enrichment 99%, Sigma Aldrich, 

Munich, Germany) in 50 ml H2O. The solution was placed inside the chamber which was 

subsequently sealed airtight. To release the 13CO2 from the solution 5 M H2SO4 was added by a 

syringe perforating the polyethylene foil with a thin needle. The hole was closed with adhesive 

tape after application of the acid. To control Temperature within the chambers to a maximum 

of 10 °C above ambient, icepacks and a small fan were placed within the chambers. The fan 

also served to maintain a homogenous distribution of 13CO2 within the chamber. The labelling 

time differed among the sites, depending on weather conditions and temperature (Table 2.4.2). 

Plants were labeled on south and north facing slopes, with a sample size of four specimen per 

slope. Soil samples were taken before labeling (at plants which were not subject to labeling 

(same species)) and one, three, and fourteen days after labeling. Sampling was done with a soil 

core auger with a diameter of 8 cm down to a depth of 30 cm. The soil core was divided in three 

depths increments of 10 cm each. The samples were directly frozen in the field. Later samples 

were thawed, sieved to 2 mm and roots were separated. Samples were frozen again until 

analysis. 



Publications and manuscripts 

123 

Table 2.4.2: Dates of labeling, weather conditions and duration of labeling. 

Site Date 
(dd.mm.jjjj) 

Duration [h] Tair 

[°C]* 
Air pressure 
[hPa]* 

Precipitation 
[mm]* 

Solar 
radiation 
[W m−2]* 

Arid shrubland 12./13.11.2016 1.5 17−18.5 950 0 540−770 

Mediterranean 
woodland 

17./18.11.2016 1 22−33 965 0 890−915 

Humid−temperate 
forest 

25./26.11.2016 2 8−9.5 875 0−0.2 280−400 

* data from EarthShape weather stations (Ehlers et al., 2017) 

Labeled plant species 

C investments to belowground processes as well as plant nutrient acquisition strategy vary 

strongly between plant morphological traits (herb, forbs, shrubs, trees) (Sala et al., 2012). To 

best represent the respective ecosystems nutritional strategy, we aimed to investigate a 

dominant plant species at each site. However, to reduce trait−based, strongly influencing 

factors, we selected only woody species in our experiment, we excluded plants which host 

nitrogen fixing bacteria and we selected only species which use the C3 photosynthetic pathway. 

Only species which accounted for at least 10% of the vegetation cover were selected. We 

sampled only plants between 40 and 60 cm in height to reduce variability based on plants age 

and size. The species Gutierrezia resinosa (Hooker & Arnott) Blake was chosen for labeling at 

the arid shrubland site. The perennial species belongs to the Asteracea family and has a habitus 

of a woody shrub, the growth height is up to 1.5 m (Solbrig, 1966). The plant is found at low 

altitude on sandy, alkaline to neutral soils with low C and N content (Solbrig, 1966). G. resinosa 

accounted for 15% of the plant cover at the arid shrubland site while the overall plant cover was 

40% of the area. 

At the Mediterranean woodland, the species Erigeron fasciculatus (Colla) was selected for 

labeling. The area was completely covered by vegetation, for 10% of the area E. fasciculatus 

accounted responsible. The species reaches a growth height of 70 cm, belongs to the Asteracea 

family and is endemic to mid and low altitudes in the Coquimbo−Valparaiso region (Andrus et 

al., 2009; Solbrig, 1962; Valdebenito et al., 1986). 

At the HTR, the coniferous tree species Araucaria araucana (Molina) K. Koch was labeled. The 

species belongs to the Araucariacea family and grows in mid and high elevation (from the tree 

line until down to about 600 m a.s.l.) and under sufficient water supply of 1100 to 4000 mm a−1 

(Diehl and Fontenla, 2010; Veblen, 1982). A. araucana accounted for 40% of the understory 

vegetation, the total plant cover at the site was 100%, the single trees can reach a growth height 

of up 45 m and a lifespan of about 1000 years (Aguilera−Betti et al., 2017; Veblen, 1982). 
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Analysis 

LMWOA extraction 

LMWOAs were extracted based on a method after Szmigielska et al. (1997) with modifications. 

LMWOAs were extracted with 0.5 M HCl in methanol (MeOH) with a soil to solution ratio of 1:1 

(v/v) by shaking for one hour. After centrifugation at 950 g for 15 min the supernatant was 

transferred to a reaction vessel and dried under a gentle stream of N2. For derivatization, 3 ml 

of MeOH and 300 µl of H2SO4 (50%) were added to the samples, vials were screw-capped with 

a Teflon coated lid and placed in a heating block at 60 °C for 30 min. Analytes were purified by 

liquid−liquid extraction using chloroform (CHCl3) as final solvent. Subsequent analysis was 

done on a gas chromatograph mass spectrometer (GC−MS) (GC 7890A, MS 7000A Series 

Triple Quad, Agilent Technologies, Waldbronn, Germany) with a capillary column (DB−FFAP, 

30 m length, 1 µm film thickness, 0.25 mm diameter, Agilent Technologies, Waldbronn, 

Germany). Standard solutions contained the following organic acids: oxalic−, malonic−, 

fumaric−, succinic−, maleic−, malic− and citric acid. The isotopic fingerprint of C of the analytes 

(13C to 12C ratio) was determined by a GC−isotope ratio mass spectrometer (IRMS) (Delta plus 

Thermo Fisher Scientific, Bremen, Germany). Contents and 13C/12C ratios of LMWOAs were 

determined for north and south facing slopes at each site and four replicate plant specimen per 

slope. As organic acids as well as their anions are co−extracted by the presented approach, the 

abbreviation for LMWOAs refers to acids and their respective anions. 

PLFA extraction 

Cell membranes constitute of phospholipid fatty acids (PLFA) which can be used as a 

biomarker to specify microbial functional groups in soil (Gavito and Olsson, 2003; Olsson et al., 

1995). Phospholipidic fatty acids (PLFA) were extracted following the method introduced by 

Frostegård and Bååth (1996) with modification after Gunina et al. (2014). Briefly, 6 g of fresh 

soil were subject to extraction with a solution of modified protocol of methanol, chloroform, and 

citrate/KOH buffer (pH 4, v/v/v = 1:2:0.8) (E. Bligh and W. Dyer, 1959). PLFA were separated and 

purified by solid phase extraction, using activated silica gel (heated to 110°C for 10 h). The 

purified PLFA were hydrolyzed and methylated to their corresponding fatty acid methyl esters 

(FAMEs). Samples were quantified on a GC−MS (GC 7820A, MS 5977B, Agilent Technologies, 

Waldbronn, Germany). The isotopic fingerprint of C of the analytes (13C to 12C ratio) was 

determined by a GC−IRMS (Delta plus Thermo Fisher Scientific, Bremen, Germany). The raw 

data were drift corrected and µg FAME g−1 soil and at%13C were calculated as described by 

Dippold and Kuzyakov (2016). 
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Total bacterial and fungal PLFA were calculated by summarizing the respective specific PLFA 

for either group. The PLFA 16:1ω5c is frequently used as an arbuscular mycorrhizal fungi 

(AMF)−specific PLFA but can also be produced by bacteria. To investigate the origin of this 

PLFA in our samples the ratio of 16:1ω5c PLFA to 16:1ω5c NLFA was calculated (Stock et al., 

2021). The ratio was always >1 for all sites and depths. Hence, fungal PLFA were calculated as 

the sum of PLFAs 16:a. Total bacteria derived PLFAs were calculated as the sum of PLFAs i14:0, 

a14:0, 14:1ω5c, i15:0, a15:0, i16:0, a16:0, 16:1ω7c, 10Me16:0, i17:0, a17:0, 18:1ω9c, 18:1ω7c, 

and 10Me18:0. 

Calculation of 13C incorporation 

Incorporation of the applied tracer into roots, PLFA, and LMWOA was calculated by the following 

equation (Gearing et al., 1991): 

𝐶13 𝑖𝑛𝑐 = 𝑎𝑡%𝑙𝑎𝑏  −  𝑎𝑡%𝑟𝑒𝑓 𝑎𝑡%𝑡𝑟𝑎𝑐𝑒𝑟  −  𝑎𝑡%𝑟𝑒𝑓 ∗ 1000 [‰] Equation 2.4.1 
 

were the at%lab is the percentage of 13C on total C in the labeled samples, at%ref in the unlabeled 

samples, and at%tracer the percentage of 13C on total C of the CO2 in the labeling chamber. Since 

the CO2 in the labeling chamber is a mixture of atmospheric CO2 ([CO2]air) and Na2
13CO2 born 

CO2 ([CO2]input); at%tracer was calculated by the following equations: 

𝑎𝑡%𝑡𝑟𝑎𝑐𝑒𝑟 = {𝑎𝑡%𝐶𝑂2}𝑎𝑖𝑟 [𝐶𝑂2]𝑎𝑖𝑟[𝐶𝑂2]𝑎𝑖𝑟 +  [ 𝐶𝑂13 2]𝑖𝑛𝑝𝑢𝑡 

+[𝑎𝑡%𝐶𝑂2]𝑖𝑛𝑝𝑢𝑡  [ 𝐶𝑂13 2]𝑖𝑛𝑝𝑢𝑡[𝐶𝑂2]𝑎𝑖𝑟 +  [ 𝐶𝑂13 2]𝑖𝑛𝑝𝑢𝑡 
Equation 2.4.2 

with: 

[𝐶𝑂2]𝑎𝑖𝑟 = 𝑃𝑎𝑅 ∗ 𝑇 ∗ [𝐶𝑂2] ∗ 10−6 ∗  𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟 Equation 2.4.3 

and: 

[𝐶𝑂2]𝑖𝑛𝑝𝑢𝑡 = 𝑚𝑖𝑛𝑝𝑢𝑡𝑀( 𝐶𝑂2)13 ∗ 𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟 Equation 2.4.4 

where the percentage of 13C in the atmosphere is given by [at%CO2]air, and the percentage in the 

Na13CO3 derived CO2 by [at%CO2]input with 99 at%. Pa is the atmospheric air pressure at the time 
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of measurement in [Pa], T the air temperature in [K], R the universal gas constant [J mol−1 K−1], 

[CO2] the concentration of CO2 in the atmosphere [ppm], Vchamber the volume of the chamber 

[m−3], minput the 13CO3 mass of the added Na2
13CO3 [g], and M(13CO2) the molar mass of 13C 

enriched CO2. 

Phosphorus extraction 

Water soluble P was extracted by using anion exchange membranes (AEM) (Anion exchange 

membranes, VWR International GmbH, Darmstadt, Germany). Out of historical reasons this P 

fraction is called Presin. For all extractions, except total P, 1 g of dry soil was placed in a conical 

bottom flask made from polypropylene. Two anion−exchange membranes with an area of 

3.5 cm² each were placed in the flask and 30 ml double distilled H2O (ddH2O) were added. 

Samples were shaken for 16 h, subsequently, the anion−exchange membranes were removed 

and carefully cleaned (rinsed with ddH2O) to remove adherent soil particles. The 

anion−exchange membranes were placed into a fresh conical bottom flasks and 50 ml of 0.5 M 

HCl were added. After allowing for degassing samples were shaken again for 2 h, 

anion−exchange membranes were removed and P content in the solution was determined 

photometrically using malachite green as a dying agent (Ohno and Zibilske, 1991). Bioavailable 

P is often determined by extraction with 0.5 M NaHCO3 and termed Olsen P (Polsen) (Olsen et al., 

1954). Briefly, 30 ml of 0.5 M NaHCO3 were added to the soil, the mixture was shaken for 16 h. 

Subsequently, the suspension was centrifuges at 1500 g for 15 min, the supernatant was 

filtrated (round filter paper grade 589/2, quantitative, White Ribbon GE Whatman).  

P bound to poorly crystalline and well crystalline Fe− and Al−(hydr)oxides was determined by 

ammonium−oxalate (NH4−oxalate) extractable P (Pox) and dithionite−citrate−bicarbonate 

(DCB) (Pdith) extractable P, respectively. Pox was extracted following the procedure described by 

Schwertmann (1964) (modified after Tamm (1922)). In short, 50 ml of NH4−oxalate solution 

were added to the soil and shaken for 1 h under light exclusion, pH was adjusted to 3.25. The 

suspension was filtrated (round filter paper grade 589/2, quantitative, White Ribbon GE 

Whatman), and the volume adjusted to 50 ml. Pdith was determined after a method described 

by Mehra and Jackson (1958). Briefly, 30 ml of Na−citrate and 7.5 ml of NaHCO3 were added to 

the soil and heated in a sand bath to 75− 80 °C. Two spatulas of sodium dithionite (Na2S2O4) 

were added to each sample, the sample was kept at 75−80 °C and frequently stirred with a glass 

stick. After cooling the suspension was centrifuged at 1500 g for 15 min and filtrated (round 

filter paper grade 589/2, quantitative, White Ribbon GE Whatman). The procedure was repeated 

2 to 4 times until the soil showed a grey color. Polsen, Pox, and Pdith were analyzed on an inductively 
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coupled plasma−optical emission spectrometer (ICP−OES) (Thermo Scientific iCap 7040 DUO 

Series, Bremen, Germany). 

Total P content was determined by pressure digestion with HNO3 (König et al., 2014). Briefly, 

samples (100 mg) were placed into Teflon beakers and 2 ml of 65% HNO3 were added. Beakers 

were tightly closed and heated to 190 °C for 12 h. Subsequently, the extract was diluted with 

double distilled water (ultrapure) and analyzed on an inductively coupled plasma−optical 

emission spectrometer (ICP−OES) (Thermo Scientific iCap 6000 Series, Bremen, Germany). The 

P standard (conc. 100 mg L−1) for calibration was of certified reference material grade (Sigma 

Aldrich, Munich, Germany). 

Statistical analyses 

All statistical analyses were conducted using R Version 3.4.3 (R Core Team, 2017). To test for 

differences of P fractions and LMWOA between sites an ANOVA was calculated by using the 

‘aov’ function of the ‘stats’ package. If the obtained p value was below 0.05 a Tukey post−hoc 

test was conducted to test which sites were different from the others. The level of significance 

was set to α=0.05. 13C incorporation data were tested for outliers by a maximum normalized 

residual test with the function ‘grubbs.test’ of the ‘outlier’ package (Komsta, 2011). If values were 

indicated as outliers, they were excluded from further analysis. 

A PCA was calculated with 13C incorporation in H2O and HCl extractable oxalic−, malic−, and 

citric acid, respectively, as well as 13C incorporation in bacteria, fungi, and roots. The four P pools 

of water extractable P (Presin), NaHCO3 extractable (Polsen), NH4−oxalate, and DCB leachable P 

(Pox and Pdith) were added to the PCA plot as supplementary variables. The PCA was calculated 

for each site separately because 13C incorporation to the different reservoirs follows different 

mechanisms in the three sites. The function ‘PCA’ of the package ‘FactoMineR’ was used for 

calculating the PCA (Le Sebastien et al., 2008). Plots, except for the PCA, were done with the 

package ‘ggplot2’ (Wickham, 2016). 

2.4.4. Results 

 P content across biomes 

Total P content was highest in the humid−temperate forest with 692 µg g−1 in both, 0−10, and 

20−30 cm. It was 566 and 533 µg g−1 in the arid shrubland in 0−10 and 20−30 cm, respectively 

(Figure 2.4.1). Lowest P content in the topsoil was measured in the Mediterranean woodland 

with 375 and 383 µg g−1 in 0−10 and 20−30 cm, respectively. The sum of Presin and Polsen, the 

plant available pool, in both sampling depths was highest in the humid−temperate forest. 

NH4−oxalate (Pox) and DCB extractable P (Pdith) were about the same in the arid shrubland and 
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Mediterranean woodland and increased in the humid−temperate forest. In the 

humid−temperate forest the Pox content was higher than Pdith (Figure 2.4.1). 

 

Figure 2.4.1: Phosphorus fractions for the three study sites in the soil depth 0−10 cm (top row) and 20−30 cm 
(bottom row). Plant available P is represented by water extractable P (Presin) in red and NaHCO3 extractable P 
(Polsen) in orange. NH4−oxalate leachable P(Pox), which is thought to be sorbed to poorly crystalline pedogenic 
oxides and crystalline AlPO4 surface precipitates, in light green and dithionite−citrate−bicarbonate extractable P 
(Pdith), which consists of P from poorly and well crystallized pedogenic oxides, in dark green. Significant differences 
between the same fraction in the three study sites is indicated by capital letters A and B for Presin, lower case letters 
a and b for Polsen and A’ and B’ for Pox (p<0.05). 

Organic acid contents 

Free and sorbed citric acid showed a strong increase with decreasing aridity in both sampling 

depths. Contents of water extractable citric acid increased from 1.8 µg g−1 in the arid shrubland, 

2.5 µg g−1 in the Mediterranean woodland and 18.8 µg g−1 in the humid−temperate forest while 

contents of HCl extractable citric acid showed values of 0.4, 0.7, and 9.7 µg g−1 from arid to 

humid, all in 0−10 cm (Figure 2.4.2). The oxalic acid sorbed fraction increased from 3.5 and 

6.4 µg g−1 in the arid shrubland to 11.5 and 13.8 µg g−1 in the humid−temperate forest in 

0−10 cm and 20−30 cm, respectively. With exception of the H2O extractable pool in the 
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humid−temperate forest in 0−10 cm and the Mediterranean woodland in 20−30 cm, oxalic acid 

was the most abundant organic acid (Figure 2.4.2). Free malic acid in both sampling depths 

showed the highest contents in the Mediterranean woodland (5.7 and 11.6 µg g−1, respectively). 

The malic acid sorbed fraction increased from 0.4 µg g−1 in the arid shrubland to 1.4 µg g−1 in 

the humid−temperate forest (Figure 2.4.2). 

 

Figure 2.4.2: Low−molecular−weight organic acid (LMWOA) contents in soil at the three study sites in 0−10 cm (top) 
and 20−30 cm (bottom). The pools of free and sorbed LMWOA were extracted sequentially as H2O extractable free 
organic acids (solid color) and HCl extractable sorbed organic acids (light color). Significant differences between 
acid contents are indicated by capital letters for the H2O extracts and lowercase letters for the HCl extract. A and B 
for oxalic acid, A’ and B’ for malic acid and A’’ and B’’ for citric acid (p<0.05). 

13C dynamics 

In the arid shrubland and Mediterranean woodland 13C incorporation into bacterial PLFA was 

higher than the humid−temperate forest at all time points. At the arid shrubland the 13C 

incorporation decreased over time from 7.17 µg g−1 one day after labeling to 1.32 µg g−1 14 days 

after labeling in the upper 10 cm (Figure 2.4.3). No such decrease with time was observed for 

the Mediterranean woodland and at the humid−temperate forest 13C incorporation into bacterial 

biomass was highest three days after labeling. Generally, 13C incorporation into fungal biomass 
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was lower than in bacterial biomass. In the arid shrubland and Mediterranean woodland 13C 

incorporation in fungal biomass in 0−10 cm sampling depth was highest one day after labeling, 

in the humid−temperate forest at was highest three days after the tracer was applied. 

Incorporation of 13C in root tissue (in µg 13C cm−3 soil) increased with decreasing aridity. At the 

arid shrubland it was 0.05 µg cm−3, at the Mediterranean woodland 0.30 µg cm−3, and at the 

humid−temperate forest 0.62 µg cm−3 one day after labeling in 0−10 cm sampling depth (Figure 

2.4.3). 

 

Figure 2.4.3: Incorporation of 13C from CO2 pulse labeling in roots, fungal PLFA, and bacterial PLFA for all sites (arid 
shrubland=black; Mediterranean woodland=dark grey, humid−temperate forest=light grey). The incorporation is 
shown for 0−10 cm sampling depth (top) and for 20−30 cm sampling depth (bottom). Values are given in µg 13C per 
cm³ of soil for roots and in µg 13C per g dry soil for acids and microorganisms. Whiskers show the standard error of 
the mean (n=4). 

Comparing the sampling time at one day with 14 days after tracer application the fraction of 

tracer derived C in roots was constant in the arid shrubland and humid−temperate forest but 

increased in the Mediterranean woodland (0.3 µg cm−3 at d−1 and 0.78 µg cm−3 at d−14). 

Incorporation of 13C into organic acids, varied greatly among the study sites, while in the arid 

shrubland soils the incorporation was lowest the highest values were observed in the 

Mediterranean woodland and humid−temperate forest, depending the organic acid and its 

temporal dynamic, which varied greatly among the compounds: In the Mediterranean 

woodland, incorporation of 13C in water extractable (free) organic acids in both sampling depths 

was low at the beginning of the experiment being 2.5, 1.3, and 0.7 µg g−1 for oxalic, malic, and 
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citric acid in 0−10 cm sampling depth, respectively. The values increased over time to 6.2, 8.3, 

and 1.3 µg g−1 for oxalic, malic, and citric acid 14 days after labeling in 0−10 cm sampling depth, 

respectively) (Figure 2.4.4). In both sites, the arid shrubland and Mediterranean woodland 13C 

incorporation in HCl extractable (sorbed) oxalic acid in 0−10 cm was highest directly after 

labeling. This coincided with the highest allocation of 13C to fungal biomass at these sites. At 

the humid−temperate forest soil incorporation of 13C in organic acids was stable over the 

course of the experiment and higher in 0−10 cm than 20−30 cm sampling depth (Figure 2.4.4).
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Relating P pools to 13C incorporation 

To investigate correlations between 13C incorporation into root, microorganisms, and organic 

acids a PCA was calculated for each site separately. From each variable (13C−Root, 13C−Fungi, 

13C−Bacteria, 13C−OxalicH2O, 13C−OxalicHCl, 13C−MalicH2O, 13C−MalicHCl, 13C−CitricH2O, 

13C−CitricHCl) the maximal value among all three sampling times was used in the PCA. The four 

P pools of water extractable P (Presin), NaHCO3 extractable P (Polsen), NH4−oxalate labile P (Pox), 

and DCB extractable P (Pdith) were used as supplementary variables to investigate relationships 

between P speciation in soil and C allocation to plants, microorganisms, and organic acids 

(Figure 2.4.4). 

The first principal component explained 50, 49 and 64%, the second principal component 

accounted for 18, 29, and 19% of the variation within the data at the arid shrubland, 

Mediterranean woodland, and humid−temperate forest, respectively. At the arid shrubland C 

allocation to bacteria and fungi was strongly correlated strongly with plant available P (Presin, 

Polsen), P bound in crystalline pedogenic metal−(hydr)oxides (Pdith), and, to a lower extend, with 

NH4−oxalate leachable P (Pox). 13C allocation to roots correlated with 13C in water soluble oxalic 

acid. 13C allocation to roots and free oxalic acid was only weakly correlated with 13C allocation 

to microorganisms (Figure 2.4.4). At the Mediterranean woodland C allocation to bacteria 

(13C−Bacteria) and roots (13C−Roots) correlated with 13C in sorbed oxalic acid (13C−OxalicHCl). 

These three variables correlated strongly with NH4−oxalate leachable P (Pox). Pdith was again 

strongly correlated with 13C in fungi (13C−Fungi). Polsen was strongly correlated with free oxalic 

acid (13C−OxalicH2O) and plant available P in general correlated with 13C in free and sorbed malic, 

citric acid (Figure 2.4.4). At the humid−temperate forest 13C in bacteria and fungi was strongly 

correlated with 13C in organic acids except for sorbed oxalic and malic acid. Moreover, 13C in 

roots showed a moderate correlation with 13C in microorganisms and organic acids, except for 

sorbed oxalic and malic acid. 13C in microorganisms, roots, and organic acids, except of sorbed 

oxalic and malic acid, correlated with plant available P. (Figure 2.4.4).
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2.4.5. Discussion 

N and P availability/exploitation 

Plant available P is highest in the humid−temperate forest, mainly due to high contents of 

NaHCO3 extractable P (Polsen) (Figure 2.4.1). The large Polsen content goes along with a high 

content of NH4−oxalate extractable P, which is in line with a study by Wuenscher et al. (2016) 

who found a good correlation between Polsen and Pox over a wide range of agricultural soils from 

central Europe. In the humid−temperate forest the high Pox and Pdith contents are likely to be a 

result of high contents of poorly crystalline Al in the soil (Bernhard et al., 2018) and P adsorbed 

to Al−(hydr)oxides (Koester et al., 2020). Pox was even higher than Pdith in this ecosystem which 

points towards a contribution of crystalline AlPO4 surface precipitates and minerals in the order 

of the difference between Pox and Pdith to the total P content (Prietzel, 2017). In summary this 

indicates that P taken up by plants originates from secondary P minerals and adsorbed P. 

However, biomass is highest among the three sites in the humid−temperate forest, hence, 

despite moderate availability, P is still limiting plant growth, as can be seen at high C:P ratios at 

this site (Stock et al., 2021). Moreover, our results are in contradiction to findings by Bernhard 

et al. (2018), who measured lowest plant available P at the humid−temperate forest compared 

to the Mediterranean woodland and arid shrubland by determining plant available P via 

extraction with 0.025 M HCl + 0.03 M NH4F at pH 2.6 (Bray−1 extract). The pH values at the 

humid−temperate forest soil are around 4.5 (Bernhard et al., 2018). Therefore, the determination 

of plant available P at pH 2.6 likely gives more reliable results for this ecosystem. Thereby, the 

results by Bernhard et al. (2018) also point towards a P limitation of plant−growth at the 

humid−temperate forest. In addition to P, N as well is limiting plant growth in this ecosystem. 

Stock et al. (2021) reported C:N ratios of the samples from the same experiment of about 25 

for the humid−temperate forest. The plant available P pool was lowest in the Mediterranean 

woodland, water extractable P and NaHCO3 labile P together were 3.4 times lower than in the 

humid−temperate forest, indicating that plants are likely to experience an even higher P 

limitation in this ecosystem (Figure 2.4.1), considering that the biomass is high and plant cover 

is already 100% (Bernhard et al., 2018). Moreover, erosion (van Dongen et al., 2019) and soil 

denudation rates (Schaller et al., 2018) are the highest among the three study sites in the 

Mediterranean woodland imposing a high risk of nutrients being lost from the ecosystem. The 

specific root length in the upper 10 cm (Stock et al., 2021) is high which provides the 

prerequisite for fast nutrient uptake once they become available and reflect low P and water 

availability (Reich, 2014; Sharma et al., 2020) and high erosional losses at this site. This 

adaptation to fast nutrient uptake is also caused by the small pool of NaHCO3 extractable P in 

the Mediterranean woodland which indicates that P is either in the soil solution or strongly 
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bound to the soil. In the Mediterranean woodland and arid shrubland the lack of water can lead 

to a change from monodentate to bidentate binding of P to Fe and Al in soil. The later binding 

is thought of being irreversible, meaning that P bound in this way is not longer plant available. 

The C:N ratio in the Mediterranean woodland and arid shrubland was in the range between 

12−14, hence, did not indicate that plant−growth would be N limited at these two ecosystems. 

In both ecosystems this is likely a result of a relatively high abundance of diazotrophs 

(measured by nifH gene abundance, personal communication with K. Abdallah& S. Stock, “Soil 

nitrogen cycling along a precipitation gradient: from semi−desert to rainforest”). Especially in 

the arid shrubland the vegetation has a low demand, and the availability is likely to be stronger 

constrained by water availability and biological N nitrification than by N itself. 

Plant C investment in P mobilization 

13C incorporation in roots and fungal PLFA in the Mediterranean woodland and 

humid−temperate forest in both sampling depth and in bacterial PLFA in the Mediterranean 

woodland and humid−temperate forest in 20−30 cm showed a pattern which is to expect when 

the tracer from a pulse labeling is flowing through a C pool, however, the kinetics of the 

individual pools were largely different. The magnitude of the 13C incorporation in the arid 

shrubland was low in roots, fungal− and bacterial PLFA, therefore, the evaluation of tracer 

incorporation kinetics in this ecosystem is limited, however, the PCA allowed to draw some 

conclusions also for this ecosystem. 

As we found similar incorporation of 13C in all three LMWOAs in the humid−temperate forest, 

we conclude that the three acids were equally important in this ecosystem. The PCA gives 

indication that the acids were both, plant exuded but also produced by microorganisms (Figure 

2.4.5). When comparing the 13C incorporation kinetics in roots and microorganisms (Figure 

2.4.3) on the one hand and LMWOA on the other hand (Figure 2.4.4) it becomes clear that oxalic 

and malic acid show a similar pattern as microorganisms and 13C kinetics in citric acid 

resembles the 13C incorporation into roots. At the same time 13C in roots steadily increases, 

suggesting that plants’ C allocation to roots is slow and controlled by a plant internal reservoir. 

Plant available P in the humid−temperate forest is highest among the three ecosystems. At the 

same time all P mobilization proxies correlate strongly with plant available P in the PCA (Figure 

2.4.5). Moreover, strongly sorbed or precipitated P (Pox, Pdith) was correlated only with sorbed 

oxalic acid. It has been shown that fungi intend to exploit nutrients, especially P, by colonizing 

nutrient rich minerals (Jongmans et al., 1997). Moreover, the microbial community around AMF 

colonized roots is different from that of a non mycorrhized root and that around hyphae 

(hyphosphere), which most likely also impacts chemical conditions and compounds produced 
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by the microbial community (Ouahmane et al., 2007). It was never shown that AMF themselves 

produce oxalic acid, but it was proven that they provide the conditions for bacteria in their 

hyphosphere to produce them. AMF feed phosphate solubilizing bacteria in their vicinity in 

exchange for P (Zhang et al., 2016) and an important mechanisms of P mobilization by bacteria 

is organic acid exudation. This indirect effect of fungi on oxalic acid production also explains, 

that despite high contents of oxalic acid in the humid−temperate forest soil there was little 13C 

incorporated in oxalic acid at this site. Generally, we conclude that bacteria in soil do not directly 

dependent on input root derived photoassimilates. Moreover, we conclude that mineral bound 

P forms play only a minor role for biota’s P nutrition in this ecosystem and that the primary P 

source in this ecosystem is organic P. This is in line with earlier studies from this site (Koester 

et al., 2020). 

The 13C incorporation to LMWOA in the Mediterranean woodland changed markedly over the 

course of the experiment. In 0−10 cm sampling depths the contents of 13C in free LMWOA were 

highest two weeks after labeling (Figure 2.4.4). This was closely related to an increase of 13C in 

root biomass in this ecosystem (Figure 2.4.3), pointing to a plant origin of these acids. The plant 

available P forms correlated with free oxalic acid but also had a high loading on the first 

dimension of the PCA, which represented free and sorbed malic and citric acid. Fungal PLFA on 

the contrary were highest enriched in 13C at the first sampling time and decreased steadily over 

the sampling period (Figure 2.4.3), which coincided with a decrease of 13C in sorbed oxalic acid 

from one day after tracer application to the last sampling time (Figure 2.4.4). The 2nd principal 

component in the Mediterranean woodland explains 13C in roots, fungal and bacterial PLFA, 

sorbed− and, to a lower extend, free oxalic acid (Figure 2.4.5). At the same time Pdith and Pox 

correlated strongly with the 2nd dimension of the PCA, pointing to exploitation of hardly soluble 

P forms by roots and microorganisms. From the 13C kinetics of roots and microorganisms 

(Figure 2.4.3) and LMWOA (Figure 2.4.4) we infer that 13C in sorbed oxalic acid is related to 13C 

in fungi, while it is independent from 13C in roots and bacteria. Also, the PCA revealed a strong 

correlation of 13C in fungi with DCB leachable P, pointing to elevated allocation of 

photoassimilates to fungi for the sake of fungal growth when DCB is high. The sorbed fraction 

of oxalic acid in the soil is actively participating in mineral dissolution processes as it is already 

adsorbed to sorption sites which potentially hosted phosphate ions in the first place. In the 

Mediterranean woodland the relative contribution of DCB− and NH4−oxalate leachable P to total 

P in soil is higher than in the humid−temperate forest indicating a greater relevance of these P 

forms for biota in the soils of this ecosystem. Moreover, oxalic acid shows the highest content 

among the three acids in the Mediterranean woodland, confirming the high relevance of P 

solubilization by oxalic acid in the Mediterranean woodland. We must assume that biological P 
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uptake from the soil solution is very efficient because plant available P contents are low while 

the sorption capacity of the soil for P is also low compared to the humid−temperate forest 

(Koester, 2021). Therefore, our results corroborate that below ground C allocation to roots and 

microorganisms is important for P cycling in the Mediterranean woodland as this site had the 

lowest plant available P contents (Figure 2.4.1) while C allocation to roots was mostly highest 

along the ecosequence (Figure 2.4.3). C allocation by plants to root exudates is a well-known 

strategy for plants to deal with abiotic stress to keep nutrients available and have them 

accessible once the abiotic stress alleviates (Williams and Vries, 2020). In an artificial drought 

experiment root C exudation was enhanced despite a reduction of total C uptake and less 

assimilation of C to above ground biomass (Karlowsky et al., 2018). To which extend this is a 

general strategy and as well applicable to P cycling e.g., in more arid ecosystems, is not clear 

yet. Nevertheless, it is reasonable to assume that plants concentrate their resources 

below−ground when experiencing abiotic stress and keep the rhizosphere functioning to be 

ready to take up nutrients once surrounding conditions allow them to grow (Williams and Vries, 

2020). Contrary to the humid−temperate forest in the Mediterranean woodland P mobilization 

strategies seem to be less divers. This is in accordance with a general decrease of microbial 

diversity and multifunctionality under increased aridity (Delgado−Baquerizo et al., 2016; 

Maestre et al., 2015). 

Microbial activity in the arid shrubland performs at a much lower rate as in the other two 

ecosystems. The reason for this is a low C input to the soil mediated by the vegetation, which 

is water limited and, hence, the input of photoassimilates via roots is low (Bernhard et al., 2018; 

Canessa et al., 2020; Stock et al., 2019). With respect to temporal dynamics of 13C incorporation 

in roots, microorganisms, and LMWOA only limited conclusions can be drawn as the contents 

of measured parameters are low and, therefore, only small differences occur. While 

incorporation of 13C in bacteria and fungi decreases over the course of the experiment the 

incorporation in roots increases slightly. Incorporation in LMWOA is very heterogenous among 

the three acids and between the sorbed and free fraction of the acids, suggesting a mixt origin 

from plants as well as microorganisms. As in the Mediterranean woodland 13C in fungi 

correlates strongly with DCB leachable P. Suggesting investment in fungal biomass when DCB 

leachable P is high. The content of plant available P, particularly Presin, is higher than in the 

Mediterranean woodland, indicating less efficient uptake of P from the soil solution by biota. 

Overall, the patterns in the arid shrubland are very similar to those in the Mediterranean 

woodland but on a lower level, demonstrating that presumably already in the Mediterranean 

woodland drought adaptations and adaptations to related abiotic stresses are driving the 
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belowground C allocation and that these drivers are just much more expressed in the more dry, 

arid shrubland. 

Conclusively, we found evidence that C allocation to the rhizosphere is decoupled from 

microbial activity in the humid−temperate forest while in the Mediterranean woodland and arid 

shrubland microorganisms are more tightly bound to plant activity. Microbial mineralization of 

nutrients in the humid−temperate forest is a steady process which does not directly rely on the 

input of energy in the form of photo−assimilated C but is moderated by a rich reservoir of 

organic matter present in soil. The two other ecosystems, however, have lower soil C contents 

and, this, the microbial community depends much stronger on the input of readily degradable 

C by roots. We found indications that nutrient availability along the aridity gradient is restricted 

by different factors, resulting in a unimodal curve of highest N and P availability in the 

Mediterranean woodland. This is likely a result of highest weathering rates at this site (van 

Dongen et al., 2019) supplying fresh rock−born nutrients and a high abundance of legumes 

delivering N to the ecosystem. At the same time water availability is sufficient for nutrients to 

diffuse towards roots which form a dense network of fine roots in the upper soil layer (Stock et 

al., 2021). Moreover, the rhizosphere is well supplied with root exudates during the growing 

season, enabling microbial activity to scavenge for nutrients. In the arid shrubland plant growth 

is limited by water availability. This cascades down to the microbial community which suffers 

from C limitation due to the lack of a dense vegetation cover. In the humid−temperate forest N 

and P availability are low because of proceeded pedogenesis (high fixation of nutrients in soil) 

and high precipitation, which results in high leaching losses, especially of N. 

2.4.6. Conclusions 

P forms in soil changed along the ecosequence from mainly precipitated and absorbed 

inorganic P in the arid shrubland to a a greater proportion of plant available P. We know from 

other studies at the same sites that also organic P is higher under humid than under 

Mediterranean and arid climate. LMWOA were significantly higher under humid temperate 

forest than Mediterranean woodland and arid shrubland but 13C allocation to LMWOA was 

similar in the humid−temperate forest and Mediterranean woodland. 13C allocation to oxalic 

acid was identified as an indicator for biological weathering of precipitated and sorbed inorganic 

P in the Mediterranean woodland and arid shrubland. Our results indicate the utilization of 

organic P in the humid−temperate forest and a high microbial diversity and, therefore a plethora 

of P mobilizing processes. In the Mediterranean woodland and arid shrubland on the contrary 

P mobilization is more specific and mainly governed by roots and fungi. 
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2.5.1. Abstract 

Microbial activity and functioning in soils are strongly limited by the availability of C, of which a 

great proportion is released by roots. Root exudates stimulate microbial activity and growth, or 

shift the stoichiometric balance between C, N, and P. Thereby, exudates heighten microbial 

nutrient demand and acquisition of N and P, leading to an increase in enzyme production. Aim 

of this study was to determine environmental controls of extracellular enzyme production, and 

hence on potential enzyme activities (Vmax) and substrate affinities (Km). To determine the 

controlling factors, we worked on four scales from the microscale (i.e., rhizosphere) through the 

mesoscale (i.e., soil depth) and landscape scale (relief positions), and finally to the continental 

scale (1200 km transect within the Coastal Cordillera of Chile). Kinetics of seven hydrolyzing 

enzymes of the C, N, and P cycles (cellobiohydrolase, β−glucosidase, β−xylosidase, 

β−N−acetylglucosaminidase, leucine−aminopeptidase, tyrosine−aminopeptidase, and acid 

phosphatase) were related to soil texture, C and N contents, pH, and soil moisture via 

redundancy analysis (RDA). Potential activities of C, N, and P acquiring enzymes increased up 
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to 7−times on the continental scale with rising humidity of sites and C and N contents, while 

substrate affinities simultaneously declined. On the landscape scale, neither Vmax nor Km of any 

enzyme differed considerably between north and south slopes. From top− to subsoil (down to 

120 cm depth) potential activities decreased (strongest of aminopeptidases under humid 

temperate conditions with up to 90%). Substrate affinities, however, increased with greater soil 

depth only for N and P acquiring enzymes. Affinities of cellobiohydrolase and β−xylosidase, on 

the contrary, were 1.5− to 3−times higher in top− than in subsoil. A rise of potential activities 

from bulk soil to root was observed for N and P acquiring enzymes and β−glucosidase. 

Simultaneously, substrate affinities of N and P acquiring enzymes declined, whereas affinities 

of β−glucosidase increased. These trends of activities and affinities in the rhizosphere were 

significant only for acid phosphatase. The RDA displayed a strong relation of potential activities 

of C and P acquiring enzymes and β−N−acetylglucosaminidase to C and N contents as well as 

to the silt and clay contents. Aminopeptidase activity was mainly dependent on soil moisture 

and pH. We conclude that substrate availability for microorganisms mainly determined enzyme 

activity patterns on the continental scale (i.e., the humidity gradient). Patterns on the meso− 

and microscale are primarily controlled by nutrient limitation, which is induced by a shift of the 

stoichiometric balance due to input of easily available C by roots in the rhizosphere. 

 

Keywords: Extracellular enzymes, stoichiometric homeostasis, rhizosphere effect, nutrient 

acquisition, multi−scale study 

 

2.5.2. Introduction 

Extracellular enzymes, originating largely from plant roots and soil microorganisms (Burns et 

al., 2013), catalyze soil organic matter decomposition (SOM). Enzymes split organic polymers 

into soluble molecules and ions, which can be assimilated by microorganisms and taken up by 

plant roots (Allison and Vitousek, 2005; Sinsabaugh et al., 2008). Microbial activity in soil is 

mainly limited by available carbon (C) (Blagodatsky and Richter, 1998; Hodge et al., 2000; 

Schimel and Weintraub, 2003), of which root exudates and decaying litter are the largest source 

(Bertin et al., 2003; Kuzyakov, 2002a; Pausch and Kuzyakov, 2018). Exudates are easily 

degradable and are thus highly available substrate for microorganisms (Bertin et al., 2003; 

Schimel and Weintraub, 2003; Meier et al., 2017), which can stimulate microbial activity and 

growth (Blagodatskaya et al., 2014; de Graaff et al., 2010; 2014, de Nobili et al., 2001), and in 
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turn increase C demand and investment into C and nutrient acquisition (i.e., enzyme synthesis) 

(Hernández and Hobbie, 2010).  

Labile C stimulates not only microbial activity as readily available energy source, but also shifts 

the stoichiometric balance between C, nitrogen (N), and phosphorus (P) (Cheng and Kuzyakov, 

2005; Phillips et al., 2011; Sinsabaugh and Moorhead, 1994). Thereby, labile C heightens 

microbial nutrient demand, which can be compensated by an upregulation of enzyme synthesis 

and a degradation of nutrient−rich compounds to maintain stoichiometric homeostasis (Chen 

et al., 2014; Cheng and Kuzyakov, 2005; Phillips et al., 2011; Sinsabaugh and Follstad Shah, 

2012; Sinsabaugh et al., 2014). The upregulation of enzyme synthesis does not necessarily aim 

to boost enzyme activities, but also to produce enzymatic systems with higher substrate 

affinities to strengthen the competitiveness of microorganisms by a more efficient SOM and 

litter decomposition (Klipp and Heinrich, 1994; Kuzyakov and Xu, 2013; Stone and Plante, 2014). 

Whether enzyme production is upregulated depends on the cost efficiency of resource 

allocation into enzyme production in relation to microbial growth (Moorhead et al., 2012; 

Sinsabaugh and Follstad Shah, 2012).  

Biochemical reaction products or a high availability of the target element (e.g., C, N, or P) can 

suppress enzyme activity. If sufficient easily available compounds are present to cover the cells’ 

energy demands, the synthesis of new extracellular enzymes can be inhibited, (Sinsabaugh et 

al., 1993), as reported for N and P acquiring enzymes (DeForest et al., 2012; Olander and 

Vitousek, 2000; Turner and Wright, 2014). Alternatively, enzyme activity can be stimulated by 

the presence of their target substrate (Allison and Vitousek, 2005; Kielak et al., 2013). Microbial 

nutrient acquisition strategies (i.e., the allocation of resources into the synthesis of specific 

enzymes), therefore, likely change according to substrate and nutrient availability. 

Extracellular enzyme activities are affected further by abiotic factors such as soil moisture, pH, 

and soil particle size distribution (Acosta−Martínez and Tabatabai, 2000; Sanaullah et al., 2011; 

Stemmer et al. 1998). They either directly modify enzyme activities, e.g., via conformation 

changes, binding onto soil particles, or the dependence on diffusion rates (Davidson and 

Janssens, 2006; Quiquampoix et al., 1992; Turner, 2010), or indirectly such as via altering 

substrate solubility, substrate concentration and accessibility, or grazing pressure on 

microorganisms (Burns et al., 2013; Kuzyakov and Mason−Jones, 2018 (in press); Ruamps et 

al., 2011). Responses of enzyme activities to moisture and pH changes are complex and vary 

depending on the ecosystem settings, scales, and ambient conditions to which enzymes are 

adapted (Allison and Jastrow, 2006; Dick and Tabatabai. 1987; Burns et al., 2013; German et al., 

2012; Turner, 2010), rising a challenge for studies on enzyme driven SOM decomposition and 
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nutrient release across and within ecosystems. Former and recent studies well covered the 

response of extracellular enzymes to moisture shifts (e.g., Burns et al., 2013; Sanaullah et al., 

2011; Steinweg et al., 2012) as well as rhizosphere effects (e.g., Dakora and Phillips, 2002; 

Phillips et al., 2011; Tarafdar and Jungk, 1987; Weintraub et al., 2007). Studies on enzyme 

kinetics were conducted on several scales, ranging from a continental scale (as the global 

distribution of activities (e.g., Sinsabaugh et al., 2008)) to focusing on microscales (as activity 

distribution in the rhizosphere (e.g., Razavi et al., 2016)). Directions and responses, however, are 

not consistent and simultaneous measurements of enzyme activities on multiple scales are 

scares.  

By working on four spatial scales, we aimed to gain deeper insights on the regulatory effects of 

substrate availability and stoichiometric constraints on extracellular enzyme activities. 

Therefore, we analyzed kinetics of seven hydrolyzing enzymes of the C, N, and P cycles, 

responsible for cellulose and hemicellulose degradation, chitin and protein decomposition, and 

P acquisition via dissociation of phosphoric acid, and which are representative for decomposers 

of easily and complex substrates, on four scales: continental, landscape, meso−, and 

microscale. 

We hypothesize that (1) on the continental scale, i.e., across ecosystems with a strong gradient 

in mean annual precipitation (MAP) and vegetation cover, enzyme activities are stimulated while 

substrate affinities decrease in response to increasing precipitation and plant biomass (litter) 

input (i.e., substrate availability). (2) On the landscape scale, represented by opposite slopes 

with different vegetation cover induced by deviating moisture regime, we also expect enzyme 

activities to rise with higher soil moisture. (3) On the medium scale of the soil profile 

(characterized by decreasing C and N contents with depth), we hypothesize enzyme activities 

to decrease from top− to subsoil, while substrate affinities enhance, in response to substrate 

scarcity in the subsoil. (4) On the microscale, i.e., from bulk soil to rhizosphere characterized by 

a C, N, and C:N increase, we hypothesize enzyme activities are stimulated, while substrate 

affinities decline in response to higher substrate availability.  

2.5.3. Material and Methods 

Study area 

Study areas are located within the Coastal Cordillera of Chile between 29 ° and 38 ° southern 

latitude (Figure 2.5.1). The study sites cover a climate gradient from humid temperate (Parque  
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National Nahuelbuta (NA)) to 

Mediterranean (Parque National La 

Campana (LC)) and semiarid 

(Reserva Santa Gracia (SG)), with 

soils developed on granitoid parent 

material in all sites. Altitude and 

distance to the Pacific Ocean of the 

sites increase from north to south. In 

Nahuelbuta, Umbrisols and Podzols 

are present (pH 3.7−5.1), covered 

with a dense coniferous forest 

(Table: S 2.5.1; Bernhard et al., 2018). 

In La Campana, a patchy deciduous 

forest and evergreen sclerophyllous shrubs cover primarily Cambisols (pH 4.5−6.1) (Table: S 

2.5.1; Bernhard et al., 2018). In Santa Gracia, the developed Cambisols (pH 5.48−7.0) are 

covered mainly with sclerophyllous shrubs and cacti (Table: S 2.5.1; Bernhard et al., 2018). For 

a more detailed description of the study sites see Table: S 2.5.1 as well as Bernhard et al. (2018) 

and Oeser et al. (2018). 

Soil sampling and analyses 

Soil samples were collected in summer 2016 from four soil pits in each study site; three on a 

south−exposed slope, arranged as a catena encompassing a soil pit at top−, mid−, and 

toe−slope positions, and one on a north−exposed slope at mid−slope position. Soil was 

sampled in three distances from channels of young living roots (0−2 mm, 2−4 mm, 4−6 mm), 

in three soil increments. Depth increments were chosen as percentage of depth until saprolite. 

The upper 30 % of the soil profile encompassed the topsoil, the increment between 30 % and 

70 % the subsoil. The third increment encompassed the lower part of the soil profile down to 

the start of the saprolite. In total, 97 samples were collected. After sampling, the material was 

directly cooled and stored at 4 °C until analyses.  

Gravimetric water content was determined by drying aliquots of the samples at 105 °C until 

constant weight. For determining C and N contents, aliquots of the samples were dried (50 °C) 

and subsequently ground milled. The measurement of C and N was conducted simultaneously 

by an elemental analyzer (NA1500, Fisons instruments, Milano, Italy). Soil particle size fraction 

and pH data were acquired by Bernhard et al. (2018) from samples taken in the same soil pits 

 
Figure 2.5.1: Study site overview. Showing mean annual 
precipitation (MAP) and mean annual temperature (MAT) along 
the continental gradient (WorldClima data, Hijmans et al., 2005). 
Study sites from north to south: Santa Gracia, La Campana, 
Nahuelbuta. 
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and during the same time as our samples. These samples, however, were collected in different 

soil depth increments and not in rhizosphere gradients. 

Enzyme assays 

Activities of the extracellular enzymes were determined using synthetic fluorogenic substrates 

(Marx et al., 2001) (see Table 2.5.1). Subsamples (0.5 g) of the cooled (4 °C) soil samples were 

pre−incubated 24 h in sterile 100 ml jars. After pre−incubation, 50 ml of sterile water was added 

to the jars and shaken for 30 min. Subsequently, the soil solution was sonicated (40 J s−1; 2 min) 

before aliquots of 50 µl were pipetted into black polystyrene 96−well microplates (Brand, 

Germany). Afterwards, 50 µl of buffer (0.1 M MES (pH 6.1) for 4−methylumbelliferone (MUF) 

linked substrates; 0.05 M TRIZMA (pH 7.8) for 7−amino−4−methylcoumarin (AMC) associated 

substrates) and 100 µl of substrate solution (0, 10, 20, 30, 40, 50, 100, and 200 µmol g−1) were 

added. Three analytical replicates were measured for each sample at each substrate 

concentration. Fluorescence was measured by a microplate reader (Victor³ 1420−050 Multi 

label Counter; extinction: 355 nm, emission: 460 nm) immediately after substrate addition (t0) 

and 2 h after addition (t1). For calibration and accounting for quenching, standard plates were 

prepared with 50 µl of a composite soil solution (for each site and depth), with 150, 145, 140, 

130, 100, 70, and 30 µl of buffer (MES or TRIZMA) and 0, 5, 10, 20, 50, 80, and 120 µl standard 

(MUF or AMC), respectively. Plates were measured at t0 and t1. With the regression slopes of 

the standard measurements, enzyme activities of the samples were calculated [nmol substrate 

g−1 soil h−1]. Activities were fitted by the Michaelis−Menten Equation, which describes 

non−linear saturation curves: 

V =  (𝑉𝑚𝑎𝑥  ∗   [S]) (K𝑚  +  [S])   Equation 2.5.1 

with S as the added substrate concentrations, Vmax as the maximal rate of enzymatic activity 

under optimum substrate conditions, and Km as the half−saturation constant as indicator for 

substrate affinity. The residual standard errors (RSE) of the fitted non−linear saturation curves 

are given in Table: S 2.5.2. 
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Table 2.5.1: Overview of extracellular enzymes with respective fluorogenic substrates (Marx et al., 2001) and 
ecological functions. 

Enzyme Fluorogenic substrate  Function 

b−cellobiohydrolase  

(EC 3.2.1.91) 

4−methylumbelliferone− 

b−D−cellobioside 

hydrolysis of cellulose 

b−glucosidase 

(EC 3.2.1.21) 

4−methylumbelliferone− 

b−D−glucoside 

hydrolysis of simple sugars 

b−xylosidase 

(EC 3.2.2.37) 

4−methylumbelliferone− 

b−D−xylopyranoside 

hydrolysis of hemicellulose 

b−N−acetylglucosaminidase 

(EC 3.2.1.14) 

4−methylumbelliferone− 

acetyl−b−D−glucosaminide 

hydrolysis of chitooligosaccharides into 

N−acetylglucosamine 

leucine−aminope ptidase 

(EC 3.4.11.1)  

L−leucine−7−amino− 

4−methylcoumarin 

cleaving of peptide bonds in proteins 

tyrosine−aminopeptidase 

(EC 3.4.11) 

L−tyrosine−7−amino− 

4−methylcoumarin 

cleaving of peptide bonds in proteins 

acid phosphatase 

(EC 3.1.3.2) 

4−methylumbelliferone− 

phosphate 

P−acquisition via dissociation of phosphoric 

acid 

Statistical analysis 

All statistical analyses were conducted using R 3.4.3 (R Core Team, 2017). To evaluate the 

differences of soil parameters (C, N, C:N, soil moisture) and enzyme kinetics (Vmax and Km) 

between sites, slope aspects, soil depths, and root proximity, generalized linear mixed effect 

models (GLMM) were calculated using the R package ‘lme4’ (Bates et al., 2015). To determine 

the fixed effect ‘site’, we specified slope aspect as further fixed effect, and soil profile and soil 

depth as nested random effects. To determine the fixed effect of ‘slope aspect’, ‘soil depth’ and 

‘root proximity’ (without interaction terms), we specified soil profile as nested random effect. p 

values were obtained by multiple comparisons with a general linear hypotheses test function 

using the R package ‘multcomp’ (Hothorn et al., 2008).  

Redundancy analyses (RDA) were calculated to determine the effects of the soil variables C, N, 

C:N, moisture, pH, and particle size fractions on enzyme activities, as well as to test for the 

effects of these factors on C and N contents in soil. RDAs were conducted with the ‘vegan’ 

package (Oksanen et al., 2017) on scaled and log−transformed data. Type II scaling 

(correlation) plots are shown in the results including only significant constraining variables.  

2.5.4. Results 

Soil properties 

C content in soil increased stronger on the continental and landscape scale than N content (3− 

to 4−times compared to 2− to 3−times) (Figure 2.5.2). On the mesoscale, C content decreased  
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between 20% (in Santa Gracia) and 

85% (in Nahuelbuta) from top− to 

subsoil, while N content declined 

between 25% (SG) and 80% (NA). On 

the microscale, C content was1.5− to 

2−times  

higher in root proximity than bulk soil, 

while N content was similar, resulting 

in 1.1− to 1.2−times higher C:N ratios 

in root proximity (0−2 mm) than in 

bulk soil (4−6 mm) (Figure 2.5.2). 

Enzyme activities 

Potential activities (Vmax) of C, N, and 

P acquiring enzymes increased on 

the continental scale with higher soil 

moisture (Figure 2.5.3). The 

strongest rise (up to 7−times) was 

observed for −xylosidase, 

−N−acetylglucosaminidase, and 

acid phosphatase. On the landscape 

scale, activities of C, N, and P 

acquiring enzymes (except tyrosine−aminopeptidase) showed trends (p>0.05) of higher 

activities on the south than north slope at the sites under humid temperate (Nahuelbuta) and 

Mediterranean (La Campana) climate. Activities for most enzymes decreased from top− to 

subsoil (Figure 2.5.4). The strongest decrease was detected at the site under humid temperate 

climate conditions (up to 90 % for both aminopeptidases). Under semiarid climate conditions 

(Santa Gracia), only the protein degrading leucine−aminopeptidases decreased with soil depth. 

Root effects on enzyme activities (i.e., higher activities in root proximity than in bulk soil) were 

similar at sites under humid temperate and Mediterranean climate conditions, for C, N, and P 

acquiring enzymes (p>0.05) (Figure 2.5.5). Root effects on enzyme activities were mostly 

absent at the site under semiarid conditions (except for tyrosine−aminopeptidase). 

 
Figure 2.5.2: Depth profiles of carbon- nitrogen content, C:N ratio, 
and soil moisture in Nahuelbuta (black triangles), La Campana 
(blue circles), and Santa Gracia (red diamonds), separated by root 
proximities – 0−2 mm (darkest shade), 2−4 mm, and 4−6 mm 
(lightest shade). Data points represent meansSE of 
south−exposed slopes (n = 3). C and N content, as well as C:N 
show clear increase (p<0.05) from bulk soil to roots in the sites 
under humid temperate (Nahuelbuta) and under Mediterranean 
(La Campana) climate conditions; especially in the topsoil. 
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Figure 2.5.3: Continental 
gradients of potential 
activities (Vmax) and 
substrate affinities (Km) 
of the extracellular 
enzymes (from left to 
right): CBH = 

β−cellobiohydrolase, 
BGL = β−glucosidase, 
BXY = β−xylosidase, 
NAG = β−N−acetyl-
glucosaminidase, LEA = 

leucine−amino-
peptidase, TYA = 

tyrosine−amino-
peptidase, ACP = acid 
phosphatase. Sites: 

Santa Gracia (SG), La Campana (LC), and Nahuelbuta (NA). Data present means±SE of north and south slopes and 
all soil depths and root distances (SG, LC: n = 36; NA: n = 24. Letters indicate significant (p<0.05) differences of 
activities and affinities between the study sites identified by GLMM. Activities of C−, N−, and P−acquiring enzymes 
increase with humidity, while substrate affinities decrease (i.e., increasing Km). Blue arrows show effects of the 
continental moisture gradient on the enzyme activities and affinities. 

Figure 2.5.4: Potential 
activities (Vmax) and 
substrate affinities (Km) 
separated by soil depth 
(1 = topsoil, 2−3 = 
subsoil) of (from left to 
right): CBH = 

β−cellobiohydrolase, 
BGL = β−glucosidase, 
BXY = β−xylosidase, 
NAG = 

β−N−acetylgluco-
saminidase, LEA = 

leucine−amino-
peptidase, TYA = 

tyrosine−amino-
peptidase, ACP = acid 

phosphatase. Sites: Santa Gracia (SG), La Campana (LC), and Nahuelbuta (NA). Soil depths: 1 = triangle, 2 = square, 
3 = inverted triangle – Santa Gracia: 0−40 cm, 40−80 cm, 80−200 cm; La Campana: 0−60 cm, 60−120 cm, 120−200 
cm; Nahuelbuta: 0−80 cm, 80−160 cm. Data present means±SE of both slopes and all root distances separated by 
soil depths (n = 12). Letters indicate significant differences (p<0.05) between soil depths. Activities of C−, N−, and 
P−acquiring enzymes are higher in the topsoil (depth 1) than subsoil (depth 2 and 3) at the sites under humid 
temperate (NA) and Mediterranean (LC) climate conditions. Substrate affinities of C−acquiring enzymes are 
tendential (p>0.05) higher in the topsoil than subsoil, while substrate affinities of N− and P−acquiring enzymes are 
tendential (p>0.05) lower in the topsoil and higher in the subsoil. 
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Enzyme substrate affinities 

Substrate affinities of C, N, and P acquiring enzymes declined (i.e., increasing Km) on the 

continental scale from semiarid to humid climate conditions, while potential enzyme activities 

(Vmax) grew (Figure 2.5.3). On the landscape scale, the only clear trend (p>0.05) was observed 

for −cellobiohydrolase, which had lower substrate affinities on the south than north slope at 

the sites under humid temperate and Mediterranean conditions. N and P acquiring enzymes 

had generally higher substrate affinities in the subsoil, while substrate affinities of C acquiring 

enzymes were higher in the topsoil (up to 1.5− to 3−times) (Figure 2.5.4). Higher affinities of C 

acquiring enzymes in the subsoil than in the topsoil were common only under semiarid climate 

conditions. From root to bulk soil, affinities of C acquiring enzymes generally decreased 

(p>0.05), while affinities of N and P acquiring enzymes increased (p>0.05) (Figure 2.5.6).  

Figure 2.5.5: Enzyme 
activities (Vmax) from 
bulk soil (6−4 mm) to 
root proximity (2−0 
mm). Nahuelbuta = top 
row; La Campana = 
middle row; Santa 
Gracia = bottom row. 
Data present means±SE 
from both slopes and all 
soil depths (SG, LC: n = 
12; NA: n = 8). From left 
to right: CBH = 

β−cellobiohydrolase, 
BGL = β−glucosidase, 
BXY = β−xylosidase, 
NAG = 

β−N−acetylgluco-
saminidase, LEA = 

leucine−amino-
peptidase, TYA = 

tyrosine−amino-
peptidase, ACP = acid 
phosphatase. GLMM 
only identified activity 

differences of acid phosphatases in La Campana (Mediterranean climate conditions) as significant (p<0.05; 
indicated by letters). Blue arrows show effects of the rhizosphere gradient on enzyme activities. Trends (p>0.05) of 
increasing activities from bulk soil to roots of C−, N−, and P−acquiring enzymes were detected at the sites under 
humid temperate (Nahuelbuta) and Mediterranean (La Campana) climate conditions. At the site under semiarid 
conditions (Santa Gracia) only tyrosine−aminopeptidase activities showed an increasing trend (p>0.05) from bulk 
soil to roots. 
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Figure 2.5.6: Substrate 
affinities (Km) from bulk soil 
(0−6 mm) to root proximity 
(2−0 mm). Nahuelbuta = top 
row; La Campana = middle 
row; Santa Gracia = bottom 
row. Data present meansSE 
from both slopes and all soil 
depths (SG, LC: n = 12; NA: n = 
8). From left to right: CBH = 
β−cellobiohydrolase, BGL = 
β−glucosidase, BXY = 
β−xylosidase, NAG = 

β−N−acetylglucosaminidase, 
LEA = 
leucine−aminopeptidase, TYA 
= tyrosine−aminopeptidase, 
ACP = acid phosphatase. 
GLMM only identified affinity 
differences of acid 
phosphatases in La Campana 
(Mediterranean climate 
conditions) as significant 
(p<0.05; indicated by letters). 

Blue arrows show effects of the rhizosphere gradient on substrate affinities. The strongest trends of substrate 
affinities were detected at the site under humid temperate conditions (Nahuelbuta): Affinities of C−acquiring 
enzymes increased from bulk soil to root, while affinities of N− and P−acquiring enzymes decreased. 

Effects of abiotic and biotic factors on enzyme activities 

Constrained axes of the RDA on potential enzyme activities were able to explain 57.1 % of their 

variation. The first and second axis of the RDA accounted for 41.4 % and 8.6 %, respectively 

(Figure 2.5.7). C and N contents strongly determine potential activities of all enzymes except of 

aminopeptidases (Figure 2.5.7). All these enzymes were primarily associated with the medium 

silt (6.3 – 20 µm), fine silt (2 – 6.3 µm), and clay (< 2µm) fraction of soil particles, whereas 

aminopeptidases were rather associated to the coarse silt fraction (20−63 µm) (Figure 2.5.7). 

Variance of aminopeptidases, and especially tyrosine−aminopeptidases, activities were 

primarily explained by soil moisture and pH (Figure 2.5.7). While soil moisture exerted a negative 

and pH a positive effect on aminopeptidase activities, these relations were reversed for the 

other enzymes. Only potential activities of β−glucosidase seemed less affected by pH (Figure 

2.5.7). 
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Constrained axes of the RDA on C and N contents were able to explain 87.8 % of the variation. 

The first and second axis of the RDA accounted for 87.4 % and 0.4 % of the variation of C and 

N contents (Figure 2.5.8). C and N contents were strongest determined by small size soil 

particles (silt and clay fraction), whereas soil moisture and pH determined contents to a much 

lower extend (Figure 2.5.8). Soil particle size fractions strongest correlated with soil depth, while 

soil moisture and pH were stronger related to the factor site (Figure 2.5.8). 

 

Figure 2.5.7: Redundancy 
analysis on potential activities 
of cellobiohydrolase (CBH), 
b−glucosidase (BGL), 
b−xylosidase (BXY), 

b−N−acetylglucosaminidase 
(NAG), leucine−aminopeptidase 

(LEA), 
tyrosine−aminopeptidase 

(TYA), and acid phosphatase 
(ACP) with C and N contents, 
soil moisture, pH, and particle 
size fractions as constraints. 
The overall RDA was significant 
with 999 permutations. A type II 
scaling (correlation) plot is 
shown, including only 
significant constraining 
variables. The constraining 
variables explained 57.1 % of 
the total variance. 

Figure 2.5.8: Redundancy analysis on 
C and N contents with soil moisture, 
pH, and particle size fractions as 
constraints. The overall RDA was 
significant with 999 permutations. A 
type II scaling (correlation) plot is 
shown, including only significant 
constraining variables. The 
constraining variables explained 87.8 
% of the total variance. 
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2.5.5. Discussion  

Activation of microbial activity in response to labile carbon 

Microbial activity in soil is strongly limited by the availability of C (Blagodatsky and Richter, 1998; 

Hodge et al., 2000). On the continental scale, vegetation cover and plant species composition 

change fundamentally (Bernhard et al., 2018). Denser vegetation cover and higher productivity 

result in greater above− and belowground biomass input, which was apparent by higher C and 

N contents in the southern than in the northern sites (Figure 2.5.2). With greater amounts of 

biomass entering the soil, greater amounts of substrate and easily accessible C are available, 

enabling microorganisms to invest into nutrient acquisition (i.e., extracellular enzyme 

synthesis), as costs will be balanced off by energy and nutrients gained by soil organic matter 

decomposition (Allison et al., 2014; Hernández and Hobbie, 2010). In response, enzyme 

activities are stimulated, as was observed for C, N, and P acquiring enzymes on the continental 

scale from north to south (Figure 2.5.3). This was also displayed by the RDA as C and N contents 

explained a high degree of variances in enzyme activities (Figure 2.5.7) (Allison and Vitousek, 

2005; Cheng et al., 2003; Hernández and Hobbie, 2010). Growing enzyme activities along with 

declining substrate affinities (i.e., high Km) from north to south, suggest that especially on the 

continental scale the substrate availability is driving enzyme activities.  

On the mesoscale – the soil depth profile – substrate availability, likewise, seemed to be a 

driving force for N and P acquiring enzymes in the subsoil. Enzymes with high substrate 

affinities in the subsoil, as seen for N and P acquiring enzymes (Figure 2.5.4), increase the 

competitiveness of microbes for nutrients under substrate limitation (Blagodatskaya et al., 

2009; Hernández and Hobbie, 2010; Klipp and Heinrich, 1994). 

Root exudates are one of the largest sources of labile C input (Bertin et al., 2003; Kuzyakov, 

2002a; Pausch and Kuzyakov, 2018). Coinciding, measured C and N contents increased from 

bulk soil to root proximity (Figure 2.5.2). This rise of C content concurs with trends of ascending 

−glucosidase and N and P acquiring enzyme activities from bulk soil to roots (Figure 2.5.5), 

indicating a stimulation of microbial activity by root−derived C (Blagodatskaya et al., 2010; 

Kuzyakov, 2002b; Meier et al., 2017). Root effects on enzyme activities were only significant for 

acid phosphatases under Mediterranean conditions, which is likely related to the sampling 

strategy. Razavi et al. (2016) and Ma et al. (2018) demonstrated that rhizosphere extension 

significantly differs for enzymes and plant species. Activity radii extended mostly less than 

2 mm from roots, with the greatest extension detected for acid phosphatases (Razavi et al., 

2016). The successful determination of phosphatase activities from rhizosphere to bulk soil, 
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however, suggests that activities for C and N cycling enzymes would be fully captured with a 

finer resolution of sampling distances. 

Nutrient mining for stoichiometric homeostasis 

Labile C does not only stimulate microbial activity as easily available energy source but can also 

induce a relative increase of microbial nutrient limitation by stoichiometric imbalance, which 

stimulates nutrient acquisition from other sources, e.g., from SOM (Cheng and Kuzyakov, 2005; 

Hernández and Hobbie, 2010; Phillips et al., 2011; Sinsabaugh and Moorhead, 1994). Activities 

of C acquiring enzymes did not only increase with higher C content (as shown in section 2.4.4.1) 

but also with greater N content, indicated by the strong relation observed in the RDA (Figure 

2.5.7). In fact, the strong effect of N on C acquiring enzymes supports the conclusion that an 

upregulation of C acquisition in response to greater N availability is dominantly driving activities 

of these respective enzymes. Greater N availability (1) allows microorganisms to invest N into 

enzyme synthesis and (2) heightens the demand for C for microbial growth (Allison and 

Vitousek, 2005; Saiya−Cork et al., 2002; Sinsabaugh and Follstad Shah, 2012). C acquiring 

enzymes seemed to be driven by stoichiometric constraints on the meso− and microscale, 

which was supported by higher substrate affinities of −cellobiohydrolase and −xylosidase in 

topsoil and root proximity than in bulk soil (Figure 2.5.4, Figure 2.5.6). Increase of microbial 

activity and growth by labile carbon input surges microbial C demand (Hernández and Hobbie, 

2010) and, thus, promotes the investment into C mining via enzyme production.  

A similar dependence on stoichiometric constraints was also seen for N and P acquiring 

enzymes. Activities of N acquiring enzymes (Figure 2.5.3, Figure 2.5.5) increased towards 

places with great N limitation (i.e. site under humid temperate conditions, topsoil, root 

proximity) indicated by high C:N ratios (Figure 2.5.2). This elevation of activities in response to 

N limitation indicates an upregulation of N acquisition in response to stoichiometric imbalance, 

initiated by available C input and microbial activity stimulation (Loeppmann et al., 2016a; 

Sinsabaugh et al., 2009; Treseder and Vitousek, 2001). RDA results supported this response for 

activities of β−N−acetylglucosaminidases, as they C and N explained most of their variance 

(Figure 2.5.7). Patterns of activities of aminopeptidases, however, were better explained by pH 

and soil moisture (Figure 2.5.7).  

Substrate affinities of N acquiring enzymes , which were lower in the topsoil than subsoil (Figure 

2.5.4), and in root proximity than in bulk soil (Figure 2.5.6), indicate further that enzyme activities 

are not substrate limited but N demand driven (Loeppmann et al., 2016a; Stone and Plante, 

2014). The same relations of affinities and activities as for N acquiring enzymes in the topsoil 
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and in root proximity were also seen for acid phosphatases. High activities but low substrate 

affinities indicate P demand to be driving the investment into enzymatic P acquisition. 

Switch of N acquisition strategy on the continental scale 

Higher activities of aminopeptidases, and especially of tyrosine−aminopeptidases, than of 

β−N−acetylglucosaminidases (Figure 2.5.3) in the northern (dry) site than in the southern sites, 

suggest that cleaving of amino acids is the dominant pathway of microorganisms to acquire N 

from organic sources at the moisture limited site. Peptides are the most important organic N 

source and easier to decompose than chitin (Derenne and Largeau, 2001; Kögel−Knabner, 2006; 

Sinsabaugh and Follstad Shah, 2012). In the site under semiarid (and also Mediterranean) 

conditions, peptides are more abundant than chitin due to less fungal biomass (seen as 

decrease of bacterial and fungal DNA from south to north; data not shown). Therefore, 

microorganisms need to primarily synthesize aminopeptidases to cover their basic N demand 

at the site under semiarid and Mediterranean conditions (Sinsabaugh and Follstad Shah, 2012). 

Ascending activities of β−N−acetylglucosaminidases with increasing humidity on the 

continental scale indicate a growing importance of chitin hydrolysis as N acquiring strategy as 

organic biomass input rises as well. 

Soil moisture, pH, and soil particle size effect 

Water availability affects plant productivity and, thus, organic matter input as litter and 

root−derived C into soil (Knapp et al., 2006) – this is on the continental scale. On the microscale, 

water limitation reduces water film thickness, reduces the substrate dissolution, and decreases 

its diffusion rates (Allison and Treseder, 2008; Davidson and Janssens, 2006; Schimel et al., 

2007). Nutrient resources can, therefore, be accessed by roots and microorganisms only with 

sufficient water content in soil. Rising water availability stimulated potential activities of all 

enzymes except aminopeptidases (Figure 2.5.7). A positive effect of water availability on C 

content, but a negative effect on N content indicate that substrate availability (as C content) 

and the accessibility of N are modulated by water availability, which in turn can considerably 

affect enzyme activities (Figure 2.5.8). 

Soil pH is an important factor regulating enzyme activities (Sinsabaugh et al., 2008). Acidity 

affects enzyme conformation (and thus its affinity to the substrate), binding of enzymes onto 

soil particles, breakdown of molecules, and nutrient availability (Carrino−Kyker et al., 2016; 

Quiquampoix et al., 1992; Turner, 2010). The RDA shows that pH had an especially marked 

effect on the activities of aminopeptidases (Figure 2.5.7), which coincided with the positive 

effect on N content (Figure 2.5.8). 
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Distribution of pores and particle size fractions are important for microbial habitats in soil 

(Kirchmann and Gerzabek 1999; Ruamps et al., 2011; Kravchenko and Guber, 2017). Depending 

on the size, microhabitats within pores can markedly differ in water supply, availability of 

substrates, or grazing pressure on microorganisms (Kuzyakov and Mason−Jones, 2019; 

Ruamps et al., 2011). Smaller particles are associated with greater C and N contents (Kandeler 

et al., 1999; Stemmer et al., 1998) and microbial biomass (Seesitsch et al., 2001; vanGestel et 

al., 1996). Smaller soil particles can form stable complexes with organic compounds, such as 

extracellular enzymes. Enzyme immobilization reduces their efficiency but protects them from 

decomposition and stabilizes their activity for a longer period (Demkina et al. 2017; Dick and 

Tabatabai 1987; Tietjen and Wetzel 2003). Greater proportions of silt and clay increased 

enzyme activities: 20 – 63 µm fraction for aminopeptidases, and <2 – 20 µm for the other 

enzymes (Figure 2.5.7). 

2.5.6. Conclusions 

Substrate availability and nutrient limitation (initiated by microbial activity stimulation and a 

shift in the stoichiometric balance) are two strong drivers of enzyme activities in soil. The results 

suggest that activities on the continental scale are mainly driven by substrate availability (i.e. 

belowground C input by plants). Additionally, from the arid north to the humid south, the 

chitin−based N acquisition got more relevant. Low potential activities and high substrate 

affinities of N and P acquiring enzymes in the subsoil and in the root free soil, suggested that 

substrate limitation is driving the investment into N and P acquisition on these scales. In the 

topsoil and in the rhizosphere, however, high potential activities and low substrate affinities of 

N and P acquiring enzymes, together with high C:N ratios, suggested that the C input increased 

microbial nutrient limitation, which primarily controlled activities of N and P acquiring enzymes 

at these sites. Likewise, stoichiometric constraints (i.e., C demand and N limitation) seemed to 

primarily control investment into cellulose and hemicellulose degrading enzymes on the meso− 

and microscale. A high degree of C and N contents being explained by clay and silt contents, 

and by soil moisture and pH to a smaller extent, indicated that the effects of substrate 

availability and nutrient limitation on the resource allocation for enzyme production indirectly 

depend on texture and are altered by water availability and acidity. A greater correlation of 

particle size fractions with soil depth than with study sites indicated further that texture 

becomes especially important when comparing enzyme activity patterns on the mesoscale, 

while the impact of soil moisture and pH dominates activity patterns stronger on the continental 

scale.  
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Table: S 2.5.2: Residual standard errors of the fitted non−linear saturation curves calculated by the Michaelis Menten 
equation. From left to right: CBH = β−cellobiohydrolase, BGL = β−glucosidase, BXY = β−xylosidase, NAG = 
β−N−acetylglucosaminidase, LEA = leucine−aminopeptidase, TYA = tyrosine−aminopeptidase, ACP = acid 
phosphatase. 

site slope 
aspect 

slope 
position 

soil depth [cm] root proximity 
[mm] 

CBH BGL BXY NAG LEA TYA ACP 

NA S top 0−80 0−2 1.61 10.44 4.17 7.15 5.80 1.30 36.36 

NA S top 0−80 2−4 3.23 14.65 6.65 6.89 4.49 1.41 58.61 

NA S top 0−80 4−6 na 13.85 7.27 7.66 5.00 11.49 60.11 

NA S mid 0−80 0−2 1.77 9.70 5.96 14.42 4.85 12.40 39.67 

NA S mid 0−80 2−4 4.91 na 5.43 7.32 15.62 3.30 61.42 

NA S mid 0−80 4−6 0.87 1.52 0.74 9.85 2.43 0.57 19.26 

NA S bottom 0−80 0−2 4.50 11.48 7.37 9.09 8.52 7.22 106.56 

NA S bottom 0−80 2−4 0.54 6.78 3.26 4.34 3.21 na 37.07 

NA S bottom 0−80 4−6 1.57 14.80 6.57 8.40 5.39 1.83 61.79 

NA S top 80−160 0−2 0.84 2.35 1.14 4.51 2.35 4.03 22.92 

NA S top 80−160 4−6 0.76 1.28 1.14 1.09 3.53 2.28 14.54 

NA S mid 80−160 0−2 1.76 1.82 0.93 3.80 8.32 0.68 12.24 

NA S mid 80−160 2−4 1.35 1.51 1.10 10.76 1.79 1.58 19.25 

NA S mid 80−160 4−6 0.88 0.99 0.77 0.74 na na 3.60 

NA S bottom 80−160 0−2 0.75 1.71 1.20 1.24 na 0.65 76.44 

NA S bottom 80−160 2−4 1.22 1.63 1.62 1.82 1.96 0.45 43.96 

NA S bottom 80−160 4−6 1.04 1.48 1.06 1.48 na 0.94 31.73 

                        

NA N mid 0−80 0−2 na 1.60 1.65 2.71 2.52 13.54 21.80 

NA N mid 0−80 2−4 0.82 2.55 1.44 1.20 3.93 1.49 15.20 

NA N mid 0−80 4−6 1.03 1.04 1.44 0.84 1.71 na 6.48 

NA N mid 80−160 0−2 na 2.18 1.10 1.42 3.47 1.39 16.22 

NA N mid 80−160 2−4 0.59 0.62 0.49 0.83 1.87 na 10.45 

NA N mid 80−160 4−6 0.38 1.39 0.77 0.82 0.40 na 9.56 

                        

                        

LC S top 0−60 0−2 4.30 35.92 2.05 6.03 7.14 2.79 38.46 

LC S top 0−60 2−4 2.23 9.66 1.50 3.94 5.50 1.95 25.01 

LC S top 0−60 4−6 1.95 8.05 2.10 10.04 12.67 9.66 19.69 

LC S mid 0−60 0−2 0.79 1.55 2.31 4.88 4.00 3.01 26.96 

LC S mid 0−60 2−4 1.45 4.34 1.68 2.95 8.60 18.71 18.37 

LC S mid 0−60 4−6 1.12 6.34 2.72 5.67 3.27 1.38 16.72 

LC S bottom 0−60 0−2 1.15 8.34 3.23 7.23 9.89 18.73 21.13 

LC S bottom 0−60 2−4 1.41 5.19 2.34 5.46 8.06 3.62 24.50 

LC S bottom 0−60 4−6 0.93 3.44 1.47 9.96 9.68 2.42 12.47 

LC S top 60−120 0−2 0.51 1.72 1.10 2.94 2.51 2.37 12.58 

LC S top 60−120 2−4 0.81 2.20 0.70 2.07 na 1.15 8.31 

LC S top 60−120 4−6 0.58 1.54 0.97 1.57 1.36 0.73 7.35 

LC S mid 60−120 0−2 na 1.12 0.88 0.76 na 5.00 9.77 

LC S mid 60−120 2−4 0.48 1.37 2.45 1.77 na 4.61 8.10 

LC S mid 60−120 4−6 0.74 1.57 0.79 2.35 na 14.51 4.27 

LC S bottom 60−120 0−2 1.77 4.43 1.05 1.59 1.24 11.41 8.84 

LC S bottom 60−120 2−4 0.92 4.55 0.86 1.53 2.28 0.92 5.32 

LC S bottom 60−120 4−6 1.55 3.99 0.98 1.05 3.86 5.84 2.99 
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LC S mid >120 0−2 0.51 1.45 1.22 3.09 2.11 na 4.99 

LC S mid >120 2−4 na 1.66 0.46 na na 2.60 na 

LC S mid >120 4−6 na 0.66 0.45 1.07 na na 4.05 

LC S bottom >120 0−2 na 0.69 0.74 na na 1.50 3.34 

LC S bottom >120 2−4 na 1.01 6.93 na 0.42 2.63 3.06 

LC S bottom >120 4−6 na 0.54 2.18 na 0.19 0.42 na 

                        

LC N mid 0−60 0−2 0.76 2.82 1.13 1.13 1.93 1.17 6.20 

LC N mid 0−60 2−4 0.60 2.71 0.82 1.49 3.49 3.81 13.59 

LC N mid 0−60 4−6 1.35 1.40 1.22 1.27 1.37 2.44 11.57 

LC N mid 60−120 0−2 0.56 1.57 0.50 1.34 na 2.21 10.53 

LC N mid 60−120 2−4 0.96 2.25 0.65 1.35 1.44 0.94 9.50 

LC N mid 60−120 4−6 na 2.23 0.31 na 1.01 0.65 14.74 

LC N mid >120 0−2 0.68 1.40 1.04 4.95 0.71 1.73 14.19 

LC N mid >120 2−4 0.89 1.64 0.99 4.65 1.63 1.91 8.28 

LC N mid >120 4−6 0.61 1.24 0.82 3.64 0.79 1.18 5.17 

                        

                        

SG S top 0−40 0−2 1.38 3.07 0.76 1.25 8.00 14.14 6.96 

SG S top 0−40 2−4 0.78 2.24 0.83 1.51 3.55 12.92 4.96 

SG S top 0−40 4−6 na 2.30 1.21 1.99 3.40 5.60 6.72 

SG S mid 0−40 0−2 0.70 5.86 1.07 2.63 4.76 1.24 7.74 

SG S mid 0−40 2−4 0.49 2.30 0.77 na na 1.45 4.85 

SG S mid 0−40 4−6 1.04 1.57 0.92 1.20 na 6.90 10.63 

SG S lower 0−40 0−2 na 0.94 0.75 na 2.58 1.50 5.10 

SG S lower 0−40 2−4 na 1.19 0.67 na 1.91 5.94 3.59 

SG S lower 0−40 4−6 0.88 0.76 1.08 na na 1.00 3.00 

SG S bottom 0−40 0−2 0.28 0.96 na na 1.11 2.64 4.22 

SG S bottom 0−40 2−4 0.44 1.84 0.57 0.99 1.05 3.53 2.25 

SG S bottom 0−40 4−6 0.33 2.19 0.61 1.14 1.49 4.70 4.77 

SG S top 40−80 0−2 2.03 1.57 1.19 0.86 6.00 5.49 4.24 

SG S top 40−80 2−4 1.05 0.84 0.82 na 2.51 4.94 5.05 

SG S top 40−80 4−6 0.55 1.25 11.20 na 2.15 5.78 2.09 

SG S mid 40−80 0−2 na 2.58 0.60 0.67 5.24 1.85 7.89 

SG S mid 40−80 2−4 na 9.47 0.47 na 1.41 5.37 2.60 

SG S mid 40−80 4−6 na 1.52 0.39 na 1.02 0.75 3.73 

SG S lower 40−80 0−2 0.43 1.66 0.70 0.83 2.78 4.59 8.90 

SG S lower 40−80 2−4 na 1.51 0.88 2.01 0.88 3.61 5.63 

SG S lower 40−80 4−6 0.71 2.49 0.95 1.29 1.45 3.71 7.05 

SG S bottom 40−80 0−2 0.29 1.45 na 0.43 1.72 4.37 8.70 

SG S bottom 40−80 2−4 0.72 1.77 14.12 1.45 3.59 4.04 6.05 

SG S bottom 40−80 4−6 1.22 1.02 1.09 0.80 4.36 5.98 5.16 

SG S top >80 0−2 2.39 2.74 1.32 6.56 0.39 4.02 10.60 

SG S mid >80 0−2 0.71 2.23 1.09 6.87 na 1.43 16.66 

SG S lower >80 0−2 na 1.72 0.79 0.89 0.39 2.03 2.06 

SG S bottom >80 0−2 na 0.97 0.91 na 0.85 4.59 7.43 

                        

SG N mid 0−40 0−2 1.31 2.02 1.61 1.57 1.53 2.18 10.20 

SG N mid 0−40 2−4 0.53 2.46 0.88 2.58 0.67 3.26 6.24 
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SG N mid 0−40 4−6 0.71 2.50 1.44 1.10 4.14 10.73 12.20 

SG N mid 40−80 0−2 na 0.97 0.96 2.48 1.78 6.21 4.72 

SG N mid 40−80 2−4 na 0.82 0.81 na 0.72 0.73 4.27 

SG N mid 40−80 4−6 0.71 3.30 1.58 2.15 4.58 15.99 8.48 

SG N mid >80 0−2 0.26 1.64 0.69 3.77 1.67 4.76 3.40 
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