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Phosphorus chemistry in managed forest
soils-effects of weathering and wood ash
fertilisation

Abstract

Weathering and Podzolisation are key mechanisms that transform primary mineral
apatite into a phosphorus (P) pool with low solubility. In addition, intensive forest
harvesting removes nutrients from the soil, reducing P availability.

In this thesis, a combination of wet chemical extractions, bulk X-ray absorption
near-edge structure (bulk-XANES) spectroscopy, microscopic X-ray fluorescence
(U-XRF) imaging, and p-XANES was applied to seven Podzolised soils (down to 1
m depth) across Sweden, to study molecular P speciation in the bulk soil and in
microsites. Moreover, this thesis examined the fate of wood ash-bound P, when
added alone or with repeated nitrogen (N) fertilisation, to the organic layer to return
P removed after harvest.

Total P (TP) in the upper 80 cm was 69—379 g m2, with 94% of all P residing
between 20—80 cm. More than 50% of all P in B and C horizons was Al-bound P,
bound mainly to imogolite-type nanoparticles (ITN), while apatite comprised about
26%. Wood ash increased TP in the organic layer by 6—28 kg P ha%, equivalent to
17-39% of the initial ash-P content. More bioavailable P (Olsen-P) and aboveground
biomass P were observed in the ash treatment than in the control, probably due to
the dissolution of Ca-bound P from the ash. Wood ash application, especially at a
high dose, also increased Al-bound P (p < 0.001) by up to 15.6 kg P ha™.

P speciation across soil profiles was found to be strongly influenced by
weathering and Podzolisation, with TP and apatite depletion in the E horizon and
mainly Al-bound P and Fe-bound P in the B horizon. Dissolution of Ca-bound P
from the ash was almost complete 13-24 years after ash application, which
contributed to increased P availability and P uptake. These novel findings can be
useful in improving forest management practices to ensure the long-term sufficiency
of P supply to trees. Further work is required to understand the importance of the
subsoil for the P supply from the subsoil and to study the fate of wood ash-bound P
in the mineral soil.
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Fosfors kemi i brukad skogsmark-effekter av
vittring och askgodsling

Sammanfattning

Genom vittring och podsolering omvandlas jordens ursprungliga apatit
till en fosforpool (P) med en lag loslighet. Dessutom innebar moderna
skogsbruksmetoder att naringsamnen tas bort fran jorden, vilket ytterligare
minskar P-tillgangligheten.

I denna avhandling anvandes en kombination av vatkemiska extraktioner,
rontgenabsorptionsspektroskopi (XANES) pé hela prover ("bulk-XANES”),
rontgenfluorescens i mikroskala (u-XRF) och XANES i mikroskala (p-
XANES) for sju podzoliserade jordar (ner till 1 m djup) 6ver Sverige, for att
studera P-specieringen. Dessutom undersoktes om och pa vilket satt fosfor
bundet i biobrénsleaska mobiliserades, nér askan tillsattes ensamt eller med
upprepad kvave-(N)-godsling, till humusskiktet i syfte att aterfora P som
avlagsnats efter skord.

Den totala fosforhalten (TP) i de 6versta 80 cm av jordarna var mellan 69
och 379 g m2 | genomsnitt aterfanns 94 % av all P mellan 20 och 80 cm
djup. Mer &n 50 % av all P i B- och C-horisonter var bunden till Al,
huvudsakligen till imogolitnanopartiklar (ITN), medan apatit utgjorde cirka
26 %. Biobransleaskan tkade TP i humusskiktet med mellan 6 och 28 kg P
ha™t, motsvarande mellan 17 och 39 % av askans initiala P-halt. Det fanns
mer biotillgangligt P (Olsen-P) och P i ovanjordisk biomassa i askbehandlad
jord an i kontrollen, formodligen pa grund av upplésning av Ca-bunden P
harrorande fran askan. Tillforsel av biobréansleaska, sarskilt vid en hog dos,
okade ockséa Al-bundet P (p < 0,001) med upp till 15,6 kg P ha™.

Specieringen av P i markprofilerna visade sig vara starkt paverkad av
vittring och podsolisering, med utarmning av TP och apatit i E-horisonten
och med huvudsakligen Al-bunden P och Fe-bunden P i B-horisonten.
Uppldsningen av Ca-bundet P fran askan var nastan fullstandig, vilket bidrog
till 6kad P-tillgédnglighet och P-upptag. Dessa nya ron kan vara anvandbara
for att forbattra skogsbruksmetoderna i syfte att sakerstalla den langsiktiga
P-forsorjningen. Ytterligare arbete kravs for att forstd hur viktig
mineraljordens P &r for fosforforsorjningen och for att studera vad som
hander i mineraljorden med den P som mobiliserats fran biobransleaskan.

Keywords: (phosphorus, speciation, bulk soil, microsites, depletion, ash, forestry)

Forfattarens address: Marius Tuyishime, Sveriges lantibruksuniversitet, Inst.mark
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1. Introduction

The forests in the Nordic countries cover only 1.6% of the world’s forested
area, but the region supplies 18%, 15%, and 13% of the world’s paper, sawn
timber, and pulp, respectively (Nordic Forest Research, 2020). Successful
long-term management of forest resources requires healthy trees, which
depends on many factors, including soil conditions. The soil medium is
crucial as it ensures a supply of essential nutrients for plants, such as nitrogen
(N) and phosphorus (P) (Elser et al., 2007; Vitousek et al., 2010).

Most evidence suggests that temperate and boreal forest growth is
primarily N-limited, not P-limited (Binkley & Hdgberg, 2016). Thus, the P
cycle and supply to trees are often not considered critical factors in forest
management. However, increasingly P-limiting conditions have been
reported in European forests (Jonard et al., 2015; Talkner et al., 2015),
including Nordic boreal regions (Hedwall et al., 2017; Yu et al., 2018)
despite the young age of the soils (<15,000 years).

In the Scandinavian region, prevailing conditions such as cool climate,
slowly-decaying evergreen conifer litter, soil acidification, and a parent
material consisting of nutrient-poor siliceous glacial till influence the
weathering of primary minerals in forest ecosystems (Andersson et al., 2014;
IUSS Working Group, 2014). These factors lead to Podzolisation as the
primary soil-forming process (Lundstrom et al., 2000b). Podzolisation
involves the accumulation of large amounts of weathered aluminium (Al)
and iron (Fe) mineral phases in the subsoil (B horizon) (Lundstrom et al.,
2000a). These chemical compounds can strongly adsorb dissolved P (Parfitt,
1989). Thus, the Podzol (spodic) B horizon stores a relatively large amount
of P, but only a minor fraction is bioavailable. Consequently, recycling P
(organic P) previously acquired from the mineral soil by plants and deposited
mainly in the surface horizon is an important process by which plants
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maintain a sufficient P supply (Lang et al., 2016; Wood et al., 1984). With
continued stabilisation of P through binding to Fe and Al in the mineral soil,
P availability gradually declines, resulting in ‘sink-driven’ P limitation
(Vitousek et al., 2010). However, many details remain unclear, e.g. the P
forms and their stocks in podzolised soil horizons in boreal regions.

In addition to the build-up of fixed P, there is evidence that logging,
particularly whole-tree harvesting (WTH), can lead to a long-term decline in
P availability. For example, Yanai (1998) found that WTH in the Hubbard
Brook forest ecosystem in New Hampshire, USA, removed 50 kg P ha*in a
single clearcut. The rate of P loss due to WTH is reported to exceed 1 kg P
ha™t yr* (Akselsson et al., 2008). In some countries, including Sweden, the
application of wood ash, a by-product of wood fuel combustion, is
recommended to maintain soil fertility and offset P removal after harvest
(Swedish Forest Agency, 2019). The ash contains all nutrients except N
(Jacobson et al., 2004; Karltun et al., 2008; Ring et al., 2006).

Many studies have explored the solubility and availability of P after ash
application, but the results reported are sometimes contradictory (Augusto et
al., 2008). Moreover, the mechanisms involved and the fate of ash-bound P
product (P speciation) upon addition are largely unknown. Detailed
information on the molecular-scale speciation and fate of native and applied
P is therefore needed for a fundamental understanding of the reactions that
affect P mobility and solubility. To date, this knowledge is lacking for
northern boreal soils.

Various chemical extractants are widely used to determine total P and
plant-available P (Moody et al., 2013; Fixen & Grove, 1990) and assess
different P pools with different degrees of solubility (e.g. Hedley et al.,
1982). However, the results provide limited insights into specific P forms,
reactivity, interactions, and distribution among P-bearing minerals in soils
(van der Bom et al.,, 2022). Furthermore, the soil is heterogeneous
(Hesterberg et al., 2017) and contains low-P and highly concentrated micro-
sized P spots that also vary greatly in terms of the composition of P species
(Adediran et al., 2022). For instance, in humid, highly weathered Hawaiian
soils affected by dust deposition, Vogel et al. (2021) found apatite grains to
be present as smaller hotspots with a significantly high P concentration,
while Al-bound P was homogeneously distributed at the microscale. Thus,
routine chemical extractions may underestimate or overestimate P
concentration in soil microsites (microscale spots with unique properties
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within the bulk soil) in the subsample used for analysis. Therefore,
understanding microscale P speciation is essential to understand better the
biogeochemical mechanisms involved, affecting P dynamics and soil fertility
(Hesterberg et al., 2011; van der Bom et al., 2022).

P K-edge XANES spectroscopy is a powerful technique to determine the
average P speciation on bulk soil samples (bulk-XANES) (Beauchemin et
al., 2003, Hesterberg et al., 2017, Prietzel et al., 2016). Moreover, since the
soil consists of highly diverse microsites with unique structures and chemical
properties (Hesterberg et al., 2011), such heterogeneity needs to be addressed
to understand P dynamics and biogeochemical mechanisms better. First, p-
XRF is used for mapping spatial co-distribution of P with P-binding minerals
such as Al, Fe, and Calcium (Ca) (Hesterberg et al., 2017, Rivard et al., 20186,
Vogel et al., 2021, Yamaguchi et al., 2021). Second, the microsites (P spots)
of interest should be selected from the map, and then the P K-edge pu-XANES
is applied to determine local P speciation. This thesis used a combination of
wet chemical extractions, bulk XANES, and p-XRF combined with p-
XANES to evaluate the effects of weathering and wood ash application on
solubility, molecular-scale speciation, and the vertical and spatial
distribution of P.
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2. Aim and objectives

The overall aim of this thesis was to examine how P cycling and speciation
are affected by weathering and wood ash fertilisation in managed Podzolised
forest soils in Sweden.

The specific objectives of the work were to:

o  Assess the molecular speciation and solubility of P in soils under the
influence of weathering across soil profiles (Paper I)

e Assess the microscale P distribution and speciation in forest soils as
influenced by weathering (Papers Il and I11)

o Determine the effects of wood ash fertilisation on P speciation and
solubility in the organic layer of two managed forests (Paper 1V).
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3. Background

3.1. Basic chemistry of phosphorus

The unique chemical properties of P are fundamental to understanding its
chemical interaction with other elements and minerals. P is the second
chemical element in group V of the periodic table. Its atomic number is 15.
It has 5 electrons in the outermost shell (its full configuration is 1s? 2s? 2p°®
3s? 3p?). Compared to its nearest noble-gas neighbours, this is 5 electrons
more than for neon and 3 less than for argon. Thus, P can have a range of
oxidation states, but in nature, it is found almost exclusively in the maximally
oxidized form (+V), as phosphate ions (H,PO;, HPO3~, PO3~) (Larsen,
1967). Because P is less electronegative than oxygen, the electron
distribution and negative charge are partly associated with oxygen (Dixon &
Schulze, 2002). This explains why phosphate anions have a strong affinity
for, and form surface complexes on, the positively charged surfaces of soil
minerals.

3.2. Biological and ecological relevance

Phosphorus is a vital macronutrient for plants and a structural constituent of
nucleic acids (DNA and RNA), energy transfer molecules such as ATP, and
body parts e.g. bones and teeth in humans and animals (Morris & Mohiuddin,
2020). To build their biomass, plants need and take up P in a certain
stoichiometric ratio to chemical elements such as N (Elser & Hamilton,
2007). However, to be available for plant uptake, P has to be solubilised and
transferred from the solid phase to the soil solution (Pierzynski et al., 2005).
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P is often considered a limiting nutrient in forest ecosystems at an advanced
stage of pedogenesis (Vitousek et al., 2010; Walker & Syers, 1976). From
an ecological point of view, P limitation occurs when any addition of P leads
to an increase in primary production or ecosystem biomass (Vitousek et al.,
2010). In contrast, in the young soils in boreal and temperate regions, cyclical
glaciations have reset the soil (and primary mineral-containing P), making P
limitation less likely (Chadwick et al., 1999; Vitousek & Farrington, 1997).
Thus N is the limiting nutrient (Binkley & Hogberg, 2016). However, recent
research has advised signs of P limitation in some forested ecosystems
(Almeida et al., 2022; Rosenstock et al., 2016; Talkner et al., 2015; Yu et
al., 2018). Increased leaching or erosion due to wildfire (Lagerstrom et al.,
2009), soil N enrichment, and intensive forestry are also important factors
contributing to a decrease in P availability (Akselsson et al., 2008).

3.3. Phosphorus forms in soils

In the soil solution, phosphates combine with protons (H*) to form a number
of pH-dependent ionic P compounds (Figure 1). Phosphates (H,POyg,
HPO3™) are the most abundant ionic P species in the pH range expected for
most soils (Kruse et al., 2015; Larsen, 1967), and these are the ones that
plants and microorganisms can take up from the soil solution (Kruse et al.,
2015). For simplicity, in this thesis, the term PO3~is used to designate all
phosphate ions when P is expected to occur in inorganic form.

In the Earth’s crust, P occurs predominantly as a family of Ca phosphates
referred to as apatites (Cas(PO4)3(F,Cl, OH)), which are considered the main
source of P in young soils (Walker & Syers, 1976; Newman, 1995; Dixon &
Schulze, 2002). Apatite is a common accessory mineral phase in most
igneous, metamorphic and sedimentary rocks (Nezat et al., 2007). In soils
derived from siliceous parent materials, apatite may also be present as
inclusions in other minerals (Nezat et al., 2007; Syers et al., 1967). Unlike
discrete apatite grains, apatite inclusions inside weathering-resistant
minerals, e.g. quartz, in the soil solution are protected against weathering
until the host mineral dissolves (Nezat et al., 2007; Syers et al., 1967).

Two different mechanisms of phosphate retention by Al and Fe mineral
compounds have been proposed (e.g. Dixon & Schulze, 2002; Parfitt &
Atkinson, 1976; Pierzynski et al., 2005), e.g.: (i) chemisorption caused by
the ligand exchange between P and OH and OH, groups at the mineral
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surface (inner-sphere complexation). (ii) surface precipitation of P with ionic
metals such as AlI**and Fe®*" (mainly in acidic soils) and Ca?* (at higher pH)
present in the soil solution. The latter process is suggested to increase with
increasing concentration (Ler and Stanforth, 2003). The term sorption is
often used to designate the overall P removal from the soil solution,
regardless of the mechanism.

In soils, the organic P comprises between 20 and 80% of total P (Larsen,
1967) and consists predominantly of inositol phosphates, principally derived
from plants (Dalai, 1977; Turner et al., 2005). In the mineral soil, myo-
inositol hexakisphosphate (IP6, phytic acid) is the major organic P form and
is believed to be associated with Al and Fe (hydr)oxides (Turner et al., 2007).
Phosphodiesters such as DNA and RNA (Spohn, 2020) are the major sources
of fresh organic P in the soil (Anderson, 1980). These decompose easily, thus
representing a minor organic P species (Turner et al., 2005).

ITN

) . Al hydroxide
Apatite minerals : Gi{)bsite

Cay(PO,),(ECLOH) . - Ferrihydrite

Goethite, etc

H,PO,

HPO;

Secondary: X
Al-phosphate e Soil organic P
Fe-phosphate = Microbial P
Ca-phosphate Plant biomass P

Figure 1: Major phosphorus species and biogeochemical processes in soils. ITN:
imogilite-type nanoparticles materials.
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3.4. Effects of soil development on phosphorus

3.4.1. Weathering

In unmanaged soils, P enters the biosphere almost exclusively through the
geochemical weathering of apatite-bearing rocks, with minimal atmospheric
input (Chadwick et al., 1999; Walker & Syers, 1976). Walker and Syers
(1976) provided a conceptual model of the native P-pedogenic pathway for
soils formed from silicate substrates along several chronosequences in New
Zealand. Their model posits that total P and lithogenic apatite decline over
time due to leaching, while P uptake and sorption of dissolved P increase
organic P and Al- and Fe-bound P, respectively (Figure 2). The mineral
weathering rate is highest at an early stage of pedogenesis and is mainly
controlled by vegetation type, climate, and P content in the parent material
(Zhou et al., 2018).

At a more advanced stage of soil formation, after up to 103-10° years,
increasing sorption stabilises both organic and inorganic P until the soil
reaches a so-called “terminal Steady state of profound P limitation”
(Vitousek et al., 2010; Walker & Syers, 1976). Several studies have
confirmed the relevance of Walker-Syers’s model for soils from other
climates, including studies carried out for young chronosequences in humid
temperate climates (Prietzel et al., 2013; Turner et al., 2007).

Terminal steady state

l

on-occluded p
Occluded P
/ Organic P

Total P

Relative soil phosphorus content

Time scale

Figure 2: Walker and Syers (1976) conceptual model of changes in forms and amounts
of soil phosphorus during long-term ecosystem development. Figure adapted from
Walker & Syers (1976).
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3.4.2. Podzolisation

The term Podzol, as used in most soil classifications (WRB, 2014), Spodosol
(in USA and China), or Podosol (in Australia) (Sauer et al., 2007; Soil
Survey Staff, 2014; Wood et al., 1984; WRB, 2014) is derived from the
Russian word “pod,” which means “under,” and “zola”, which means “ash”
(Mokma & Buurman, 1987; Sauer et al., 2007). In this thesis, the term Podzol
is used. This soil type covers ~5 million km? of land world-wide. It is
predominant in humid temperate and boreal regions of the northern
hemisphere, most commonly in Scandinavia, the north-western Russian
Federation, and Canada (IUSS Working Group, 2014; Lundstrém et al.,
2000b). In Sweden, podzolised soils cover more than half of the total forested
land area (Gustafsson et al., 1998). These soils are developed from a hard
siliceous, nutrient-poor parent material (e.g., glacial or sandy till) (Andersson
et al., 2014). Due to their low fertility, Podzols are not suitable for arable
production but are productive under forests such as conifers (WRB, 2014).
Several studies have explored the mechanisms of Podzolisation. These
include mobilisation, migration, and immobilisation of Al and Fe through
the soil profile (Lundstrém et al., 2000a; Sauer et al., 2007). In this thesis,
the current definition of Podzolisation is used (Gustafsson et al., 1998;
Lundstrom et al., 2000b), making it possible to summarise the relevant
mechanisms in Scandinavian forest soils, as shown in Figure 3.
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Figure 3: Current view of podzolisation in a soil profile. Figure adapted from Gustafsson
et al. (1998). ITN: imogolite-type nanoparticles.
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Formation and migration of organometallic complexes (OM-C)

In the surface soil horizon, a large amount of acidity generated by the
production of organic acids and exudates from plant roots and mycorrhizal
hyphae triggers the weathering of primary silicate minerals (Lundstrom et
al., 2000b). Thus, weatherable minerals, in particular on the surfaces of
topsoil minerals, are dissolved and removed. This results in the formation of
an eluvial E horizon bleached by organic acids. The E horizon overlies a
dark-coloured (reddish black, dark brown, black) illuvial or spodic B horizon
rich in Al and Fe.

Organic acids transport the weathered Al and Fe as OM-C from the
eluvial E horizon to the B horizon, where they are stopped due to two
possible reasons. (i) The OM-C lose their net negative charge and therefore
become insoluble; or (ii) the relatively higher pH in the B horizon causes
imogolite-type nanoparticles (ITN: proto-imogolite allophane and well-
developed imogolite) to form. Once they reach the less acidic spodic horizon,
Fe (hydr)oxides are also released from OM-C. Then, the soil solution
becomes supersaturated, which results in the precipitation of these minerals
(Gustafsson et al., 1998).

Mechanisms of immobilisation and precipitation

Upon arrival in the B horizon, OM-C are microbially degraded, releasing
AP* and Fe®, which precipitate as Al hydroxides, ITNs, and Fe
(hydr)oxides, respectively (Gustafsson et al., 1995; Gustafsson et al., 1998).
Together with ferrihydrite, ITNs are, as a rule, the most common surface-
active minerals in acidic Podzols (Parfitt, 1989; Parfitt, 1979). Consequently,
a large proportion of biogeochemically active P is sorbed onto the positively
charged surfaces of Al and Fe surface minerals (Prietzel et al., 2016; Wood
et al., 1984), mainly ITNs (Parfitt, 1989). Therefore, the Podzolic B horizon
stores a large P pool that may have limited or no availability (Wood et al.,
1984).
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3.5. Effects of wood ash fertilisation on phosphorus

To increase bioenergy production from the combustion of plant biomass,
especially tree tops, branches, and twigs, in order to meet the legally binding
climate target of reducing fossil fuel emissions, logging residues are being
extracted to a greater extent, e.g. through whole-tree harvesting (WTH)
(Camia et al., 2021). However, from a forest P nutrition perspective, WTH
may be a cause for concern as it leads to accelerated removal of P through
harvested biomass compared to convetional way of thinning i.e. stem-only
harvesting. This is because P (as well as other nutrients) concentration is
higher in leaves, twigs, and branches than in stem wood. According to Yanai
(1998), up to 50 kg P ha™* was removed from hardwood forest ecosystems
by WTH. Furthermore, a mass balance study carried out for 14,550 Swedish
sites showed that at southern sites, forestry results in the loss of more than,
on average, 1 kg P ha! y* (Akselsson et al., 2019). At the same time,
hundreds of thousands of tons of wood ash (estimated 250,000—300,000 tons
y1), a by-product of wood combustion, are produced in Sweden each year
(Bjurstrom et al., 2003; Mellbo et al., 2008). However, only a small fraction
of the ash is recycled back into forests to restore nutrient reserves (Swedish
Forest Agency, 2019).

Original wood ash (loose ash) contains highly reactive constituents such
as metal oxides that can dissolve quickly, resulting in harmful effects on the
biota (Karltun et al., 2008). Therefore, stabilising the loose ash by self-
hardening or granule formation is recommended to reduce the solubility of
chemical compounds in the ash (Steenari & Lindqvist, 1997; Jacobson et al.,
2014). Prior to application, the treated ash is crushed (Jacobson et al., 2014).

Wood ash contains all important plant nutrients except N, the proportion
of which is very low in ash due to the formation of nitrous oxides during
combustion (Karltun et al., 2008). The P content of the stabilised ash varies
between 0.17 and 2.2%, depending on the combustion process and the
quality of the wood (Augusto et al., 2008; Hannam et al., 2018; Olsson &
Westling, 2006; Steenari et al., 1999b). P in the ash is often present as
crystalline hydroxyapatite, Cas(PO4)3sOH (Steenari & Lindqvist, 1997). This
may explain the long-term effects of ash application on soil P availability.
For example, Eriksson (1996) showed, in a column experiment, that 15-20%
of the P in the ash dissolved during five months of application to soil.

Wood ash recycling is currently primarily carried out in the Nordic
countries and Canada (Augusto et al., 2008; Hannam et al., 2018; Huotari et
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al., 2015; Pitman, 2006; Reid & Watmough, 2014). Much research on the
composition and effects of wood ash application has focused on these
regions. P solubility in wood ash-amended soils has also been evaluated in
many studies, but with somewhat contradictory results (Augusto et al., 2008;
Clarholm, 1994; Jacobson et al., 2014). Several factors may contribute to the
discrepancy in results, including ash application amount, the timescale of the
study, rate of dissolution etc. (Jacobson, 2003; Jacobson et al., 2004; Ohno,
1992) or quality of removed biomass concerning nutrients content. Because
of N limitation in soils and the very low content of N in wood ash, N is
sometimes added simultaneously with the ash.
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4. Materials and methods

4.1. Forest sites

Eight forest sites were selected for the studies in this thesis, to encompass

variations in soil geochemistry and climate (Table 1).

Table 1. Overview of the eight forest sites and soils selected for study in this thesis,
organised by location in Sweden (north to south). MAP: mean annual precipitation (mm),
MAT: mean annual temperature (°C).

Forest site MAP MAT  Location Forest Parent Soil order
type material
Flakaliden 600 1 64°07'N, Norway Glacial till Albic
(14B) 19°27'E spruce Podzol
Rodalund 600 2 64°08'N Scots pine  Postglacial Albic
(1470) 19°52'E Sand Podzol
Térnsjo 600 51 60°08'N Norway Postglacial Albic
16°55'E spruce, Sandy Podzol
Scots pine
Kloten 927 49 59°54'N Norway Glacial till Albic
15°25'E spruce. Podzol
Scots pine
Riddarhyttan 730 3.9 59°48'N,  Scots pine  Sandy Albic
(250) 15°32'E Podzol
Skogaby 1187 7.6 56°33'N Norway Glacial till Albic
13°13'E spruce Podzol
Tonnersjoheden 1053 6.4 56°40'N Norway Postglacial Dystric
(T103) 13°05'E spruce Sandy still Arenosol
Asa 800 6.4 57°08'N Norway Glacial till Dystric
14°45'E spruce Arenosol
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According to X-ray powder diffraction, the fine-earth mineralogy of the
collected soils is dominated by quartz (43-56% w/w), followed by
plagioclase and K-feldspar (on average 25% and 17% w/w, respectively). In
the B horizon of the selected soils, the poorly crystalline mineral phase of Al
varied between 3.3 and 11.1% and those of Fe between 1.0 and 3.2%. Apatite
was detectable in the C horizon but never exceeded 0.3% (w/w) (Casetou-
Gustafson et al., 2019; Simonsson et al., 2015 (for Skogaby); supporting data
in Paper I). The mineralogy was not analysed for Riddarhyttan.

All eight sites have been used extensively in previous studies for various
purposes, including investigation of nutrient supply, tree harvesting effects
on forest production etc. (Bergh et al., 1999; Jacobson et al., 2014; Lim et
al., 2020; Olsson et al., 1996).

4.2. Treatments

The effects of wood ash fertilisation on P chemistry were studied at two sites,
Rodalund (one of the sites included in the study on P speciation in soil
profiles in Paper 1) and Riddarhyttan.

Due to the time limitations, not all treatments conducted on these sites
were included. Moreover, concerning the effects of fertilisation, the main
focus of this thesis was to examine if the wood ash application improves the
P status after biomass removal and the mechanism involved. Thus, at
Rodalund, treatments 2 and 4 were only selected. The latter treatment was
included to assess if there could be an interaction between the wood ash and
repeated N fertilisation. At Riddarhyttan, the experiment differs from that of
Rodalund. Since the ash was applied at a different dose, the main focus was
to assess the effects of changing the amount of wood ash applied. These
differences in experimental setups at the two sites (Figure S2, supporting
information of paper V) led us to apply different sampling methods and data
analysis (details below).

Rodalund is a managed forest where the effects of different logging
methods, wood ash, and N application rates have been studied since 2001.
Two types of forest management are compared at the site: (1) stem-only
thinning and (2) whole-tree thinning. In 2002, fertilisation with "Skog-Can"
N fertiliser, consisting of ammonium nitrate (NH4NOs3) with the addition of
dolomitic lime (5% Ca, 2.4% Mg) and boron (0.2%), was initiated. Different
combinations of logging and N fertilisation made the four main treatments,
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each assigned to six replicates realised plots (Table 2) with a size of 60 x 70
m?, of which 40 x 50 m? is the net plot (Lim et al., 2020). Between 2002 and
2019, N fertiliser was added in different doses: control, single N fertilisation
with 150 kg ha™, and repeated fertilisation with 150 kg N ha™* every three
years. In this thesis, two treatments (shown in bold in Table 2) were used.

In 2005, each plot was divided into two equal parts, and wood ash (3 Mg
ha™*) was added to one of the sub-plots in each main plot. Thus, the Rodalund
experiment has a split-plot design, with ash application as the split-plot or
sub-plot factor.

Table 2: Summary of treatments in the Rodalund forest management experiment.
Treatments shown in bold were included in studies in this thesis

Thinning Nitrogen fertiliser \wood ash Ash-P
-1
(kg het’) (Mg hay* %)
1. Stem-only harvesting 0 0 0
2. Whole-tree thinning 0 3 1.6
3. Whole-tree thinning 150 (added once) 3 1.6
4. Whole-tree thinning Repeat 150/ three 3 1.6
years

* Experimental unit for the wood ash is a subplot within plots.

Previous studies conducted at Rodalund showed that whole-tree thinning
(WTT) did not affect soil chemical properties, including the carbon (C)
stock, compared with stem-only thinning (Lim et al., 2020). Hence, in this
thesis, WTT was used as a reference when analysing the effects of wood ash
application and N fertilisation.

The Riddarhyttan experiment consists of many wood ash treatments at
different application rates and N fertilisation levels (Jacobson et al., 2014).
Since the interest in this thesis was in quantifying the effects of changing the
ash dose on P chemistry, only four treatments were selected for study: control
(i.e. no ash) and application of 3, 6, and 9 Mg wood ash ha™*. The P content
in the ash was 0.8%.

The experiment is designed as a randomised block approach, with four
different wood ash application doses and three blocks (Jacobson et al., 2014).
The ash used was self-hardened, crushed ash from a pulp mill in Pite3,
northern Sweden, and was applied in 1995. The treatments were assigned to
experimental plots (net size 30 x 30 m?) surrounded by a buffer strip of about
5 m (Jacobson et al., 2014).
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4.3. Soil sampling

Soil sampling at all sites was carried out at different times and in different
ways, depending on the intended purpose of the samples. In Papers 1, Il, and
I, soil pits (down to 1 m deep) were dug at each site, in the control plots or
outside the field experiments. At the Flakaliden and Asa sites, soil samples
were taken in October 2013 and March 2014, respectively, and were first
used for mineralogical studies. Soils were collected from many pits at each
site (Casetou-Gustafson et al., 2018). In the current study, we only included
soil profiles in control treatments labelled K1 at Asa and 14B at Flakaliden.
At Skogaby, the soil samples used were also from the control plot (labelled
24C), one of several soil profiles previously excavated and studied for
mineralogical composition (Simonsson et al., 2016). Those from Tarnsjé and
Kloten were collected in 2017, while the soil pit at Rodalund was excavated
in August 2018. At all seven sites, soil samples were taken separately from
the organic (O) and eluvial (E) or A horizons to allow the calculation of
horizon-specific P stocks. The thickness of the O horizon varied between 5
and 7 cm, while that of the E or A horizon varied between 2 and ~20 cm
(Figure 4 and Table S1 in Paper I). From the B horizon down to the C
horizon, soil samples were collected at 10-cm intervals. The soil pits at
Kloten and Rédalund extended down to only 50 cm and 80 cm, respectively,
because of a high content of stones and large boulders (Figure 4).

Rodalund Térnsjo Kloten Tonnersjoheden AGR

g

Figure 4: Images of five of the soil profiles studied. Images for Flakaliden and Skogaby
are missing. (Photos from Tarnsjé and Kloten: Jon Petter Gustafsson; Ténnersjéheden
and Asa: Bengt Olsson and Therese Sahlén Zetterberg).

In Paper 1V, only the O horizon at Rodalund and Riddarhyttan was sampled
in 2018 and 2019, respectively. At Rédalund, the samples were taken from
10 random locations in each subplot, using a 10 cm diameter soil core. 2 m
from each side of the plot was excluded during sampling. All collected
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samples were then mixed to make a composite sample. For that study, soil
samples were collected from plots where wood ash had been added to the
subplots alone or simultaneously with N. In total, 24 samples were collected
from 12 plots. At Riddarhyttan, samples were collected as in Rodalund in
2019 from plots treated with 0, 3, 6, and 9 Mg wood ash ha™. In total, 12
samples were collected, considering three replicates for each treatment dose.

4.4. Determination of soil properties

Before analysis of soil samples, undecomposed plant litter, roots, and stones
were gently removed. Next, fresh samples from the O layer were sieved
through an 8 mm stainless steel sieve, while the mineral soil was sieved
through a 4 mm sieve of the same type.

The pH (H20) of the O horizon was measured on sieved fresh samples in
deionzied water (soil: solution ratio 1:10) after shaking the mixture for 24 h
(Blakemore, 1987). All soil samples were then air-dried for approximately 7
days at 30 °C and sieved again (<2 mm) before further analyses. For mineral
soils, pH (H20) was measured in deionized water using a soil:solution ratio
of 1:2.5 (van Reeuwijk, 1986).

Total organic C content (orgC) and total nitrogen (TN) were determined
after dry combustion of samples (ISO, 1998), using an elemental CN
analyzer (TruMac® CN, Leco Corp, St Joseph, MI, USA) for macrosamples.
Molar C:P and N:P ratios were calculated based on these C and N fractions
and the content of organic P obtained from bulk P-K edge XANES (see
below).

The concentration of acid-digestible P (TP) was determined by
inductively coupled plasma mass spectrometry (ICP-MS) after HNOs/H,0;
digestion of dried soil, following ISO 11, 466 (ISO, 1995). Oxalate-
extractable-Al (Alw), -Fe (Feox), and -silicon (Siox) were determined using
acid-oxalate (see section 4.5). Pyrophosphate-extractable Al and Fe (Al and
Fepy) were quantified using inductively coupled plasma optical emission
spectroscopy (ICP-OES) (see Paper I). The degree of P saturation (DPS) on
Al and Fe was also calculated, using the molar concentrations of Al- and Fe-
bound P as determined by bulk- XANES:

P bound to Al and Fe
DPS = 0.5 x (Feox+Alox) (1)

with P, Feox and Alox expressed in mmol kg ™.
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4.5. Extractable phosphorus

Olsen-P and P-AL, which are NaHCOs-and acid ammonium lactate-
extractable P, represent a plant-available P. These were analysed by the AA3
Auto-Analyzer (Seal Analytical, Norderstedt, Germany), using the acid
molybdate method as modified by (Wolf and Baker, 1990). P represents
the acid oxalate-extractable P associated Alox, Feox (See above). They were
analysed by inductively coupled plasma optical emission spectroscopy (ICP-
OES). Pio is the fraction of inorganic Poy, as was analysed by AA3 Auto-
Analyzer using the same soil solution. The difference between these two was
assigned to organic P (Porgox)-

Table 3: Description of phosphorus (P) extractants and methods used in the studies in
this thesis.

Extractable-P  S:L  Method Time  Analysis  Reference
Olsen-P 1:20 0.5M NaHCO; (pH85) 05h  AA3 (Olsen, 1954)
P-AL 1:20 0.1 M NHg-lactate 15h ICP-OES  (Egnéretal.,
(pH 3.75) 1960)
Pox 1:10 Acid oxalate (pH 3.0) 4h ICP-OES  (van Reeuwijk,
0 1986)
Piox 1:10 Acid oxalate (pH 3.0) 4h AA3 (van Reeuwijk,
0 1986)
TP - HNO3/H,0; digestion - 1ISO 11, 466
(1SO, 1995)

S:L is the soil-to-extractant solution ratio.

4.6. Bulk- and microscale (u-) soil phosphorus
speciation

4.6.1. Phosphorus speciation in bulk soil

To assess P speciation in the bulk soil, P-K edge XANES spectra were
collected for 108 soil samples (bulk) at beamline 8 (BL 8) (Klysubun et al.,
2020) of the Synchrotron Light Research Institute (SLRI) in Nakhon
Ratchasima, Thailand. These comprised 72 samples from the O, E and A, B,
and C horizons (Papers I, I, and 1Il) and 36 samples from the O horizon
collected from the fertilisation experiments (Paper IV). The protocol of
Eriksson et al. (2016) was followed in sample preparation and
measurements. Between 4 and 8 scans were made for each sample.
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4.6.2. Soil phosphorus speciation in microsites

Microscopic X-ray fluorescence (U-XRF) imaging was performed to produce
elemental distribution maps of P and other relevant elements (Al, Fe, Si)
representing the main P-containing phases. Soil samples (0-2, 10-20, and 30-
40 cm from Tarnsj0, 40-50 cm from Flakaliden) included in this thesis, were
prepared as petrographic thin sections (30 um thick). The samples were
embedded in high-purity epoxy resin and mounted on glass slides at the TS
Lab & Geoservices snc, Cascina, ltaly.

In this thesis, the P speciation in the soil microsites from the E (0-2 cm)
and B horizons of the Térnsjo soil was studied (Paper I1). The u-XRF maps
collected included those of P, Al, and Si, the latter two elements considered
as main constituents of the Swedish forest soils.

In Paper 11, two-dimensional (2D) tri-colour p-XRF images of P, Al, and
Fe were constructed for the 40-50 cm soil sample from Flakaliden, which is
rich in Al and Feox, to explore in more detail, the extent to which the
secondary P phase in the P-rich spodic B horizon can be distinguished as P
bound to Al and P bound to Fe.

To obtain high-quality p-XRF maps for P, the data were recorded
immediately above the P K-edge energy (2.6 keV). However, Fe maps were
acquired at the L-shell energy because the K-edge is much higher (7.1 eV).

The data in papers Il and 11l were collected at the LUCIA beamline
((Vantelon et al., 2016); beam size 2.5 x 2.5 um?, using a Kirkpatrick-Baez
(KB) mirror system) at the French national synchrotron research centre
SOLEIL in 2019 and 2021, respectively. The p-XRF images were acquired
with a dwell time of 0.3 s and an energy step of 3 x 3 um?. In each p-XRF
map, P K-edge u-XANES spectroscopy was then applied to up to 20 selected
spots (2 and 8 scans per spot).

4.6.3. Analysis of X-ray fluorescence and absorption data

The raw pu-XRF spectra were batch-fitted at each pixel to obtain processed
elemental distribution maps using the Python Multichannel Analyzer
(PyMCA) software (Solé et al., 2007). The ImageJ (Fiji Is Just) software was
then used to reconstruct p-XRF tri-colour maps from elemental distribution
images. Moreover, for paper Ill, a colour picker tool in affinity designer
software was used to sample the colour from processed tri-colour p-XRF
maps of P, Al, and Fe. Since some P spots were too small to be clearly seen,
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that step was performed to reproduce larger and more visible shapes
representing the colour distribution of P spots in the microsites (Figure 8).

Linear combination fitting (LCF) was performed on merged and
normalized bulk and p-XANES spectra according to Eriksson et al. (2016).
XANES spectra of 14 P standards (Figure 5) used in LCF were also collected
at both beamlines. These were chosen to represent P species relevant in
podzolised forest soils. The uncertainty associated with the LCF results was
further investigated according to Gustafsson et al. (2020). Detail on the
origin and synthesis of P standards can be found in Gustafsson et al. (2020).

Pre-edge

P
adsorpeq on Goethite
Fe-phosphate

Fe-bound P

Strengite

P adsorbeg on AIOH

adsorbed on Gibbsite
P adsorbed on ITN
Al phosphate

Al-bound P

Variscite

Ca-bound P

. _,f'Whlte lme (WL) mtensm/

2140 2160 2180 2200
Energy (eV)

Figure 5: X-ray absorption near-edge spectroscopy spectra of 14 standards representative
of relevant phosphorus forms in acid boreal forest soils used in linear combination fitting.
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When analysing localised spots for P speciation, the micrometre-sized beam
can hit non-homogeneous soil particles or grains. If high-energy elements,
such as Fe or Ca, is present in the target microsite, the spectra obtained may
become distorted due to the self-absorption effect (Hesterberg, 2010). This
may affect the spectral features and make LCF results i.e. the weighted % of
P species, less certain. Hence, in paper IlI, we focused on observing the
colour of spots in the p-XRF images and diagnostic features of p-XANES
spectra (Figure 5). These spectral characteristics are a wider WL with low
intensity and a post-edge characteristic of Ca-bound P species, high intensity
of the WL and a pre-edge for Fe-adsorbed P, low intensity of the WL and a
pre-edge for Fe-phosphates, a higher intensity of the WL characteristic of
Al-adsorbed P, low intensity of the WL of the Al-phosphates.

4.7. Phosphorus stocks

4.7.1. Stocks in soil horizons

The TP and P species stocks in each soil horizon were calculated as the
amount of TP. First, the concentration of different P species in g per unit area
(m?) was calculated for each sampling depth according to Strand et al.
(2016):

I:.stocks = BD X CFcoarse Pxd (2)

Where CF coarse is a correction factor for stones and boulder content:
1 volume of stones (%)

CFcoarse = 1 100 3

BD is the bulk density (kg m™), calculated from the C (% dry weight)
content using a pedotransfer function (Nilsson & Lundin, 2006):

BD mineral soil = 1000. (1.5463 x (e703130*/Crg) 4 0207 x d ) (4)

. : : c
BD organic — rich soil = 1000. — — ) (5)
~2.1278+0.1528XCrg+0.2105X C2,¢

where Cor is organic carbon (% dry weight), P is phosphorus (kg kg?), and
d is sampling depth increment (m). Data on stone content at the study sites
were taken from earlier studies as follows: Asa and Flakaliden: Casetou-
Gustafson et al. (2020); Rodalund: Lim et al. (2020); Tarnsjo, Kloten and
Skogaby: Stendahl et al. (2009); and Tonnersjoheden: Viro (1952).
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4.7.2. Phosphorus stocks in the organic layer and above-ground
biomass in the fertilisation experiments

The stocks of TP, extractable P, and P species in the wood ash- and N-

fertilised O horizon were estimated as a product of P concentrations (mg

kg™?) and O layer dry mass (kg m™2). For Rodalund, we used O layer mass

data from Lim et al. (2020).

P stocks in the above-ground biomass were calculated using the biomass
of each tree component (needles+branches+stembark+ Stemwood) collected
in 2009 and corresponding P concentrations measured in 2008. We assumed
there was no change in the P concentration within one year. More detail can
be found in paper IV. This was only calculated for Rédalund because the P
concentration in plant biomass from Riddarhyttan was unavailable.

4.8. Statistics

In Paper IV, statistical analysis was performed to determine the effects of
wood ash and N application on the P speciation and solubility in the O
horizon at Rodalund. Moreover, we applied statistics to quantify the effects
of varying amounts of wood ash application on the P speciation and
solubility in the O horizon at Riddarhyttan.

As only one soil pit per site was studied in the other papers, i.e., there
were no replicate pits, it was not relevant to apply statistical methods to
analyse differences in P status between sites. Instead, Pearson correlation (or
simple regression) analysis was performed in Paper | to investigate the
relationships between P and other soil properties. In addition, simple
regression analysis was performed to analyse the relationship between
oxalate-extractable P (Pox) and P bound to Al and Fe determined from bulk-
XANES. The software R (v.4.02) was used for all statistical analyses.

In the Rodalund fertilisation experiment, treatments with repeated N
fertiliser at two levels (N and no N addition) were randomly assigned to Six
replicate experimental plots (n = 6). All these plots were divided into two
sub-plots each and two wood ash treatments (ash and no ash addition levels)
were applied, one to each of the sub-plots in each plot (n = 12). The design
meant that N was a whole-plot factor, while ash was a sub-plot factor.
Therefore, a split-plot analysis of variance (ANOVA) model (Kenward-
Roger method) was employed to determine the effects of wood ash and
repeated N fertilisation in a two-factor analysis. The model also included the
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"Ash x N" interaction between the two treatment factors, the whole-plot
random error, and the regular residual error (sub-plot error). Moreover, the
Tukey method (p=0.05) using the least squares means (emmeans) function
was used to compare the estimated means of different groups of ash and N
treatments. The split-plot model was chosen because it is robust to detect the
effects of the subplot factor i.e. wood ash (Gomez and Gomez, 1984).

The Riddarhyttan experiment consisted of a randomized block design.
The wood ash (0 (control), 3, 6, and 9 Mg ha™*) was assigned to experimental
plots in three blocks (n = 3). Linear mixed-effect regression analysis with
block and wood ash treatment (as a continuous variable) was chosen to
quantitatively determine the effects of ash on P extractability and speciation.
The random normality was checked by plotting the final residuals.
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5. Results

This chapter begins with a detailed description of solubility, speciation, and
vertical distribution of native P in seven soil profiles down to 1 m depth
(Paper 1). Next, microscale speciation and spatial distribution of P species in
microsites containing Al and Si minerals in the E and B horizons of Tarnsjo
are presented (Paper Il). Then, results detailing microscale P speciation
between secondary Al-bound P and Fe-bound P in the Flakaliden B horizon
follow (Paper I11). After the results on native P speciation, stocks of P species
in different soil horizons are reported (Paper 1) before presenting the results
of the effects of wood ash and N application (Paper 1V).

5.1. Chemical speciation and solubility of native
phosphorus

5.1.1. Phosphorus extractability across soil profiles (Papers | and I1)

A total of 73 samples were studied across soil profiles. The data are presented
as horizon-average P concentrations (Table 4). Based on horizon-average
concentrations, the TP range was 18.3-21.6, 1.7— 4.1, 8.3— 11.8, 5.6-24.4,
and 7.3—16.7 mmol kgt in the O, E, A, B, and C horizons, respectively.

Oxalate-extractable P (Pox) was, on average, 77% of TP in the B horizon.
In the E/A and C horizons, the proportion of Poto the TP was 45% and 56%,
respectively. The lowest Pox proportion, i.e. Pox to TP ratio, was calculated
for Tarnsjo, an Al-and Fe-poor soil profile, especially in the C horizon, with
Pox contributing on average 20% in its C horizon. For all soil samples
investigated, on average, 66% of Py was inorganic P (Pi.). The remaining
fraction was assumed to represent organic P (Porg-ox) (paper 1).
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The proportion of P-AL relative to Py in the O layer was higher than 73%.
The proportion ranged between 12 and 56% in the E horizon but never
exceeded 5% in the B horizon except at Tarnsjoé and Asa, where it was 12%.
Olsen-P showed a similar trend but with a lower concentration than P-AL.
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Table 4: Average concentration of extractable P per soil horizon at seven study sites.

Soil horizon Depth TP Pox Piox Porg-ox P-AL Olsen-P
cm mmol kg™
Flakaliden
0 >0 18.3 9.1 4.2 4.9 6.6 2.9
E 0-20 2.0 0.9 0.3 0.6 0.5 0.2
B 20-50 244 22.6 19.8 2.8 1 0.8
C 50-100 16.7 12.2 10.9 1.3 15 0.4
Ra6dalund
0 >0 19.2 5.3 2.7 2.6 4.6 1.8
E 0-20 17 1.2 0.5 0.7 0.2 0.1
B 20-50 5.6 29 2.2 0.7 0.1 0.1
C 50-80 121 8.0 7.0 1.0 13 0.2
Tarnsjo
0] >0 18.4 4.3 2.6 17 4.4 2.2
E 0-2 2.0 0.5 0.2 0.4 0.2 0.1
B 02-40 155 11.6 10.2 15 1.3 0.8
C 40-100 147 3.0 25 0.5 0.6 0.2
Kloten
0 >0 18.3 4.8 25 2.3 5.0 2.2
E 0-7 1.7 0.8 0.1 0.7 0.3 0.1
B 7-40 9.2 6.5 4.1 2.4 0.2 0.1
C 40-50 7.3 5.6 4.4 1.2 0.2 0.1
Skogaby
0 >0 20.6 7.9 3.6 4.4 6.2 3.8
E 0-10 4.1 34 1.0 2.4 11 0.6
B 10-60 7.2 6.0 3.6 2.4 0.1 0.1
C 60-100 8.3 3.8 3.0 0.8 0.7 0.1
Tonnersjdheden
0] >0 21.6 55 2.1 3.3 4.8 2.2
A 0-10 8.3 5.6 2.0 3.5 0.8 0.2
B 10-50 16.9 12,5 9.1 3.5 0.6 0.3
C 50-100 14.6 7.6 5.7 1.9 0.9 0.1
Asa
E 0-10 118 7.6 3.3 4.3 0.9 0.3
B 10-50 114 7.8 3.2 4.6 0.9 0.2
C 50-100 15.3 9.2 7.2 2.0 1.7 0.1

Pox, Piox, and Porg.ox are oxalate-extractable TP, inorganic P, and organic P.
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5.1.2. Phosphorus speciation in bulk soil (Paper I)

Concerning the bulk-soil P speciation (Figure 6), Porg was the main P fraction
of TP in the O layer, accounting for between 73 and 91%. In agreement with
the chemical extraction results (Table 4), the concentrations of TP and its
fractions were lowest in the E horizon, especially at Flakaliden, Rédalund,
Tarnsjo, and Kloten, where the E horizon is well-developed (see Figure 4).

The P speciation in the E horizon was highly variable. For example, in
the upper 30 cm, Ca-bound P constituted only between 0 and 29%. On the
other hand, Rédalund and Kloten, which are relatively P-poor soils, had a
greater proportion of Poqg in their E horizon (65% and 57% of TP,
respectively). The P in the Skogaby E horizon was present mainly as Al-
bound P (68% of TP), while the comparable A horizon at Tonnersjéheden
and Asa had a high Fe-bound P, accounting for 43% and 39% of TP,
respectively.

In the B horizon, P bound to secondary Al and Fe precipitates dominated
the P speciation. Al-bound P species, particularly P adsorbed on ITN (detail
in Paper 1), were most often identified in the best LCF fits, contributing
between 42 and 74% of TP. Ferrihydrite-adsorbed P, followed by goethite-
adsorbed P, were also important Fe-bound P species detected by bulk-
XANES in spodic horizons and throughout the soil profiles. It is important
to note that the contribution of Poq to TP in the B horizon of the southern
sites Kloten and Rodalund was not negligible (10-46% of TP).

For all soil samples analysed, the relevance of Ca-bound P increased with
soil depth. However, in the Kloten soil, limited to 50 cm depth by the
underlying bedrock, 13% of TP was found as a Ca-bound P fraction and was
only detectable in its C horizon. The proportion of this P species was lower
than that of other soils' C horizons. Furthermore, this soil showed the highest
concentrations of Alox and Feox. By contrast, the sandy Tarnsjo soil, with the
lowest levels of Al and Feox, had the highest Ca-bound P fraction. As for
Ca-bound P, Tdrnsjo was the richest soil profile, with up to 76% of TP as
Ca-bound P in the C horizon.
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Figure 6: Average phosphorus (P) species (major groups) making up the total P
concentration (mmol kg™) across different soil horizons in seven soil profiles. Soil
horizon thickness is reported in Table 4.
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5.1.3. Phosphorus speciation in microsites (Papers Il and IlI)

Figure 7 illustrates the p-scale P distribution in P, Al, and Si co-localisation
maps collected from Tarnsjé (Paper I1). In Figure 8, a tri-colour u-XRF
image of P, Al, and Fe was collected on the Flakaliden B horizon (40—-50
cm) to assess the nature of P associated with pedogenic Al and Fe mineral
phases in the B horizons.

E horizons

In Tarnsjo, P spots were few and small in the E horizon (0—2 cm) compared
with 10—20 cm and 30—40 cm (Figure 7). Most P spots (tiny green particles)
were found on the edges of big Si-containing particles or highly fractured
siliceous grains in this very porous and thin horizon (0—2 cm). However, as
TP was low (Table 4), u-XANES (and bulk XANES) spectroscopy were not
successful in detecting any P species at Tarnsjo.

Size: 600 um? si

0-2 cm

10-20 cm

30-40 cm

Figure 7: Tri-colour microscopic X-ray fluorescence (u-XRF) distribution maps of
phosphorus (green), aluminium (blue) and silicon (red) obtained for thin soil sections
from the 0-2 cm (E horizon), 10-20 cm and 30-40 cm (B horizon) horizons at Tarnsjo.
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B horizon
Regarding the co-localisation of P with Si and Al, pu-XRF maps obtained for
10-20 and 3040 cm soil depth at Tarnsjo contained relatively large Al and
Si particles and large pore spaces (Figure 7). No Ca-bound P was detected
by u-XANES in this horizon.

Visually, in Tarnsjo samples, the P was mainly found at the edges of the
Al and Si particles, and P was present predominantly as Al-adsorbed P
(29-75% of TP), followed by P adsorbed to Fe (17-49% of TP). For
example, at 10—20 cm depth, despite the presence of both Fe-bound and Al-
bound P in all spots, Al-bound P was the dominant form in spots (c) and (d),
contributing 68% and 83% of TP, respectively. Similarly, the contribution of
Al-bound P at 30—40 cm in all spots was at least 57%. Fe-bound P was absent
in (d) and was a minor P form in the (2) and (c) spots. In both thin sections,
Porg Was detectable as a minor P species in some locations.
Table 5: Microscopic X-ray absorption near-edge spectroscopy (U-XANES) phosphorus
(P) speciation in the E and B horizons in the Tarnsjo soil profile, as indicated by linear

combination fitting (LCF). Values shown are weighted contributions from selected P
standards (%). The R-factor is a measure of goodness-of-fit.

S(.J'I Pspots  Pgy Al-bound P Fe-bound P Ca-bound P R-factor
horizon
Al-adsorbed P Al-P  Fe-adsorbed P Fe-P

Tarnsjo

B 10-20 cm a 15+2 34+6 51+ 8 0.004
b 12+3 39+9 49+ 12 0.008
c 68+ 2 32+ 2 0.001
d 68+3 15+2 17+ 3 0.002
e 11+£2 29+6 22+2 38+ 8 0.004

B 30-40 cm a 16+ 3 61+8 23+ 8 0.006
b 5712 51 38+ 2 0.001
c 5+2 T4+7 23+ 9 0.004
d 75+2 25+2 0.002

Al-P: Al phosphate, Fe-P: Fe phosphate.

Flakaliden 40-50 cm is presented as an example in Figure 8 to illustrate the
P binding between Al- and Fe-bound P in the B horizons. Most P-containing
spots at this soil layer were cyan-coloured, except for spot 2 and especially
spot 6, which appeared greener (Figure 8A). In many spots, P co-existed with
Al (blue). In agreement with this, most u-XANES spectra had a strong white-
line (WL) intensity (see Figure 5), consistent with the adsorbed P form. A
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predominance of Al-bound P was also consistent with LCF results. Al-bound
P, mainly adsorbed to ITN, was the most recurrent standard in the best fits
and contributed between 54.2 and 99.9% of the total weight (Table 6).
However, the u-XANES spectrum from spot 2 was highly distorted (Figure
S8 supporting data of paper I11), and the LCF results were uncertain. The fact
that spots 2 and 6 appeared, to a large extent, greener than most Al-bound P-
dominated spots may indicate the presence of either Pog or Ca-bound P.

For instance, in spot 6, P existed predominantly as Ca-bound P (85.6%)
(Table 6). Although it also appeared distorted, the u-XANES spectrum had
a wide WL with low intensity and a post-edge characteristic of apatite
(Figure S8, supporting data in paper I11). In agreement with the u-XANES
features, the u-XRF map showed this spot as being green. On the other hand,
the P in spot 4 was not detectable by XANES, although the cyan colour on
the map indicated a predominance of Al-bound P.

The spots where Fe-bound P was present were 3 and 9, contributing 43%
and 44.3%, respectively, according to LCF (Table 6). However, the spot’s
colour did not support this result, as there was no evidence of the yellow
colour in the p-XRF map, which should be expected for spots rich in Fe-
bound P. In addition, their spectra did not have a pre-edge, a characteristic
of Fe-bound P.
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(A) Flakaliden 40-50 cm

Normalized XANES

; 2140 2160 2180 220¢
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Figure 8: (A) Tri-colour microscopic X-ray fluorescence (U-XRF) distribution map of
phosphorus (green), aluminium (blue) and iron (red) obtained for a 40-50 cm soil sample
(thin section) from the Flakaliden soil profile and (B) normalised spot-wise microscopic
X-ray absorption near-edge spectroscopy (p-XANES) spectra obtained from the
phosphorus elemental distribution map. The spectra for spots 2 and 6 were distorted and
can be found in the supporting information of paper Il (Figure S8).

Table 6: Microscopic X-ray absorption near-edge spectroscopy (U-XANES) phosphorus
(P) speciation in the B horizon (40-50 cm) of the Flakaliden soil profile as indicated by
linear combination fitting (LCF). Values shown are weighted contributions from selected
P standards (%). The R-factor is a measure of goodness-of-fit.

S(?I| u- P spots  Porg Al-bound P Fe-bound P Ca-bound P R-factor
horizon
Al-adsorbed P Al-P Fe-adsorbed P Fe-P

Flakaliden

B 40-50 cm 1 100+29 0.03
2 uncertain 0.3
3 45+3 12+9 43+1 0.009
4 n.d
5 5816 16+16 26+12 0.02
6 13+9 85.6£67 0.2
7 74+5 613 21+2 0.009
8 65+7 28+18 8+13 0.02
9 4419 10+24 46118 0.05
10 76+15 76+15 0.03

Al-P: Al phosphate, Fe-P: Fe phosphate. n.d: not detectable.
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5.2. Phosphorus species stocks

The amount of P stored in the different soil profiles from the surface layer
down to 80 cm depth ranged between 69 and 379 g m™2 (Figures 9 and 10).
Kloten had the lowest P stocks, partly because that soil is shallow (<50 cm).
The total stocks were as follows: Téarnsjo 379 g m2, Flakaliden 340 g m™2,
Tonnersjoheden 310 g m2, Asa 206 g m2, Rodalund 184 g m2, Skogaby
164 g m~2 and Kloten 69 g m2. On average, the TP stock in the O and E/A
horizons was 4 g m2and 9 g m2, respectively.

O horizons E/A horizons
Ca-bound P
®Porg
® Al-bound P
Fe-bound P
1. Flakaliden 1. Asa (0-10 cm)
2. Tonnersjoheden 2. Tonnersjoheden (0-10 cm)
3. Rédéalund 3. Rodalund (0-20 cm)
4. Skogaby 4. Flakaliden (0-20 cm)
5. Tamsjo 4. Skogaby (0-10 cm)
6. Kloten 6. Kloten (0-7 cm)

7. Tarnsjo (0-2 cm)

Figure 9: Average composition of the four main phosphorus (P) species groups in the O
and E/A horizons of all seven forest soils for which data were available. The percentages
indicate the relative contributions of different P species (major groups) to total P as
indicated by linear combination fitting (LCF) of P K-edge bulk-X ANES spectra averaged
by the horizon. The range of calculated stocks is presented in the centre of each chart.
For each horizon, the sites are ranked from 1 to 7, which is from the highest to the lowest
P stocks.
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Around 94% of TP was stored in the B and C horizons, partly because these
horizons were thicker than the O and E/A horizons. Moreover, P content was
substantially higher in the B horizon due to P translocation from the top layer
to the B soil horizon by the Podzolisation process. For example, of the TP in
the subsoil, mainly in the B horizon, about 60% was adsorbed P (mainly to
Al). On average, apatite accounted for 38% of TP in the C horizon. The
apatite stocks in the E/A, B and C horizons (down to 80 cm) were, on
average, 2%, 20%, and 77% of TP, respectively.

B horizons C horizons up to 80 cm
Ca-bound P
1 ®Porg
®Al-bound P
Fe-bound P
i)
38% 15-199
gm’
17%
1. Térnsjo (2-40 cm) 1. Térnsjo (40-80 cm)
2. Flakaliden (20-50 cm) 2. Flakaliden (50-80 c¢cm)
3. Tonnersjoheden (10-50 cm) 3. Ténnersjoheden (50-80 ¢cm)
4. Skogaby (10-60 cm) 4. Asa (50-80 cm)
5. Asa (10-50 cm) 5. Rodalund (50-80 ¢m)
6. Rodalund (20-50 cm) 6. Skogaby (60-80 cm)
7. Kloten (7-40 cm) 7. Kloten (40-50 cm)

Figure 10: Average composition of the four main phosphorus (P) species groups in the
B and C horizons of all seven forest soils for which data were available. Percentages
indicate relative contributions of different P species (major groups) to total P as indicated
by linear combination fitting (LCF) of P K-edge XANES spectra averaged by the
horizon. The range of calculated stocks is presented in the centre of each chart. For each
horizon, the sites are ranked from 1 to 7, which is from the highest to the lowest P stocks.
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5.3. The fate of phosphorus in the organic horizons as
influenced by wood ash and N fertilisation (Paper
V)

5.3.1. Extractable phosphorus

As a result of applying wood ash to the Rodalund O horizon, the mean
concentrations of both TP and Olsen-P increased by a factor of 1.2, but the
change was insignificant (Figure 11). By contrast, Olsen-P in repeated N
fertilisation was significantly lower (p = 0.002) than in the control treatment.
The change in TP was insignificant.
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Figure 11: Concentrations of total phosphorus (TP) and Olsen-P (and associated standard
deviations) in the O horizon at Rodalund. The data presented are for the treatment groups,
but letters (A and B) represent the statistical results of the main treatments. Given that N
was a whole-plot factor, different uppercase letters (A, B) indicate a significant
difference (p<0.05) in the variables between N fertilisation (combined N-only and
ash+N treatments) and no N fertilisation (combined control and ash-only treatments)
(n=6). Bars without letters indicate no significant difference between the main
treatments.

50



At Riddarhyttan, wood ash application significantly increased TP and Olsen-

P content (p=0.002 and p=0.007, respectively) (Figure 12).
A B
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Figure 12: Relationship between amount of wood ash applied and (A) alkaline
NaHCOj—extractable phosphorus (Olsen-P) and (B) total P in the O layer at the
Riddarhyttan site (n = 3). The respective average concentrations per treatment are shown
as boxplots.

5.3.2. Phosphorus speciation in bulk soil

Figure 13 shows average P species concentrations (bulk-XANES) per
treatment and includes statistics for O horizon samples in long-term
fertilisation experiments. The O horizon in the ash treatment with or without
simultaneous N addition contained approximately 4.4 mmol kg? of
undissolved Ca-bound P, which was significantly (p=0.048) higher than the
concentration in the treatment without ash addition (0.4 mmol kg™*). When
comparing different treatment groups with wood ash and N, Ca-bound P
comprised only 0.5% and 2.7% of TP in the control and N-only treatments,
respectively, compared with 6.4% in the ash + N treatment and 18.7% in the
treatment with ash only. However, no change in Porg (74% of TP) was found.
Instead, wood ash with or without N fertiliser significantly (p=0.009)
increased the concentration of P adsorbed on Al, to 3.1 mmol kg compared
with 0.9 mmol kg™t in the O horizon in plots without ash application.

51



P species (mmol kg™)
O
|

O#

Control Ash N Ash +N
mPo; B Ca-P @ P-ads Al P-ads Fe

Figure 13: Concentrations of the main phosphorus (P) species groups (and standard
deviations) in the O horizon at Rodalund. Values shown are for treatment groups with
wood ash addition and nitrogen (N) fertilisation. Different lowercase letters (a, b)
indicate a significant difference (p<0.05) in the variable between ash treatments (n = 12)
within N fertilisation treatments (N and no N). Bars without letters indicate no significant
difference between or among the treatments.

For the Riddarhyttan site, the effect of different wood ash doses up to 9 Mg
ha™ on the P concentration in the O horizon was quantitatively determined
(Figure 14). Only 2.3 mmol Ca-bound P kg was found in the O horizon in
plots treated with the highest ash application rate. Similarly, there was no
change in the Porg pool (see Paper 1V), which comprised, on average, 73% of
TP. However, there was a strong relationship between the concentration of P
adsorbed on Al (R? = 0.72, p<0.001) and treatment with wood ash (Figure
14A). The concentration of P adsorbed on Fe also increased significantly
(p=0.04), although the slope was weak (R? = 0.35) (Figure 14B).
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Figure 14: Relationship between amount of wood ash applied and concentration of
phosphorus (P) adsorbed to (A) aluminium (Al) and (B) iron (Fe) at the Riddarhyttan site

(n=4).

There was a strong relationship between the concentration of Olsen-P and
that of bulk-XANES detectable P adsorbed to Al (R? = 0.83, p<0.001), and
also between the concentration of Olsen-P and that of bulk-XANES
detectable P adsorbed to Fe (R?=0.74,p<0.001) in the O horizon at
Riddarhyttan (Figure 15).
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Figure 15: Concentration of phosphorus (P) adsorbed to (A) aluminium (Al) and (B) iron
(Fe) as a function of the concentration of Olsen-P across all rates of wood ash addition
at Riddarhyttan (n = 3).
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6. Discussion

The combination of non-destructive X-ray micro-spectroscopic and
conventional chemical extraction methods applied in this thesis enabled
detailed exploration, for the first time, of the fate of native and applied wood
ash-inherited P and determination of the vertical and spatial distribution of P
species in Podzols and Podzol-like soil types.

6.1. Phosphorus speciation across soil profiles

The P speciation results revealed that Porq and Al- and Fe-sorbed P were the
predominant P species in upper Podzol horizons (O, E, and B). This finding
agrees with the conceptual model of soil P transformation, which indicates
that as the soil development proceeds, P, initially bound in bedrock as
primary minerals (mostly apatite), is transformed into Pog and P bound to
secondary Al and Fe minerals (Walker & Syers, 1976). The results also align
with the P speciation pattern previously observed in non-podzolised forest
soils, including those in temperate zones (e.g., Prietzel et al., 2013; Prietzel
et al., 2016b; Prietzel et al., 2022; Hashimoto & Watanabe, 2014). However,
in contrast to this thesis, those studies reported a stronger role of Fe-bound P
than Al-bound P.

The key features of the P K-edge XANES spectra of different Ca-bound
P species show similarities (Figure 5) (Ingall et al., 2011). Thus, it may not
be easy to distinguish between lithogenic primary mineral apatite and
secondary Ca phosphates (Hesterberg, 2010, Oxmann, 2014). However,
previous studies showed that the formation of secondary Ca phosphates is
unlikely under acidic conditions (Eriksson et al., 2016; Nezat et al., 2008).
Therefore, based on acidic conditions of forest soils studied in this thesis,
Ca-bound P detectable by XANES is likely apatite, consistent with the
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standards of hydroxyapatite and apatite Taiba, which appeared most
frequently in the Ca-bound P-dominated samples (Tables S2-S8 in paper I).

Despite the young age of the silicate-derived soils studied in this thesis,
they showed low P stocks and the transformation of the primary mineral
apatite into adsorbed phosphate and Porg. This process appeared to be nearly
complete in the E horizon. Much of the apatite dissolution probably occurred
early in soil formation, when the rate of weathering was higher (Zhou et al.,
2018). Nevertheless, despite intense weathering, a minor apatite fraction was
detectable in the upper part of some soil profiles. Part of this apatite was
probably present as inclusions in quartz (Syers et al., 1967), a dominant
mineral in Swedish acidic forest soils (Casetou-Gustafson et al., 2018;
Simonsson et al., 2016).

As expected for a podzolised B horizon, bulk XANES spectroscopy
results showed that Al and Fe (hydr)oxide-type minerals, particularly ITN,
are the main P host phases. P was present predominantly in inorganic form,
but Porg was also detectable in the B horizon of most soil profiles studied.
The Porg in soil inherited from silicate parent materials is often bound onto
secondary mineral surfaces (Prietzel et al., 2016). Therefore, in the subsoil
enriched with Al and Fe mineral surfaces, Porg is probably, to a large extent,
adsorbed to these minerals. Our P speciation results are consistent with
oxalate-extractable P (mainly inorganic P and some organic P), which
peaked in the B horizons.

The predominance of ITN-bound P in the B horizon is not surprising
because (i) the concentration of Al is generally higher than that of Fe and (ii)
an observed correlation between inorganic Al and oxalate-extractable Si and
a consistent Al: Si ratio of 2-3 were found for the B horizon, indicating that
inorganic Al was present mainly as ITN (Gustafsson et al., 1995; Lundstrém
et al., 2000b). In addition, (iii) ITN materials have a larger surface area than
many other minerals encountered in soils (Kleber et al., 2021; Parfitt, 1989).
Nevertheless, Fe-bound P, mainly ferrihydrite-and goethite-adsorbed P, were
important P species throughout the soil profile studied in this thesis, as
confirmed by the bulk-XANES data. However, despite substantially higher
TP concentrations in the B horizons, the ratios of AL- and Olsen-extractable
P to the TP were at most 8% and 3%, respectively, providing strong evidence
that most P is poorly bioavailable. By contrast, most Pox in the overlying
horizons was dissolved in ammonium lactate (AL) and, to some extent, in
NaHCOs (Olsen) solutions.
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The Flakaliden and Kloten soils contained the highest concentrations of Al
and Feox. However, these soils differ considerably in P status. Kloten is a P-
poor soil with a relatively higher Poyg fraction in its B horizon. This finding
is consistent with the orgC content, which was twice as high as the content
in the Flakaliden B horizon. Accumulation of this orgC content has probably
led to the formation of Porg during mineralisation (Spohn, 2020). However, a
low DPS in the Kloten soil (1.8%; Table 2 in paper I) indicates low P
availability. Any P made available through Po.q mineralisation is perhaps
almost inevitably re-adsorbed on exposed mineral surfaces. By contrast, the
DPS in the Flakaliden B horizon was 4 times greater than in Kloten. These
results suggest that the Kloten forest ecosystem mainly strives to recycle the
Porg previously acquired from the mineral soil to maintain its P demand, with
minimal risks of P leaching (Lang et al., 2017; Odum, 1969). According to
the results in this thesis, Rodalund and Skogaby are also P-poor soils
containing Porg in their B horizon. By contrast, in the sandy soil at Tarnsjo,
DPS was higher than in other soils when comparing their B and C horizons.
Like Flakaliden, Tarnsjo is a P-rich soil with low Alx and Feox
concentrations as well as a low Porg. This was also reflected in the ratios of
P-AL and Olsen-P to Poy, which were relatively higher for Tarnsjo.

Weathering in apatite-enriched C horizons could be of great importance
for future P supply in these forest ecosystems. For example, acid AL solution
(pH = 3.75) dissolved more P in the C horizon than in the more acidic B
horizon. This result suggests that continued weathering of apatite can be
expected if the subsoil becomes increasingly acidified. However, the
dissolution rate will depend on the occurrence of apatite; as discrete grains
or inclusions (Nezat et al., 2007; Syers et al., 1967).

6.2. Phosphorus speciation in microsites

Weathering and Podzolisation mechanisms disassemble rock-bearing
minerals into basic molecular units. Through biogeochemical processes,
these units combine to form micro/submicron-sized soil particles of unique
structures and physical and biogeochemical properties (Hesterberg et al.,
2017; van der Bom et al., 2022). In the soils studied, at several microsites in
the B horizon, p-focused XANES confirmed the predominance of Al-bound
P, most likely ITN-bound P.

Unlike for bulk-XANES data collected in the B horizons of Tarnsjé and
Flakaliden, Pog was detectable in some microsites, although in small
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proportions. In contrast, bulk-XANES spectroscopy identified 32% apatite
at 30—40 cm but not at 10-20 cm in the T&rnsj0 soil, which was not
detectable in microsites (see detail below). On the other hand, the apatite
fraction in the bulk soil of Flakaliden 40-50 cm comprised 15%. Unlike the
Tarnsj0 B horizon, in Flakaliden 40-50 cm soil sample, apatite was the
predominant fraction detected by p-XANES in spot 6 (Table 6 and Figure
8). Using some illustrative examples of P-rich soil samples from Tarnsjo and
Flakaliden, this thesis showed that P speciation is spatially heterogeneous at
the microscale. However, it should be noted that the extent of such
heterogeneity depends on the soil substrate and the depth at which the soil
sample is collected (Werner et al., 2017)

High-resolution maps obtained using a micro-focused beam should reveal
greater diversity than bulk-XANES (Hesterberg et al., 2017). The finding
that u-XANES did not detect apatite in the Tarnsjo B horizon, unlike bulk-
XANES, contradicts the claim that p-XANES is more sensitive in
identifying multiple P species which co-exist in multiple heterogeneous
microsites in the soil (Hesterberg et al., 2017). In paper I, we hypothesised
that the apparent absence of apatite in the Tarnsjoé B horizon was because the
apatite grains were >600 pum apart, probably not captured within the area
mapped. Thus, the apatite spots may not have been present in the 3.6 x 10°
um? maps (600 x 600 pum?size).

According to the sample preparation instructions for the bulk-XANES
speciation, the area of the soil in contact with the unfocused X-ray beam is 5
x 107 um?. Moreover, the beam penetrates the soil sample to at most 50 um
(see methods section in Paper 1). Interestingly, it should require the collection
of about 139 p-XRF maps of 3.6 x 10° um? each to enable scanning one
sample with an unfocused X-ray beam (bulk XANES), considering a
thickness of 30 um used for the p-XANES P speciation. Therefore, the
hypothesis that apatite spots in Tarnsj6 soil are highly dispersed (>600 pum
apart) (Paper II) probably holds. Recently, Adediran et al. (2022)
investigated the significance of apatite grains and inclusions more
guantitatively, using laser ablation and inductively coupled plasma mass
spectrometry (LA-ICP-MS), and confirmed that the apatite spots in the
Tarnsjo soil profile were about 1000 pum apart.

It seems like such spatial dispersion of apatite grains observed in the
microsites (by p-XANES) of the Tarnsjo6 soil profile is somewhat a property
of the Flakaliden soil. However, increasing the u-XRF map resolution at 4.9

58



x 10% um? permitted the identification of apatite in a few microsites of the
Flakaliden B horizon (Paper IlI).

Studies using P K-edge bulk XANES have reported difficulties in
distinguishing between Al- and Fe-bound P (Gustafsson et al., 2020; Prietzel
et al., 2016). Moreover, in Paper Il, an attempt was made to address this
challenge by estimating P speciation in microsites based mainly on the LCF
of u-XANES data. However, a fully satisfactory separation of these two P
phases was still not achieved. Including Fe in the p-XRF mapping and
collecting more p-XANES spectra (paper Ill), a qualitative analysis of
microscale P speciation showed that, compared to the LCF results (Table 6),
Fe had less role in the retention of P. Consistent with this, the Alox content in
the Flakaliden B horizon was about three times higher than the Feox content
(Table 2 in the paper I). Possibly, it could be that the LCF erroneously
assigned part of Al-bound P to the Fe-bound P since yellow spots were not
present on the map (Figure 8).

Previous studies reported that a pre-edge of the spectrum for ferrihydrite-
adsorbed P is less pronounced if the adsorbed P is Porg (Prietzel et al., 2016a).
If this is the case for Flakaliden, one may argue that Fe-bound P is being
underestimated. However, in the Flakaliden B horizon, oxalate-extractable
Porgox OF 0nly 12% of Pox (Table 4) was much lower than oxalate-extractable
inorganic P (Piox), suggesting that the underestimation of adsorbed Pog by
the p-XANES (which includes Pog bound to Fe) was unlikely. This agrees
with the finding that the absence of yellow-coloured spots and less
pronounced pre-edge of spectra suggests that Fe had a less role in binding P.
I am not questioning the ability of the LCF to estimate P composition in soil.
Rather, in cases when the effectiveness of the LCF is limited due to poor
quality of XANES spectra, colour picking from the p-XRF maps in
combination with a more close observation of spectral shapes can yield better
results. Therefore, the results obtained for the Flakaliden soil (Paper IlI)
confirmed the predominance of P bound to Al. The predominance of Al-
bound P over Fe-bound P is consistent with ITN identified in the Flakaliden
40-50 cm soil sample (see paper I11).

As mentioned above, p-XANES was able to identify Pog in some p-scale
spots, while bulk XANES did not suggest the presence of Porg. Possibly, Porg
is locally higher in some p-scale spots selected for XANES, while the bulk
P concentration is low, preventing identification by bulk XANES
(Hesterberg et al., 2017).
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6.3. Distribution of phosphorus stocks in soil horizons

Calculated P stocks in the soil profiles studied (down to 80 cm) were
comparable to those reported for East Asian tropical Podzols (Jien et al.,
2016) and carbonate-derived soils but lower than P stocks in silicate-derived
Cambisols of Central European temperate forest soils (Prietzel et al., 2016b;
Prietzel et al., 2022). Moreover, the contribution of the Ah horizons of the
temperate ecosystems to TP stocks was 11-56%, which was much higher
than the contribution of only 6% from O and E/A horizons combined in the
podzolised soils studied in this thesis.

The results obtained in this thesis showed that about 94% of P stocks were
contained in the B and C horizons, of which about 60% was present as P-
bound to Al, mainly ITN in the B horizon. Despite low stocks in the O and
E horizons, the P in those layers was predominantly stored as Porg and is most
likely bioavailable.

Therefore, recycling of P in the surface soil horizons (O and E), e.g.,
having a tight coupling between Py decomposition/mineralisation and P
uptake (Lang et al., 2017; Wood et al., 1984), could be expected to sustain
plant P demand. However, the role of the high subsoil P stock with limited
availability is an interesting question yet to be answered by future research.

Based on early research on P cycling conducted on podzolised soils from
hardwood forest ecosystems at Hubbard Brook, New Hampshire (Wood et
al., 1984), it can be concluded that the vertical distribution of P species and
operationally defined Al and Feox elucidate a stratified regulation of P
cycling. In the subsoil, geochemical sorption/desorption, mostly by Al
mineral surfaces, control P dynamics. However, in the surface horizons, the
dominance of Pqyg reflects the relevance of strict biological (re)cycling of P
previously acquired from mineral soil (Lang et al., 2017; Wood et al., 1984).

6.4. Phosphorus Sﬁeciation in the organic horizons
fert|I|sed with wood ash and nitrogen
The results from the Rodalund and Riddarhyttan long-term field experiments
showed that the application of wood ash influenced the chemical speciation
of P in the O horizon. Enhanced dissolution of Ca-phosphates in the ash due,
particularly when the latter had been applied at a higher dose, could be
expected to increase the P concentration in the soil solution (Ohno, 1992).
When wood ash is added to forest soils, P in the ash interacts with organic
acids in the surface horizon, resulting in the enhanced dissolution of Ca-
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phosphates (Lundstrém et al., 2000b), the main P species in the wood ash
(Steenari et al., 1999b). Other factors, such as the amount of ash applied (and
associated P), may have resulted in more pronounced P solubility e.g., in the
case of Riddarhyttan, supporting earlier findings (Jacobson et al., 2004).

The observed increase in the concentration of Al-bound P and, to some
extent, Fe-bound P, especially at high wood ash application doses, can have
two explanations. First, P demand or leaching are possibly not high enough
to cause a substantial decrease in soil P. The soil solution will become
supersaturated with phosphate ions. Thus, the presence of Al**and Fe** ions
(see paper 1V), probably from the ash, could preferentially retain the ash-
dissolved P. Second, alternatively, the pH-raising effects of wood ash likely
resulted in the transformation of OM-C to soluble Al and Fe-(hydr) oxide-
type compounds. Therefore, in the long term, the chemical equilibrium may
shift toward P adsorption (Neubauer et al., 2013). The latter hypothesis is
supported by the strong relationship between the amount of ash and Al- and
Fe-bound P, and between Olsen-P and Al-bound P (Figure 15).

An unexpected result was the lack of decrease in Pqrg in the ash-amended
O horizon since an increasing pH is expected to stimulate OM decomposition
(Persson et al., 1995). A possible reason is that the formation of Porg derived
from soil biota in response to an increase in pH contributed to the Pog pool
(Augusto et al., 2008; Persson et al., 1995).

While repeated N fertilisation did not affect the P speciation, it showed
a marked effect on P solubility, i.e. the TP and Olsen-P concentrations
decreased. When an ecosystem is N-limited, such as the boreal forests
studied in this thesis, an increase in N availability due to N addition
stimulates forest growth (Binkley & Hdgberg, 2016; Lim et al., 2020).
Consequently, plant P uptake increases, reducing the soil pool of easily
available P (Olsen-P). Moreover, microorganisms probably preferentially
immobilise any P made available (Heuck et al., 2018; Pistocchi et al., 2018).
Even in the combined N and wood ash treatment, the concentration of Olsen-
P was nearly halved compared with the measured concentration in the O
layer treated with ash only. This indicates a pronounced effect of N on
biological P uptake.
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6.5. Implications of the results for forest management

The work performed in this thesis provided novel information on the
occurrence of different P forms, their distribution in different soil horizons,
and their importance for P solubility and plant availability. Despite the role
of recycled Poq Stored in the O and E horizons in maintaining P availability,
the P stock is substantially low compared to the P stock in the subsoil. In
addition, the O horizon may be the layer most likely to be affected by forest
management, i.e., biomass harvesting, contributing to low P availability. The
60% of P bound in non- or less bioaccessible forms with Al and Fe (l11), and
to some extent, possible stable Pqyq in the subsoil, raises questions about the
long-term P supply and availability in boreal forest ecosystems.

Plants can possibly acquire P from this P pool through naturally evolved
strategies such as changes in the root architecture and through the excretion
of organic acids by soil microorganisms e.g. mycorrhizal fungi (Doydora et
al., 2020; Lang et al., 2017; Richardson and Simpson, 2011). However, in a
mesocosm experiment, it was found that beech was not able to acquire P
from goethite (Fe oxides) mineral surfaces (Klotzblcher et al., 2020). P
bound onto ferrihydrite surfaces, a more amorphous Fe phase than goethite,
is even less desorbable (Doydora et al., 2020) than the P adsorbed on goethite
and Al hydroxide phases (Doydora et al., 2020), particularly if the Fe to Al
ratio in the mixture of Fe/Al (hydr) oxides increases (Gypser et al., 2018).
From the results of this thesis, it can be hypothesised that Al-bound P phases,
especially the ITN-adsorbed P, which dominates the P speciation, may be the
largest pool of biogeochemically active P in the forest ecosystems studied.

It is also essential to note that the uniqueness of P speciation across
microsites in boreal forest soils demonstrated the importance of performing
P K-edge p-XANES for describing P species and the biogeochemical
processes affecting its mobility. However, the results should be interpreted
in light of the limitation that a p-focused X-ray beam probe only a small area
(microscale). Therefore, combining it and the bulk-XANES provided more
detailed insights into molecular P speciation, mechanisms, and interaction
with other minerals in soils

Erosion and leaching are hydrological processes that affect P dynamics
in soils. For most soils, i.e., Kloten with a much lower DPS than the often
used threshold (25%) (Beauchemin and Simard, 1999), it is suggested that P
leaching from the soil to the surrounding water bodies is negligible due to a
strong P fixation on Al and Fe soil particles. However, the low P binding
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capacity of the sandy soil from Tarnsjo, which is also apatite-rich in its C
horizon, suggests that P is more prone to leaching. Besides soil acidification,
a higher rate of apatite dissolution is also expected due to global warming.
Published apatite dissolution data (e.g., Guidry and Mackenzie, 2003)
indicated that a temperature increase of 2°C will increase the apatite
dissolution rate by 10-15 %.

In the context of boreal forests, N deposition and biomass harvest
(Akselsson et al., 2008), combined with acidification-driven weathering and
Podzolisation, are critical factors contributing to decreased P availability.
The detailed chemical description in Paper IV revealed novel aspects of the
fate of the ash-applied P in maintaining sufficient P levels in forest soil. The
findings on the mechanisms involved can help to explain some of the
contradictory results reported in previous studies on the effects of wood ash
on P solubility and, perhaps, on tree growth. This thesis identified, in
particular, the P pools most likely to be affected by wood ash application and
demonstrated how the chemical P speciation in soil upon ash addition
influences P solubility.

An increase of between 6 and 28 kg ha™ in TP content (and in the
bioavailable P fraction) in the wood ash-amended O layer compared with the
control indicated a good potential of the ash to replace nutrients lost with the
harvested biomass. The higher P concentrations measured in the ash
treatment were partly due to the dissolution Ca-bound P. It is also important
to note that residual Ca-bound was detectable 13-24 years after wood ash
application, which amounted to between 3.8 and 4.6 kg P ha™* (equivalent to
5.3 and 9.5% of P in the applied ash, respectively). However, the pH-raising
effect (by up to 0.22 units compared with the control) should not be ignored,
as it can be expected to affect organic matter decomposition and probably
cause positive feedback on P solubility in the soil. Moreover, this thesis
showed that the application of 9 Mg wood ash ha* resulted in 15.6 kg Al-
bound P ha™. Hence, the higher dose of wood ash may not be optimal, as it
leads to the accumulation of more stable P, possibly because the P supply is
higher than the short-term biological demand. Hence, P becomes stabilised.

Tree growth in boreal forests is strongly N-limited, but wood ash
application does not result in increased forest growth unless N fertiliser is
applied simultaneously with the ash (Binkley & Hdgberg, 2016; Lim et al.,
2020). This thesis showed that repeated N fertilisation can reduce the amount
of easily available P because enhanced tree growth in response to high N
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availability for plant uptake increases P demand and, thus, P uptake from the
soil. Instead, the availability of P (Olsen-P) in the O layer improved slightly
due to the ash-P + N compared with the treatment when N was added alone
(Figure 16). As a result, this combined fertilisation with ash and N led to a
higher P uptake than when N has been added alone (for more detail in paper
IV). Overall, these results suggest that long-term P supply can be expected
to decline gradually if N deposition prevails, particularly after multiple forest
cycles. However, adding a combination of wood ash and N can be considered
as a long-term management option.

Control wood ash (Ca-P) ~ NHaNOs NH:NOs + ash (Ca-P)
20 kg P/ha 24 kg P/ha 29 kg P/ha 32kgP/ha  Biomass P
&
3t &t I A
17.0kg/ha &  21.0kgha 14.0 kg/ha 18.0 kg/ha  Total P
20kg/ha 2.2 kg/ha 0.9 kg/ha 1.2 kg/ha Olsen-P

0.1 kg/ha 4.6 kg/ha O.4tg/ha | IO /) | I Ca-bound P
0.8 kg/ha 2.2 kg/ha 0.3 kg/ha 1.3 kg/ha RSN

Figure 16: Summarising diagram of stocks of phosphorus (P) in aboveground biomass
(above values), total P and Olsen-P (middle), and significantly affected P species (below)
in the O layer in boreal forest soil as influenced by wood ash and nitrogen (N) application
at Rodalund. The figure adapted from paper IV.
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6.6. Conclusions

The overall aim of this thesis was to assess the effects of weathering and

wood ash fertilisation on phosphorus speciation, distribution, and solubility

in managed forest ecosystems in Sweden. Based on the results obtained in

Papers I-1V, the following conclusions were drawn:

e The prevailing mechanisms of acidification-induced weathering and
Podzolisation in young coniferous forest ecosystems in the boreal region
have resulted in depletion of mineral apatite reserves in the topsoil and
B horizon.

¢ In the B horizon, P speciation results obtained at the macro scale (bulk
soil) and the microscopic scale (microsites) all revealed a predominance
of P bound to Al, mainly PO3~ adsorbed to ITN, followed by
Fe(hydr)oxides-sorbed P. These P forms were observed to occur mainly
at the edges of Al and Si mineral grains or in pore spaces. The importance
of apatite increased with soil depth.

e Considering the thickness of the different soil horizons, the bulk density,
and the stone content, around 94% of the total soil P stock resides
between 20 and 80 cm depth (B and C horizons combined). Of this,
around 60% is stored as P bound to secondary Fe and, especially, Al
mineral precipitates.

e Up to two decades after wood ash application to the forest O horizons, a
small quantity of undissolved Ca-bound P, probably originating from the
ash, can be detected in the O horizon.

e Most P bound in applied wood ash dissolves over time, resulting in a
high concentration of bioavailable P and P bound to Al and Fe, especially
at higher ash application rates.

6.7. Future research

The work presented in this thesis provides a fundamental understanding of P
chemistry, (bio)geochemical processes affecting the dynamics of native and
wood ash applied P in boreal forest soils. Knowing the chemical P species
and in which soil horizon they are predominantly stored can be essential for
improving forest management practices and for future research.

For example, the results from this thesis can be useful in predicting the
long-term P availability in boreal forests. A model needs to be developed to
assess future P supply to the trees based on P speciation and the
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biogeochemical processes affecting pools. Moreover, pedogenesis will likely
continue to stabilise P in the soil. Therefore, potential opportunities and
challenges for plants to access the P stored as P bound to Al and Fe bound P
could be explored. For example, these results may be useful to explore what
pools mycorrhizal fungi can exploit and to what extent Al-and Fe-bound P
are easily accessible to plants and microorganisms.

There is also a need to assess the effects of wood ash application on P
dynamics in the mineral soil. This is because some wood ash-bound P is
probably leached down to the mineral soil. Moreover, exploring the effects
of forest biomass harvesting on P speciation and solubility is recommended.
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Popular science summary

Forests are the basis for Sweden's welfare. Successful long-term
management of forests requires healthy trees, which depend on many factors,
including the availability of nutrients, e.g., phosphorus (P). Without
knowledge of the form and quantity of P present in the soil, we would not
know the potential of the soil to supply the available P for plant uptake. This
work aimed to contribute to the sustainability of the forest ecosystem and the
forestry sector by answering these questions.

Life on Earth is impossible without P. Not only is P an essential nutrient
for plants and crops, but it is also a vital constituent of genetic materials
(DNA, RNA), bones, teeth, etc., in all animals and humans.

The P cycle is unique. Unlike nitrogen (N), which is also an essential
nutrient that can be biologically fixed from the atmosphere, the source of P
is the primary mineral apatite bound in rocks and soils. That means P from
this pool is gradually released to supply P to the plants for building their
biomass, i.e., the transformation of apatite into an organic P form.

On the other hand, one of the most common challenges, particularly in
acid soils such as those in the boreal forest ecosystem, is a strong fixation of
P to aluminum (Al) and iron (Fe) minerals. These minerals increasingly
stabilise P released from the apatite and organic P pool. Hence, despite a
large stock in the soil, P availability decreases over time.

In Sweden, more than 50% of the forest soils are Podzols or podzolised.
This soil type consists of three distinctive layers. The organic horizon (O) is
on top of the mineral soil, which consists of the E horizon at its surface. The
E horizon is relatively acidic due to the accumulation of organic acids from
the O horizon, accelerating the transformation of primary minerals. The B
horizon is rich in Al and Fe, partly due to their migration from the E horizons.
Below is a C horizon in which the parent material is less affected. Therefore,
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a large P fraction of the total P in these soils is likely bound to Al and Fe
minerals. However, P speciation, i.e., the distribution between different P
forms in boreal forest soils, has not been studied. In this thesis, we explored
P forms and their vertical and spatial distribution in seven forest soil profiles
from northern, central, and southern Sweden.

The main finding from the first three papers was that the total P exists
predominantly as organic P on the surface horizons, especially the O horizon.
P bound mainly to Al and P bound to Fe are the predominant forms in the B
horizon. It was also found that the primary mineral apatite has almost been
depleted in the upper 30 cm of soil profiles, but its proportion increased with
soil depth. As a result, a large apatite fraction was found in the C horizon.

Even at the micrometre scale resolution, Al-bound P was the main P phase
in the B horizon, but the distribution was highly heterogeneous. That means,
within the micrometre-size maps of 600 um x 600 pm or 700 um x 700 pm,
P forms were highly diverse in different spots.

94% of all P resided between 20 and 80 cm depth. In the B horizon about
60% of all P existed as Al-bound P, bound mainly to imogolite-type
nanoparticles (ITN). ITN is a type of Al mineral phase typical in the B
horizons of Podzols, and they possess a high capacity to fix P. Thus, the
subsoil P, mainly P bound to ITN, and apatite dominate the P inventory and
probably are of high ecological significance for the long-term P supply and
availability.

Moreover, it is recommended to apply wood ash as a potential fertiliser
to maintain forest soil fertility after whole-tree harvesting. This is because
soil nutrients, including P, contained in the biomass, such as leaves, twigs,
and branches, are removed through biomass harvest. Therefore, in the fourth
study, the effects of wood ash application were examined, alone or
simultaneously with N, on changes in P forms and availability in the O
horizon of two coniferous forest soils from Sweden.

This study found that most Ca-bound P expected to be apatite, the main
form of P in wood ash, has been consumed almost. Moreover, the ash
increased the total and available P in the O horizon and P uptake by plants.
On the other hand, while also increasing P in above-ground biomass,
nitrogen application reduced easily available P in the O horizon. A combined
treatment of wood ash and N further increased P in aboveground biomass.
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Popularvetenskaplig sammanfattning

Skogen utgor grunden for Sveriges valfard. En framgangsrik langsiktig
skogsskotsel kraver friska trad och ar avhangig manga faktorer, daribland
naringstillgang, t.ex. vad galler fosfor (P). Utan kunskap om mangderna
fosfor och om vilken form fosforn har, skulle vi inte kénna till vilken
potential jorden har att forse skogen med tillganglig fosfor. Det hér arbetet
syftade till att bidra till uthalligheten av skogsekosystemet och av
skogsnaringen genom att besvara dessa fragor.

Livet pa jorden ar omojligt utan P. Fosfor ar inte bara ett essentiellt
naringsamne for véxter och grédor, det utgor ocksa en viktig bestandsdel av
genetiska material (DNA, RNA), ben, tander, etc., i alla djur och ménniskor.

Fosforcykeln ar unik. I motsats till kvave (N), som ocksa ar ett essentiellt
naringsamne vilket kan fixeras fran atmosfaren, ar kallan till fosfor det
primara mineralet apatit i berggrund och jord. Fosforn fran detta forrad
frigors gradvis for att forse vaxterna med P sa att de kan 6ka sin biomassa,
d.v.s. apatitens fosfor omvandlas till en organisk fosforform.

A andra sidan 4 en av de vanligaste utmaningarna for
fosfortillangligheten, sérskilt i sura jordar som de i det boreala
skogeskosystemet, en stark fixering av P till aluminium (Al) och jarn (Fe)-
mineral. Dessa mineral stabiliserar det fosfor som frigors fran apatit och fran
det organiska fosforforradet. Darfor kommer P-tillgangligheten att sakta
minska Gver tid, trots ett stort forrad.

| Sverige Klassificeras mer &n 50% av jordarna som podsoler eller ar
podsolerade. Denna jordman bestar av tre distinkta horisonter. Den organiska
horisonten (O) finns ovanpa mineraljorden som i dess ytliga del bestéar av en
E-horisont. E-horisonten dr relativt sur pga ackumulation av organiska syror
som trangt ner fran O-horisonten, vilket i sin tur accelerar omvandlingen
(vittringen) av primara mineral. B-horisonten innehaller en stor mangd Al
och Fe, delvis pga dessas transport fran E-horisonten. Nedanfor B-horisonten
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finns finns en C-horisonten med ett mer opaverkat modermaterial. En stor
andel av den totala mangden P i dessa jordar ar sannolikt bunden till Al- och
Fe-innehallande mineral. Dock har, tills nu, specieringen av fosfor, dvs
fordelningen mellan olika fosforformer, i boreala skogsjordar inte studerats.
| denna avhandling har jag utforskat vilka fosforformer som finns, och dess
vertikala och rumsliga fordelning, i sju skogsmarksprofiler fran de norra,
centrala och sgdra delarna av Sverige.

Det viktigaste resultatet fran de tre forsta artiklarna i avhandlingen var att
den dominerande delen av fosforn i O-horisonten utgdrs av organiskt P,
medan P bundet till Al och Fe var de viktigaste fosforformerna i B-
horisonten. Jag fann ocksa att apatiten hade nastan helt forsvunnit fran de
Oversta 30 cm av jordprofilerna, men att andelen apatit sedan 6kade med
okande jorddjup. Som en konsekvens av detta aterfanns en stor andel apatit
i C-horisonten.

Aven i mikrometerskala (600 pm x 600 um eller 700 um x 700 pm) var
Al-bunden P den viktigaste fosforformen i B-horisonten, men den rumsliga
fordelningen var mycket heterogen. Det betyder att férdelningen av
fosforformer var mycket olikartad i olika provpunkter.

94% av all fosfor aterfanns mellan 20 och 80 cm djup. | B-horisonten
utgjordes ca 60 % av fosforn som Al-bundet P, dar aluminiumet utgjordes
huvudsakligen av imogolitnanopartiklar (ITN). ITN &r ett vanligt Al-mineral
i podsolers B-horisonter, och de har en stor formaga att fixera P. Fosfor i
mineraljorden, huvudsakligen P bundet till ITN och som apatit, dominerar
jordens sammanlagda fosforforrad och ar troligen pa lang sikt av stor
ekologisk betydelse for fosfortillforsel och —tillganglighet.

Dessutom rekommenderas att tillfora biobrénsleaska som néringskalla for
att vidmakthalla skogsmarkens bordighet efter heltradsavverkning. Detta
beror pa att naringsamnen, inklusive P, bortférs genom skord av biomassa.
Dérfor undersoktes, i den fjarde studien, effekterna av tillforsel av
biobransleaska, ensamt eller i kombination med N, pa fosforns former och
tillganglighet i O-horisonten i tva svenska barrskogsjordar.

Studien fann att nastan all Ca-bunden P fran askan hade 16sts upp sedan
asktillforseln dgde rum. Dessutom Okades mangderna totalfosfor och
tillgangligt P i O-horisonten samt upptaget av P av véxter. Tillforsel av kvéave
ensamt Okade ocksa P i ovanjordisk biomassa, men samtidigt minskade
mangden tillgangligt P i O-horisonten. Da en kombinerad behandling av
biobransleaska och N gjordes Okades P ytterligare i den ovanjordiska
biomassan.
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ARTICLE INFO ABSTRACT

Handling Editor: Andrew Margenot The molecular speciation of phosphorus (P) in forest soils is of strategic importance for sustainable forest

However, only limited information exists about soil P speciation in boreal forests. We combined P

Keywords: K-edge XANES spectroscopy, wet chemical P extractions, and X-ray diffraction analysis of soil minerals to
P SPeclla'-‘O“ investigate the vertical distribution of P species in seven podzolised forest soils differing in soil properties and
P stocks

climatic conditions. The results showed that the total P stock was on average, 4.0 g m~2 in the Oe horizon, 9.5 g
m 2 in the A and E horizons, and substantially higher (117.5 g m2, and 109.3 g m2) in the B and C horizons
down to 80 cm depth, respectively. Although the Oe horizons contain a minor total P stock, 87% of it was stored
as organic P. The composition of P species in the P-depleted A/E horizons was highly variable depending on the
site. However, of the P stored in B and C horizons down to 80 cm, 58% was adsorbed P, mostly to Al, while
apatite accounted for 25% of P, most of which was found in the C horizons. The apatite stocks in the A/E, B, and
C horizons (down to 80 cm) accounted for 2.5%, 20%, and 77.2%, respectively, of the total apatite for all the
mineral soils studied. These figures can be explained, first, by the dissolution of primary mineral apatite caused
mainly by acidification. Second, P uptake by plants and microorganisms, and the associated formation of the Oe
horizons, led to the formation of soil organic P. Further, the formation of organo-metal complexes and
podzolization led to the translocation of P to the B horizons, where P accumulated mostly as P adsorbed to
imogolite-type materials (e.g. allophane) and ferrihydrite, as shown by P K-edge XANES spectroscopy. In
conclusion, this study shows that despite the young age of these soils (<15,000 years), most of the primary
mineral apatite in the upper 30 cm has been transformed into organic P, and Fe-, Al-bound PO4. Moreover, the
subsoil P, mainly consisting of adsorbed P to Al, and apatite, dominates the P inventory and probably serves as a
long-term buffer of P.

Apatite weathering
Podzolization
P K-edge XANES spectroscopy

formed secondary minerals (Walker and Syers, 1976).
Unlike nitrogen (N) that can be biologically fixed from the atmo-

1. Introduction

Phosphorus (P) is an essential macronutrient whose availability in
soil might constrain forest productivity, succession, and functioning
(Elser et al., 2007, Jonard et al., 2015, Lang et al., 2017, Talkner et al.,
2015, Vitousek et al., 2010). The total P stock and chemical speciation
change with ecosystem development (Walker and Syers, 1976), which
affects P availability. Phosphates (PO4), which initially exist within
poorly soluble primary minerals, become increasingly retained by newly
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sphere, the atmospheric input of P in soils is small (Chadwick et al.,
1999). The vast majority of P in soils is initially bound within primary Ca
phosphate minerals (mostly apatite) (Nezat et al., 2007; Nezat et al.,
2008; Prietzel et al., 2013). Apatite is progressively weathered, espe-
cially early during pedogenesis when the weathering rate is highest
(Walker and Syers, 1976; Zhou et al., 2018). Thus, pedogenic apatite
declines over geological time scales (Mehmood et al., 2018, Selmants
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and Hart, 2010), and the released P becomes biogeochemically active. In
boreal and temperate coniferous ecosystems, organic matter-rich surface
horizons form where decomposition and plant uptake are closely
coupled (Wood et al., 1984). The fate of P in these soils is also affected by
podzolization. Most Swedish forest soils were developed from glacially
deposited, nutrient-poor parent material (Andersson et al., 2014). In
these young boreal systems, the release of organic acids from the surface
horizon and plant roots triggers silicate weathering, which leads to the
formation of an illuvial E horizon (Lundstrom et al. 2000; Smits et al.
2014). Then, organic-acid-Al/Fe complexes migrate to the B horizon,
where they precipitate mainly as imogolite-type minerals (ITM) (allo-
phane/imogolite), but also as iron(Ill) (hydr)oxides (ferrihydrite and
goethite) (Buurman and van Reeuwijk, 1984; Gustafsson et al., 1995;
Gustafsson et al., 1999; Karltun et al., 2000; Lundstrom et al., 2000).
These mineral phases have a very high P sorption capacity (e.g., Hewitt
etal., 2021, Takamoto et al., 2021). Consequently, with time a large part
of the biogeochemically active P may end up as adsorbed P in the B
horizon (Adediran et al., 2020, Prietzel et al., 2016, Wood et al., 1984).

According to the model developed by Walker and Syers (1976), the
total P stock decreases with time due to P leaching (Lang et al. 2016;
Walker and Syers, 1976) unless tectonic uplift is strong enough to
constantly provide substantial input of P from P-bearing minerals to the
ecosystems (Buendia et al., 2010; Porder and Hilley, 2011). At a later
stage of pedogenesis, the bioavailability of P is decreased, and P
occluded within Al and Fe oxides and P associated with organic matter
(OM) are the main pools of P (Turner and Condron, 2013; Walker and
Syers, 1976). However, it has been argued that some forest soils in
central and northern Europe, although at an early stage of soil devel-
opment, are characterized by a low P nutritional status and P-limited
conditions (Ilg et al., 2009; Yu et al., 2018), which may be affected by a
low P availability of the P adsorbed to Fe and Al phases in the subsoil.
Further, a high N availability due to high atmospheric deposition rates,
enhanced forest productivity and intensified use of forest resources may
contribute to an increased plant P demand (Akselsson et al., 2008;
Heuck et al., 2018; Jonard et al., 2015; Mohren et al., 1986; Yanai,
1998). A mass balance study carried out for 14,550 Swedish sites
showed that the annual losses of P from forestry exceeded 1 kg P ha™! in
Southern Sweden (Akselsson et al. 2008). Unless these losses are
compensated for (i.e. by ash fertilization), the authors claimed that this
may lead to a successive transition from N to P limitation.

To address questions relating to the P bioavailability and possible P
limitation in the future, it is important to quantify the stocks of the
different P species present in the soil. However, with the exception of a
few studies on the P chemistry in the uppermost soil horizons (e.g.,
Giesler et al. 2002; Vincent et al. 2013), there are very few examples of
research on P speciation in boreal forest soils detailed enough to provide
reliable information on pedogenic P transformations and nutrient limi-
tation. Synchrotron-based X-ray absorption near-edge structure
(XANES) spectroscopy at the P K-edge is an emerging method, which
provides a “fingerprint” for P speciation in soil (Beauchemin et al., 2003;
Franke and Hormes, 1995; Hesterberg et al., 1999; Hesterberg, 2010).
The spectra of different P species vary in one or more spectral features
such as the shape and position of the white-line intensity as well as in
post-edge and pre-edge structures (Beauchemin et al., 2003; Werner and
Prietzel, 2015). However, P species coexist in a complex geochemical
soil matrix, which makes it necessary to use careful and consistent
interpretation methods to correctly separate different P species with P K-
edge XANES spectroscopy (Gustafsson et al., 2020; Hesterberg, 2019).
Important sources of uncertainty of XANES include the procedures of
energy calibration at the beamline, and the choice of normalization
parameters for linear combination fitting (LCF) (Colocho Hurtarte et al.,
2019, Werner and Prietzel, 2015). However, as shown by Gustafsson
et al. (2020), by careful energy calibration at the beamline, and by
applying a probabilistic LCF method, these uncertainties can be
minimized.

In this work, we combined bulk P K-edge XANES spectroscopy, wet
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chemical P extractions, and X-ray powder diffraction (XRPD) to inves-
tigate the P speciation of seven forest soils representing different soil
properties and climatic conditions. The aim was to determine the stocks
of the different P species that have developed after 8000-15,000 years of
soil formation, particularly addressing the following questions: 1) what
are the predominant P species in acid forest soils of Sweden? 2) does P
speciation reflect weathering and podzolization in the soils? Our work
builds on and extends the work of Adediran et al. (2020), who presented
P speciation data for two of the soils of the current study (Tarnsjo and
Toénnersjoheden). By analyzing a wider selection of soils, and by
calculating the stocks of the different P species, this paper presents a
more complete picture of the quantity of different P species and their
vertical distribution in boreal forest soils.

2. Materials and methods
2.1. Study forest sites and soils

Soil phosphorus speciation was investigated in seven forest sites
across Sweden that are located along a climate gradient ranging from 56
to 64°N (Fig. 1). They also encompass a variation in geochemical con-
ditions and parent materials (Tables 1, 2, and S1). The sites are located
on siliceous glacial till and in glaciofluvial or postglacial sandy deposits.
The vegetation is dominated by Norway spruce (Picea abies L. Karst.) and
Scots pine (Pinus sylvestris L.), and the soils are well-drained. These forest
sites have previously been investigated for different purposes (Albaugh
etal., 2009; Bergh et al., 1999; Casetou-Gustafson et al., 2019; Lim et al.,
2020; Linder, 1995; Simonsson et al., 2015; Tiberg et al., 2018; Zetter-
berg et al., 2013). Five of them, Flakaliden 14B, 1470 Rod&lund (North),
Tarnsjo, Kloten (central) and Skogaby (SW) were classified as Albic

Flakaliden
.

Rodalund
.

Téarnsjo

N ® Research sites
A 270 135 0 270
O I

Fig. 1. Location of the study sites.
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Table 1

Overview of the studied sites and soils organized by location. MAT is the mean annual temperature, and MAP is the mean annual precipitation.
Study site Dominant tree species Location Parent rock Soil order” Altitude (m.a.s.) MAP mm MAT °C
Flakaliden 14B Norway spruce 64°07'N 19°27'E Glacial till Albic Podzol 315 600 1
1470 Rodélund Scots pine 64°08'N 19°52'E Wave-washed sand Albic Podzol 250 600 2
Tarnsjo Norway spruce Scots pine 60°08'N 16°55'E Wave-washed sand Albic Podzol 60 600 5.1
Kloten Norway spruce Scots pine 59°54'N 15°25'E Glacial till Albic Podzol 345 927 4.9
Skogaby Norway spruce 56°33'N 13°13'E Glacial till Albic Podzol 110 1187 7.6
Ténnersjoheden T103 Norway spruce 56°40'N 13°05'E Glacial sandy till Dystric Arenosol 80 1053 6.4
Asa Norway spruce 57°08'N 14°45'E Glacial till Dystric Arenosol 240 800 6.4

2 Soil classification according to 1USS Working Group WRB (2014).

Podzols (IUSS Working Group WRB, 2014). The Tonnersjoheden (T103)
and Asa soils, both from SW Sweden, classify as Dystric Arenosols (IUSS
Working Group WRB, 2014), although the former was very close to
being an Entic Podzol. The reason why the Tonnersjoheden soil was not
classified as a Podzol was that the A horizon had probably been mixed
with large amounts with B horizon material so that the Alox+/5Feoy value
(in g kg™1) in the A horizon was slightly more than half of the
Aloy+:Feoy value in the upper B horizon (Table S1). Also the Asa soil
was very probably subject to podzolization in the past. The historical
land use on this site with stone cairns, mechanical soil scarification
(Casetou-Gustafson et al., 2020) might have caused soil mixing or
overturn of the surface soil horizons.

2.2. Mineralogical characterization by X-ray powder diffraction (XRPD)

For all samples, sieved (<2 mm) samples were micronized in a
McCrone mill, and random powders prepared by spray drying the
resulting slurries (Hillier, 1999). XRPD patterns were recorded from 4 to
70°26 using a Bruker D8 diffractometer with Cu K-a radiation and a
Lynxeye XE position sensitive detector. Crystalline minerals were iden-
tified by aid of patterns from the International Center for Diffraction
Data (ICDD) Powder Diffraction File (PDF-4, 2021) and using Bruker
DiffracPlus EVA software. Quantitative mineralogical analysis of the
diffraction data was performed using a pre-determined full pattern
fitting approach as outlined by Omotoso et al. 2006 (participant 18), and
more recently by Butler and Hillier (2021). The method does not require
the addition of an internal standard but instead includes patterns for
amorphous/poorly crystalline phases to enable their direct quantifica-
tion. The mineralogical composition of bulk soil samples from the Sko-
gaby site was studied previously by Simonsson et al. (2016), while that
of the Asa and Flakaliden sites was determined by Casetou-Gustafson
etal. (2018). Tonnersjoheden soil mineralogy analysis was carried out at
the same time as Flakaliden and Asa but the data has not yet been
published. Both previous studies used similar methods, but for the pre-
sent study the Skogaby soils were rerun on the D8 diffractometer, and
the Asa and Flakaliden XRPD data files run previously on the D8
retrieved so that all samples were fitted using precisely the same fitting
parameters and full pattern library for the D8 diffractometer. This en-
sures internal consistency and enables the best comparison of mineral-
ogical analyses from one sample to another.

The results (% by weight) show that the mineralogy of all seven
studied soils was dominated by quartz, plagioclase, and potassium
feldspar (Table S1). In the B horizon, the highest proportions of amor-
phous Fe and Al phases, which represent ferrihydrite and allophane
were found in the Kloten and Flakaliden soils, which agrees with the wet
chemical results, and which is evident also in the P speciation results, see
below. In addition, apatite was detected by XRPD mainly in the subsoils
except for the Kloten profile where no apatite was detected by XRPD.

2.3. Characterization of chemical soil properties
At each site, a soil pit was excavated and its profile was exposed and

prepared for collecting samples (Fig. S3). In total, 73 samples were
collected in 10 cm intervals, except for the Oe and E horizons, which

were sampled by horizon. The sampling of the Oe and E horizons was
adopted to be able to calculate the horizon-specific P stocks in the
studied podzolized soils. The Oe horizon thickness ranged between 5
and 7 cm depending on the site. The samples were air-dried, at
approximately 30 °C for 7 days and sieved (<2 mm) using a sieve with
stainless steel mesh. The soil pH was measured in water using a soil:
solution ratio of 1:2.5 (Van Reeuwijk, 1986) for mineral soil samples and
a 1:10 ratio for the Oe samples (Blakemore, 1987) after 24 h equili-
bration time. The amount of organic carbon (Corg) and total nitrogen in
the soil was determined through dry combustion according to ISO 13878
(1998), using an elemental analyzer for macrosamples (TruMac ® CN,
Leco corp, S:t Joseph, MI, USA). Acid-digestible P (TP) was determined
by microwave-assisted HNO3/H30, digestion of 1 g dry soil according to
the method of Church et al. (2017). While this is considered as total P, it
should be noted that there may be a small proportion of the P in the soil
matrix that is not solubilized by acid digestion procedures (ISO
11074:2015). Surface-reactive Al, Fe, Si and P associated with poorly
crystalline Al and Fe minerals (Alyy, Feoy, Siox and Poy) were determined
using oxalate extraction according to Van Reeuwijk (1986). Briefly, 100
mL acid ammonium oxalate solution (pH = 3.0) was added to 1 g dry soil
in 250 mL polyethylene dark bottles covered by aluminium foil. The
mixture was equilibrated for 4 h in the dark using an end-over-end
shaker. Prior to analysis of Alyy, Feox, and Sigy by ICP-OES (inductively
coupled plasma optical emission spectroscopy) using a Thermo iCAP
6300 instrument (ThermoFisher Scientific, Waltham MA, USA), the
extract was filtered through 0.2 um single-use filters (Sartorius Minis-
art®) and diluted five times with ultra-pure HpO. Further, molybdate-
reactive P (Piox), representing orthophosphate (Piy) in the oxalate
extract, was analysed separately using a Seal AA3 AutoAnalyzer (Seal
Analytical, Norderstedt, Germany), using the acid molybdate method as
modified by Wolf and Baker (1990). The difference between P,y and Pioy
was assigned to oxalate-extractable organic P (Porg.ox)- Further, the de-
gree of P saturation (DPS) on Al and Fe was calculated using the molar
concentrations of Al and Fe bound P as determined by XANES:

_ XANES - derived Al + Fe - bound P

DPS = 1
0.5 X (Feo, + Alyy) M

Pyrophosphate-extractable Al (Alyy) and Fe (Fepy), representing Al
and Fe bound to organic matter, were determined with ICP-OES after 1 g
dry soil had been equilibrated in 100 mL of 0.1 M Na pyrophosphate for
16 h (Van Reeuwijk, 1986). Acid ammonium lactate (AL)-extractable P
(P-AL), representing short-term geochemically active P, was determined
after shaking 3 g of dry soil in 60 mL of AL buffer (adjusted to pH 3.75)
for 1.5 h (Egnér et al., 1960) and subsequent analysis by ICP-OES. Plant-
available P (Pq)s) was determined according to Olsen (1954). Briefly, 2 g
soil was equilibrated for 0.5 h with a 40 mL solution containing 0.5 M
NaHCO3 (with pH adjusted to 8.5). The suspension was filtered (0.2 um)
before analysis using an AA500 AutoAnalyzer (SEAL analytical). The
Corg: Porg-lcf and N: Porg i P ratios were calculated based on mol kg’1
concentrations of Corg and total nitrogen (N) in the soil OM and XANES-
derived organic P (Porg.1cf). For each soil horizon, the P stocks, i.e. the
amount of TP, and P species in g m ™ for each soil depth was calculated
according to Strand et al. (2016), as follows:
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Pyock = BD*CFooure *P*d @

where BD represents bulk density (kg m’S), CFoarse is the correction
factor for stones and boulder contents (=1-(stone volume %)/100), P is
the P content (kg kg ~1), d is the sampling depth increment within the soil
horizon (m). The CF... Was adopted from earlier studies (Asa and
Flakaliden, Casetou-Gustafson et al. 2020; Rod&lund, Lim et al., 2020;
Tarnsjo, Kloten, and Skogaby, Stendahl et al. 2009) in which stoniness
had been estimated by the rod penetration method (Stendahl et al.,
2013; Viro, 1952), or had been estimated from pit excavations where the
volume of stones and gravel was measured (Tonnersjoheden). However,
some of the soils are shallow and so the P stocks were not calculated for
the whole profile. BD was estimated from the organic C content using the
pedotransfer functions developed by Nilsson and Lundin (2006):

BD mineral soil = 1000- (1 5463.¢703130V/Cure 4. 0.207»41) ©)

BD humus = 1000- Con o (@]
—2.1278 + 0.1528-Cyyy + 0.2105-C

org

where C is the organic carbon content (% dry weight).

2.4. Phosphorus speciation by X-ray absorption near-edge structure
(XANES) spectroscopy

To investigate P speciation at the pedon scale, P K-edge XANES
spectroscopy was performed on bulk samples of all Oe, A/E, B and C
horizons (Fig. 3 and Table S1) at beamline 8 (BL 8) (Klysubun et al.,
2020) of the Synchrotron Light Research Institute (SLRI) in Nakhon
Ratchasima, Thailand. The BL8 utilizes synchrotron radiation generated
from the SLRI storage ring with an electron beam energy of 1.3 GeV and
a beam current ranging from 80 to 150 mA. The X-ray photon energy
was scanned by an InSb (111) double crystal monochromator giving a
beam flux of 1.3 x 10° to 3 x 10'! photons s! (100 mA)’1 of17.7 x 0.9
mm? beam. The soil samples were homogenized, finely ground and
sieved (to <50 pm) to optimize X-ray beam penetration in the sample
and to minimize the effect of self-absorption. The samples were packed
in hollow and stainless steel sample holders (2 mm thick, 1 x 1.5 cm?
with a sample window of 0.5 x 1 cmz), which were covered with
polypropylene X-ray film (Eriksson et al., 2016b). The sample holder
was mounted in the sample compartment at 45° relative to the incident
monochromatic beam. The sample compartment was continuously
evacuated with helium (He) gas to lessen the attenuation of X-ray ab-
sorption (Kelly et al., 2008). A solid-state 13-element Ge detector
measured the fluorescence emitted from the sample in the energy range
of 2100-2320 eV. A 2 s dwell time was used per energy step. This energy
step was 2 eV between 2100 and 2139 eV, 1 eV between 2139 and 2146
eV, 0.2 eV between 2146 and 2160 eV, 0.3 eV between 2160 and 2190
eV, and 5 eV between 2190 and 2322 eV. The maximum of the first
derivative of the spectrum (Eo) for the black P was set to 2145.5 eV for
energy calibration. A variscite standard (Eo = 2154.05 eV) was
frequently measured to check any shift that occurred after every energy
re-calibration. Between 4 and 8 scans were collected for each sample.

2.4.1. P K-edge XANES data processing

The computer code Athena, Demeter version 0.9.025 (Ravel and
Newville, 2005), was used for all XANES spectral data processing. Before
merging multiple scans of a given sample, each scan was examined
thoroughly for its quality (e.g. glitches, noise), and, if necessary, cor-
rected for any misalignment of energy, as indicated by the variscite
calibration check. The normalization of spectra was carried out as fol-
lows: first, correction of the linear baseline by subtracting a linear
function from the spectral range below the edge at —30 and —10 eV
relative to Eg = 2154.05 eV (the first-derivative maximum of the P K-
edge of variscite). Second, the post-edge normalization range was
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determined by a linear function between 30 and 45 eV relative to Eg =
2154.05 eV, as a starting point (Eriksson et al., 2016b). Each normalized
sample spectrum was thereafter subjected to linear combination fitting
(LCF) analysis (Beauchemin et al., 2003). In the current study, 15
standards divided into six species groups were used to provide a good
representation of the solid P phase in acid forest soil (Gustafsson et al.,
2020):

1. Soil organic P (representing generic organic P from a Spodosol Oe
horizon).

2. Phosphate adsorbed to Al: phosphate adsorbed to allophane, phos-
phate adsorbed to gibbsite, and phosphate adsorbed to AI(OH)3

3. Phosphate adsorbed to Fe: phosphate adsorbed to ferrihydrite, phos-
phate adsorbed to goethite

4. Al phosphates: variscite, amorphous AIPO4

5. Fe (1) phosphates: strengite, amorphous FePO4

6. Ca phosphates: apatite Taiba, apatite Templeton, hydroxyapatite,

octacalcium phosphate (OCP), brushite.

In the LCF, energy shifts were not permitted, the sum of weights
(SOW) was not forced to 1, and a maximum of four standards was
allowed in the output. The best fit was chosen from all the output fits, as
resulted in the lowest R factor (goodness-of-fit parameter of Athena)
(Ravel, 2009).

" (data - fit)®
3" (data)®

Moreover, only LC fits having a SOW between 0.95 and 1.05 were
accepted. The LC fits were then subject to uncertainty analysis with the
AthenaAut software, as detailed by Gustafsson et al. (2020). Briefly, 100
spectral variants for each single LC fit were generated by Latin hyper-
cube sampling. For misalignment in energy calibration and normaliza-
tion errors, we used Beta (o, ) probability distributions with a = p = 1.5.
The maximum energy calibration error, which is equivalent to 0- and
100 percentiles was set to —0.05 eV and 0.05 eV, respectively. The
maximum error in normalization was estimated to be 7% below and at
Eo, which then decreased linearly to 0 at the lower post-edge normali-
zation limit (set to +30 eV relative to Eg = 2154.05 eV). Each of the 100
spectral variants was then subjected to LCF analysis and the best results
for all LCF:s were retrieved. Only models that could describe at least
50% of spectral variants were accepted. To improve statistics for the
spectra not covered at 50%, we grouped different species groups into
larger groups following the procedure of Gustafsson et al. (2020). For
example, all Fe-bound P (phosphate adsorbed to Fe and Fe phosphate)
could be grouped into a single group termed “Fe-bound P” if this was
necessary to reach 50 %. The concentrations of XANES-derived P species
were calculated from the LCF-generated P fractional weights of the TP
concentration (in 100%). The fit uncertainty associated with energy
calibration and normalization errors was also calculated according to
Gustafsson et al. (2020). In this study, the resulting uncertainties of the
different fractions were generally in the order of 5 % of TP.

When presenting the results from LCF, we assumed that the sum of all
weights corresponded to TP. However, the X-ray beam is not able to
penetrate the soil particles more than a few um at the P K-edge, as was
discussed by Eriksson et al. (2016a), while the soil samples had been
crushed and sieved to <50 um. On the other hand, the assumption that
acid-digestible P represents TP is similarly uncertain. Hence, the
assignment of XANES-derived weights to percentages of TP may not be
completely correct, but the weights should be reasonably accurate
concerning the relative concentrations of geochemically active (i.e.
surface-active) P species in the soil.

R= )
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3. Results
3.1. Soil characteristics

The characteristics of the studied soils are presented in Table 2
(horizon-averaged data) and Table S1 (data for all individual samples).
In all investigated profiles, the pH was low and increased slightly with
depth. On average, the pH was 3.9, 4.2, 4.7 and 5.2 in the Oe, A/E, B and
C horizons, respectively. The amounts of Corg and total N (N) were high
in the Oe horizons and decreased substantially with soil depth. When
using the XANES-derived organic P from LCF, Porg.Icf, the element ratios
Corg: Porg-lef (mol mol’l) ranged between 1040 and 2340 in the Oe ho-
rizons. In the mineral soil, these ratios increased generally from the
North to the South and decreased with increasing soil depth. In the A/E
horizons, the Corg: Porg.1cf ratios were below 1000 for the two northern
sites, Flakaliden and Rodélund, and between 1679 and 2762 for the
remaining sites. The N: Porg.1cf (mol mol 1) ratio varied between 9 and
93.5 and appeared to be higher for the southern sites, when samples
from the same depths are compared.

The concentrations of oxalate-extractable Al (Alyy) and Fe (Feoy)
peaked in the B horizons (the maximum concentrations for all samples
were between 166.5 and 821.7 mmol kg’1 for Alox, and between 64.2
and 366.9 mmol kg’1 for Feoy), see Fig. S1. In the C horizons, the con-
centrations ranged from 25.3 to 188.1 mmol kg’1 for Aly and from 3.9
to 41 mmol kg’1 for Fegy. Minimum concentrations were measured in
the E horizons. The concentrations of pyrophosphate-extractable Al
(Alpy) and Fe (Fepy) were lower than Alyy and Feox. Two contrasting soils
were those of Kloten and Tarnsjo, which had the greatest and lowest
accumulation of both oxalate- and pyrophosphate-extractable Al and Fe,
respectively. On a molar basis, the Al,x concentration was always higher
than Fey, except in the A/E horizons of Tonnersjoheden and Skogaby.
The data also revealed that the inorganic AlSi ratio of the oxalate
extract, calculated as (Alox-Alpy)/Sioy, Was consistently between 2 and 3
in the B horizons (Table S1), suggesting ITM (i.e. allophane and imo-
golite) to be the dominant form of inorganic oxalate-extractable Al
(Gustafsson et al., 1999; Gustafsson et al., 1995; Lundstrom et al., 2000).
The DPS ranged between 1 and 34% with the highest and lowest per-
centages at Tarnsjo and Kloten, respectively. In the B horizons, the
former site also showed a higher DPS level, being 2 to 10 times higher
than that found in similar horizons at the other studied sites.

3.2. Contents of different extractable P fractions as assessed by wet
chemical extractions

The acid-digestible P (TP) concentration ranged from 1.1 to 29.7
mmol kg™! (median = 12.5 mmol kg~?) across all analyzed 73 samples,
of which between 13 and 98% could be dissolved in acid ammonium
oxalate (Table 2, Table S1). Of the oxalate extractable-P (P,x), on
average 66% was Piy, and the remaining part was assumed to represent
organic P (Porg.ox) (Table 2). The extracted P increased in the order Pojs
< P-AL < Py < TP. Both TP and P,y were generally low in the A and E
horizons.

Most of the P in the B horizons was extracted by oxalate (>64% of
TP); the P,y concentration ranged between 2.7 and 28.9 mmol kg’l. The
percentages decreased with soil depth for most of the soils. The lowest
relative recovery of P,y was found at Térnsjo, particularly in the C ho-
rizon where P,y formed, on average, 20% of TP. By contrast, the DPS was
consistently the highest at Tarnsjo, exceeding 25% below 70 cm. The
proportion of oxalate-extractable organic P (Porg.ox) in relation to Pox
was higher in the Oe and A/E horizons and then decreased with
increasing soil depth and with decreasing organic C. Unlike Pox and Pix,
Porg-ox Was strongly correlated with organic C (r = 0.83, p < 0.001).

3.3. P speciation in soils as evidenced by P K-edge XANES spectroscopy

The contribution of different P fractions varied within and among
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soil profiles (Figs. 2 and 3, Tables S2-58). In the Oe horizons, Porg.1cf Was
the dominant P fraction with a relative contribution between 73 (+3.5)
and 91% (4-2.4), but there was also a minor contribution from Al- and
Fe-, and/or Ca-bound P. In the A/E horizons, the contribution of Al-
bound P, Pogicr, Fe-bound P, and Ca-P were 16-68%, 17-57%,
0-43%, and 0-29%, respectively. Although Porgicf and Ca-P were pre-
sent in some of the B horizon samples, Al-bound P was the dominant P
fraction in the B horizon. The Al-bound P consisted probably mostly of
ITM, as evidenced both by the strong relationship between (Aloy-Alyy)
and Sigy (Fig. 52), and by the fact that the “P adsorbed to allophane”
standard occurred most frequently in the best fits (Tables 52-S8). Al-
bound P contributed to 42-74% of TP followed by Fe-bound P with
5-24%. Of the Fe-bound P (P adsorbed to poorly crystalline Fe oxides +
amorphous FePOy), P adsorbed to ferrihydrite and goethite were the
most abundant P species throughout the soil profiles, according to the
LCF results (Tables S2-S8).

In all soils, Ca-bound P increased with increasing soil depth (Figs. 2
and 3). The Ca-bound P was probably dominated by apatite, which is
supported by the fact that apatite occurred most frequently in the best
LCF fits (Tables S2-58). With the exception of the Kloten soil, which was
underlain by bedrock at 50 cm, the content of Ca-bound P was 17-63 %
in the C horizon down to 80 cm depth (Fig. 3). In the shallow Kloten soil,
apatite appeared to have almost completely dissolved. By contrast,
Tarnsjo appeared to be the soil with the highest amount of apatite in the
C horizon, as Ca-bound P accounted for 63% of the TP between 40 and
80 cm depth (Fig. 2, Table S4). Al- and Fe-bound P were also common P
species in the C horizon whereas the contribution of organic P was low,
only 0-6%. It is also pertinent to note that there was general consistency
between XANES and XRPD in the determination of apatite content
within and between soils.

When taking into account bulk densities (Table S1), sample thick-
ness, and stones and boulder content, the P stock in the upper 80 cm of
the soils investigated ranged from 69.1 to 379.0 g P m~2. It should be
noted that the smallest P stock was calculated for Kloten, simply because
its profile was shallower than the others. Unlike the higher P concen-
tration in the surface horizons, the average stock of TP was only 4 g m ™2
in the O horizons and 9.5 g m™2 in the A/E horizons, as compared to
117.5gm 2 and 109.3 g m 2 in B and C (down to 80 cm), respectively,
which means that 94 % of TP was in the B and C horizons. This sub-
stantially larger TP stock in the subsoil was caused in part by higher bulk
densities (Table S1), thicker horizons but also by P redistribution. The
stocks of separate P species in different horizons followed the same
pattern as TP, i.e. high concentrations but low stocks in the O horizons
and maximum P species stocks in the subsoil (Fig. 2). Of the TP in the
subsoil, 58% was adsorbed P (mainly to Al), while apatite accounted for
25% of the P, most of which was in the C horizons. The apatite stocks in
the A/E, B, and C horizons (down to 80 cm) was on average 2.5%, 20%,
and 77.2% of the total apatite, respectively. It should be noted that the
stocks in the E horizon of the Térnsjo pedon were not calculated because
of its low P concentration, which prevented successful XANES specia-
tion. Moreover, the Asa O horizon was not available and therefore not
included in the evaluation.

Possible relationships between XANES-derived P species and
extraction results were investigated using correlation analysis. Notably,
there was a significant positive correlation between the Ca-bound P, as
evidenced by XANES-LCF, and DPS (r = 0.57, p < 0.001) across all 73
soil samples (Table 3), which suggests that a high apatite content led to
higher dissolved P and thus to a higher degree of saturation on the Fe
oxides and ITM. The Pyg.icf Was strongly correlated (r = 0.91, p < 0.001)
with Corg and weakly but significantly correlated also with Porg.ox (r =
0.35, p < 0.05). XANES-derived Fe- and Al-bound P was highly signifi-
cantly correlated with total Poy (r = 0.97, p < 0.001) as well as with Pjox
(r = 0.95, p < 0.001). Moreover, a regression analysis showed that the
determination coefficient was (r> = 0.95, p < 0.001), o= 0.92,p <
0.001), and (0.52, p < 0.001) for the pairs [XANES-(Fe + Al)-P; Poxl,
[XANES-(Fe + AD)-P; Piox], and [Porg.icf 5 Porg-oxl, respectively (Figs. 4
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Fig. 2. Stocks of phosphorus (P) species groups in the organic layer, A/E, B, and C horizons (down to 80 cm) in seven forest soils from Sweden. No available data for
O horizon for Asa, the E horizon for Térnsjo, and below 50 cm for Kloten. Error bars indicate the uncertainty associated with the P pools.
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Fig. 3. Relative contributions of different P species to TP in seven forest soils according to P K-edge XANES spectroscopy. Soil depth (cm) is shown on the left. Porg:
organic P, P bound to Al: the sum of all Al-bound P species, P bound to Fe: the sum of all Fe-bound P species. In the O horizon of Tarnsjo, P bound to Fe + Al
represents a case when the probabilistic LCF could not differentiate between P bound to Al from P bound to Fe.
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Table 3

Geoderma 406 (2022) 115500

Pearson correlation coefficients (r) between extractable P fractions, XANES-derived P species and selected soil properties across all investigated mineral soil horizons.

*** P < 0.001, **: P < 0.01,*: P < 0.05.

pH Al Fepy Feox Sio Porg-ox c DPS
TP 0.37%* 0.17 0.00 0.21 0.28* 0.26* -0.07
Pox 0.01 0.31* 0.13 0.40%** 0.42%%* 0.46** 0.1
Piox 0.14 0.13 -0.05 0.27% 0.39%* 0.23 -0.11
Porg-ox -0.46%* 0.78%%* 0.72%%% 0.53%%* 0.627%* 0.25% - 0.83%%*
PAL —0.02 -0.09 -0.05 -0.21 -0.15 —0.25% - -0.03
Pos ~0.14 0.01 0.06 0 0.12 ~0.05 - 0.12
Porg.ic 0.24 0.02 0.01 0.02 0.03 0.04 0.35% 0.91%%*
(Fe + AD-P 0.16 0.20 0.04 0.36%* 0.32%% 0.36%* 0.33%* -0.20
Al-bound P -0.19 0.17 0.03 0.32% 0.27% 0.31% 0.25% —0.05
Fe-bound P 0.23 0.25 0.03 0.54%%* 0.44%* 0.54%%* 0.2 -0.13 0.04
P-ads Al 0.21 0.05 ~0.08 0.24 0.18 0.19 0.18 —0.11 0.30%
AlPO, 0.46* ~0.04 -0.17 0.02 -0.13 0.12 0.00 -0.16 0.55%
P-ads Fe 0.34 0.37 0.04 0.55%* 0.43% 0.51%* 0.31 -0.04 0.17
FePO, 0.05 0.12 0.00 0.25 0.13 0.38 0.05 -0.15 -0.08
CaPOy4 0.37* -0.21 -0.22 —0.24 -0.22 -0.17 -0.22 -0.28 0.57%**
and 5). Overall, these results suggest a high level of consistency between
the XANES-derived P speciation results and the information gained from 7.0 -
wet chemical extractions. :
T 6.0 N
4. Discussion An‘o - y =0.7022x + 0.2389
35 5.0 - R?=0.5257 °
The P speciation results of this study are consistent with those of P <0.001
Wood et al., who already in 1984 observed that the Podzols they studied € 4.0 : L J
were “highly stratified with respect to phosphorus biogeochemistry”,
with biological control of P in the O and some of the E horizons (as
manifested in the predominance of organic P), while in the B horizons P
cycling was predominantly “geochemical” and governed by P adsorp-
tion/desorption to secondary Al and Fe phases. They are also in general
agreement with the Walker and Syers model (Walker and Syers, 1976), i.
e., with time, primary mineral apatite is weathered to other P forms such
as adsorbed P and organic P. Similar observations were also made by, e. —
g. Cade-Menun et al. (2000) and SanClements et al. (2010). These and 6.0

other previous research findings were, however, based on traditional
wet-chemistry fractionation methods and in some cases >'P NMR spec-
troscopy, none of which are well suited to characterize inorganic P
phases in subsoils. In the current study, the use of P K-edge XANES
spectroscopy combined with traditional wet-chemistry methods
permitted a more detailed picture of P speciation. Although similar work

35 -

304 v=09871x+01891 A
R*=0.9461

25 4 P <0.001

20 A

15 A

10 4

XANES-derived (Fe+Al)-P(mmol kg?)

20 30 40
P-ox (mmol kg'?)

Porg-ox

Fig. 5. Relationship between organic P (according to XANES) and organic P
determined by oxalate extraction in the mineral soils.

35 -

30 A

y = 1.0657x+1.6697
R?=0.9217 R
P <0.001

XANES-derived (Fe+Al)-P(mmolkg?)

10 20
Pi-ox (mmol kg'?)

30 40

Fig. 4. Relationship of Fe- and Al-bound P (according to XANES) and (A) oxalate-extractable total P and (B) inorganic P, in all the 65 mineral soil samples from seven

different forest soils.
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was reported recently for other soil profiles from Cambisols and from
other non-podzolized soils (Prietzel et al., 2016; Rodionov et al., 2020;
Zhang et al., 2021), this study, together with a companion study (Ade-
diran et al., 2020) are the first, to our knowledge, that report detailed
XANES-derived P speciation data for Podzols and Podzol-like soils
typical of boreal forested environments.

A unique aspect of the current study was the estimation of horizon-
specific P stocks associated with different P species, as determined by
XANES. These calculations show that in the seven studied profiles only a
small part of the P resided in the O and E horizons (6%) while the
remaining 94 % was found in the B and C horizons down to 80 cm. In line
with this is the finding that, on average, only 6% of the P was organic P,
while 58 % was adsorbed to Al and Fe (hydr)oxides (mainly to Al) and
25 % was Ca phosphates in the subsoil horizons. Thus, although the
quantitative role of Al and Fe (hydr)oxide-bound P for P uptake has been
questioned, it is nevertheless clear that this pool, together with apatite,
represents a large reserve of P in the forest ecosystem. The P stocks of
this study are in the low to intermediate range when compared to central
European forest soils (Cambisols; Prietzel et al., 2016; Lang et al., 2017),
and soils from the tropical East Asian region (Jien et al., 2016). The
distribution of P species in podzolized soils of temperate regions has
been also studied (Werner et al., 2017), although in this case stocks were
not calculated.

The investigated forest soils show a marked decline in apatite con-
tents (both in concentrations and stocks) in the topsoils down to about
30-40 cm depth compared to the C horizon after 10,000 to 15,000 years
of soil formation. A large part of the TP has been transformed into
organic P in the topsoils and to Fe- and Al-bound P in the B horizon. As
concerns the B horizons, the XANES data allowed us to clarify the
identity of the adsorbed P. Perhaps not surprisingly, P bound to Al and
Fe (hydr)oxides and ITM were the major P forms. However, it should be
noted that the ITM were of particular importance as a host for adsorbed
P: as can be seen in Fig. 3 and Tables S2-S8, P adsorbed to allophane,
and other Al-bound P forms, were quantitatively more important than
Fe-bound P in all studied soils. There was also a strong increase in the
apatite fraction in the mineral soil as a function of soil depth, which is
also evident in the mineralogical analysis of soil by XRPD (Table 59).
These results extend those of our previous study (Adediran et al., 2020),
which used micro-focused X-ray fluorescence and absorption micro-
scopy showing the subsoil apatite to occur both as inclusions in alumi-
nosilicate minerals and as discrete mineral grains. These findings
support the ideas of Wood et al. (1984), who found indications that
surface horizons rich in roots, bacteria, fungi, and OM are layers of strict
biological P retention whereas geochemical processes involving mostly
inorganic P pools would predominate in underlying soil horizons. This is
probably true for the Oe horizons of the current study, where organic C
was about 40 %, and where organic P accounts for a major part of the TP.
Previous research has shown that P cycling in forested ecosystems is
characterized by tight coupling between the decomposition/minerali-
zation of organic P and uptake in the surface horizon, so that only a
minor fraction of the P is taken up from the subsoil (e.g. Klotzbiicher
et al., 2020; Lang et al., 2017; Wood et al., 1984).

Organic P decreased substantially with increasing soil depth and was
a minor P species in the subsoil. The reason for this is likely that plant
litter is the main source of Py which is deposited on top of the organic
layer (leaf litter) or mostly in the organic layer (root litter). In the
mineral soil, organic matter is mainly derived from root litter and
mycorrhizal fungi (Buurman and Jongmans, 2005, Richardson and
Simpson, 2011) and their density decreases with soil depth, resulting in
lower OM input thus low Porg (Wood et al., 1984). Alternatively, the
occurrence of Porg in the subsoil might also be explained by leaching of
DOC or colloids through the soil profile (e.g., Werner et al., 2017).

The Corg: Porg and N: Py ratios in the A/E horizons were most often
of a similar magnitude as in the Oe horizon (Table 2, and S1), but then
decreased with increasing soil depth and with increasing P concentra-
tions in the mineral soil. This agrees with previous research showing that
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high contents of surface Al and Fe minerals result in narrow Corg:Porg
ratios (Werner et al., 2017). In the B horizons, most of the P was asso-
ciated with Al and Fe phases, which reflects the enrichment of ITM and
Fe (hydr)oxides in the B horizon due to podzolization processes (e.g.
Lundstrom et al., 2000). Our results suggest that during pedogenesis, P
weathered from apatite in the upper soil horizons has been redis-
tributed, and a major part of this P is now adsorbed in the B horizon. A
large part of this redistribution probably occurred early during the
Holocene, as the apatite weathering rate was probably higher then
(Zhou et al. 2018). The XANES results suggest that ITM was the most
important host for adsorbed P in the B horizon. The mineralogical data
of the soils studied support this interpretation as they show that allo-
phane (ITM) and ferrihydrite peaked in B horizons (Table S9). The
finding that ITM is the most important host for adsorbed P is not sur-
prising given that (i) oxalate-extractable Al was generally much higher
than oxalate-extractable Fe in the B horizon (Table 2), and (ii) surfaces
with Al-OH groups have a documented high capacity to sorb ortho-
phosphate (e.g. Tiberg et al. 2020). This finding is consistent with that of
Takamoto et al. (2021) who found that Al phases exert a stronger control
of P than Fe phases in allophanic soils.

The fact that 95% of the variation of the Fe- and Al-bound P could be
explained by Pox (Which includes also organically bound P), compared to
92% for Pioy (Fig. 4), may suggest that organic P should not be ignored as
a contributor to the Fe- and Al-bound P pool especially in the podzolized
B horizons. As discussed by Gustafsson et al. (2020), adsorbed organic P
may contribute to the XANES-derived Fe- and Al-bound P pool, as its
XANES spectrum is intermediate to the spectra of adsorbed inorganic P
and non-adsorbed organic P. These results are consistent with earlier
studies (Borggaard et al., 2004, Yuan and Lavkulich, 1994), reporting
that Fe and Al oxy(hydr)oxides are important sorbents for both mineral
and organic P, especially in Podzols. To what extent the adsorbed P in
the B horizon is available for uptake is a matter of ongoing discussion
(Jones and Oburger, 2011; Klotzbiicher et al. 2020). Excretion of organic
acids from soil microorganisms can mobilize P in acid forest soils with
limited P supply (Jones and Oburger, 2011). However, the P uptake by
beech was not affected by addition of P-amended goethite in greenhouse
experiments (Klotzbiicher et al. 2020), which led these authors to put
into question the ecological relevance of the large Fe-bound P pool in the
subsoil.

In this context, it may be important to consider the fact that ITM and
Fe oxide in the B horizon have high P sorption capacities and may serve
not only as sources but also as sinks of P. To what extent they can act as
sources is probably dependent on the DPS, i.e. to what extent the oxide
surfaces are ‘saturated’ with P. Excretion of organic acids may not lead
to increased P uptake if the released P is immediately readsorbed to the
Fe and Al phases because of their low DPS. It is of interest to note that the
Kloten soil, which was the soil with the lowest DPS in the B horizon, was
also the soil with the largest percentage of P as organic P in the B ho-
rizon, despite its relatively strong accumulation of ITM and Fe oxide
(Fig. 3, Table 2) as shown by extraction (Fig. S1 and S1) and XRPD re-
sults (Table S9). Conversely in the Tarnsjo soil, which had the highest
DPS in the B horizon, the mineral soil contained very little organic P.
This supports the idea that in relatively P-poor Podzols the system would
strive for more efficient recycling of organic P, with minimal losses to
adsorbed P forms in the subsoil (e.g. Lang et al., 2017; Odum, 2014).

Although the current study confirms the hypothesis of Wood et al.
(1984), i.e. that Fe and Al in the subsoil exert a major control of P
through geochemical rather than biological cycling, this does not
exclude a role of Fe- and Al-bound P for biological uptake, particularly
not in P-rich sites. In this respect we hypothesize that ITM and other Al
phases such as Al(OH)3, which dominate the P speciation in the B ho-
rizon of these boreal Podzols, are more likely sources for geochemically
active P than Fe oxides, because of their lower thermodynamic stability
under acid conditions (Gustafsson, 2001, Gypser et al., 2021).

In the C horizon, the apatite pool was larger in most of the studied
soils, especially in Téarnsj6, Tonnersjoheden, and Flakaliden, which also
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have relatively large P stocks. In addition, the DPS in the B and C ho-
rizons of these three soils was on average above 8% and 14%, respec-
tively. This suggests that apatite weathering is still going on, which is
supported by the fact that the pH is sufficiently low for apatite to be
unstable. The result of acid P-AL (pH 3.75) (Table 2, S1) may also
indicate that more P is dissolved at low pH in the apatite-dominated C
horizon compared with the B horizon, in which Fe and Al are the major P
hosts. In the Kloten soil, however, where the DPS was lowest, apatite had
been almost completely dissolved from the pedon (Figs. 2 and 3). These
trends demonstrate that the long-term effect of apatite weathering on
the P availability in these boreal forest soils is substantial, and indicate
that apatite-bound P represents a pool that is potentially available via
deep root uptake.

5. Conclusions

o In the studied soils, 94% of the TP resides in the mineral soil from
about 20 cm to 80 cm depth as adsorbed P and apatite. Although the
mobilization of P from secondary Fe and Al compounds has been
questioned, this study suggests that these pools could be P resources
on which plants can rely in the long term for P uptake, especially
since the P stocks in the surface horizons and topsoils soils are small.
The combined use of bulk P K-edge XANES spectroscopy and wet-
chemical P extractions revealed that organic P dominated the
speciation in the organic horizon, whereas PO4 bound to Fe and Al
(hydr)oxides predominated in the B horizon of the studied soils. Al-
bound P was higher than Fe-bound P, which may partly reflect the
higher content of Al (hydr)oxides including ITM in the B horizon
when compared to Fe (hydr)oxides.

Apatite has been strongly weathered in the topsoils down to about
30-40 cm although the Swedish forest soils are at an early stage of
soil development. As a result of podzolization, P from the topsoils (A/
E horizons) has been redistributed to the B horizons, most probably
as P adsorbed to ITM.

The degree of P saturation (DPS) varied among the soils and was
positively correlated with the content of Ca-bound P, which suggests
that apatite weathering remains a determinant of long-term P
availability in these soils.
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Fig. S1: Distribution of oxalate-extractable Fe (Feox) and Al (Alox) for all seven forest soils
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Table S2: Relative phosphorus speciation (%) in the soil samples from Flakaliden as evidenced by LCF.
Standard deviations are shown within parenthesis. For each species group included in the fit, the standard
with the highest average weight is shown. The P groups are listed in the materials and method section. The
R-factor is the goodness-of-fit parameter reported by Athena.

Flakaliden 14B

Horizon/depth Porg-icf Fe-bound P Al-bound P Ca-P R factor
(cm) FePO4 POq-ads Fe AIPO4 POg-ads Al
Oe 90.8 (3.5) 2932 6.2 (3.3) 0.0006
Porg-cf PO4-Goeth POs-allo
E 0-10 38.9(4.8) 29.8(3.1) 7.4(2.9) 24.0 (2.7) 0.0046
Porg-lcf FePO4 POs-allo Hydroxyapatite
E 10-20 25.1(6.0) 15.3 (5.0) 304 (5.1) 29.2 (2.7) 0.0046
Porg-ic PO4.Goeth AIPO4 Hydroxyapatite
B 20-30 16.9 (8.5) 83.1(8.5) 0.0013
PO4.Goeth POs-allo
B 30-40 325 (5.5) 49.6 (5.6) 18.0 (1.9)  0.0007
PO4.Goeth POs-allo  Hydroxyapatite
BC 40-50 16.6 (9.2) 68.1(8.3) 15.2 (2.0)  0.0009
POu.Ferri POs-allo Apatite Taiba
C 50-60 122 (9.2) 80.6 (8.5) 7.2(2.0) 0.0008
POs-Ferri POs-allo  Hydroxyapatite
C 60-70 349 (11.4) 426 (12.2) 225(2.7) 0.0011
POs-Ferri POs-allo Apatite Taiba
C 70-80 26.6 (8.2) 515 (8.7) 219(2.2) 0.0012
POs-Ferri POgs-allo Apatite Taiba
C 80-90 24.0 (5.3) 43.6 (5.8) 324(3.0) 0.0012
FePO4 POgs-allo Apatite Taiba
C 90-100 26.0 (6.6) 41.1(7.0) 329(2.1) 0.0008
PO4+-Goeth POs-allo Apatite Taiba

POg-Ferri: POs-adsorbed to ferrihydrite, PO4-Goeth: PO4 adsorbed to goethite, POs-Allo: PO4 adsorbed to
allophane. Ca-P: Ca-bound P, Porg.cr: Soil organic P as determined by XANES. Al-bound P, Al-bound Fe (second
row) represent cases when the probabilistic LCF could not distinguish the PO, adsorbed to Al from AIPO,, and
the PO4 adsorbed to Fe from FePOy, respectively.



Table S3: Relative phosphorus speciation (%) in the soil samples from 1470 Rodalund as evidenced by LCF.
Standard deviations are shown within parenthesis. For each species group included in the fit, the standard
with the highest average weight is shown. The P groups are listed in the materials and method section. The
R-factor is the goodness-of-fit parameter reported by Athena.

1470 Rodalund

Horizon/depth Porg-ic Fe-bound P Al-bound P Ca-P R factor
(cm) FePO4 PO4-ads Fe AIPO4 POg-ads Al
Oe 85.1(3.8) 4.3(3.1) 10.6 (2.6) 0.0005
Porg—lcf FePOas POs-allo
E 0-10 68.9 (4.8) 25.2 (3.0 5.9 (2.0) 0.0097
Porg-tef AlPO4 Hydroxyapatite
E 10-17 60.1 (6.0) 17.1(3.0) 22.8 (3.6) 0.0087
Porg-ict AIPO4 Hydroxyapatite
E/B 17-20 34.2(5.7) 49.1 (3.4) 16.6 (3.0) 0.0036
Porg-ict AIPO4 Hydroxyapatite
B 20-30 41.5(3.7) 19.2 (4.6) 35.1(6.2) 4.2 (15) 0.0025
Porg-ict PO4.Goeth AIPO4 PO4-Gib
BC 30-40 76.0 (4.5) 24.0 (4.5) 0.0021
AIPO4 Hydroxyapatite
BC 40-50 75.8 (4.6) 24.2 (4.6) 0.0010
PO:s-allo Hydroxyapatite
C 50-60 12.3(5.8) 15.9 (6.4) 51.8 (5.6) 20.0 (2.8) 0.0008
Porg-ict FePOs PO4-allo  Apatite Taiba
C 60-70 17.3 (5.6) 62.0(7.1) 206 (5.2) 0.0011
POs-Ferri PO4-allo Apatite Taiba
C 70-80 36.3 (6.4) 30.5(6.1) 33.2(3.1) 0.0017
PO4-Ferri AlPO4 Apatite Taiba

POs-Ferri: POs-adsorbed to ferrihydrite, PO4s-Goeth: PO4 adsorbed to goethite, POs-Allo: PO4 adsorbed to
allophane. Ca-P: Ca-bound P, Porg.icr: S0il organic P as determined by XANES. Al-bound P, Al-bound Fe (second
row) represent cases when the probabilistic LCF could not distinguish between PO4 adsorbed to Al from AIPOy,

and between PO, adsorbed to Fe and FePOy., respectively.



Table S4: Relative phosphorus speciation (%) in the soil samples from Térnsjo as evidenced by LCF.
Standard deviations are shown within parenthesis. For each species group included in the fit, the standard
with the highest average weight is shown. The P groups are listed in the materials and method section. The
R-factor is the goodness-of-fit parameter reported by Athena.

Térnsjo
Horizon/depth Porg-ic Fe-bound P Al-bound P Ca-P R factor
(cm) FePO4 POs-ads Fe AIPO4 POg-ads Al
Oe 91.4 (2.4) 6.4 (3.4) 22(2.2) 0.0012
Porg-lcf PO4-Goeth* Brushite
E0-2 n.d
B 2-10 3.3(3.6) 13.8 (4.7) 82.9(6.1) 0.0022
Porg-lcf FePO4 POs-allo
B 10-20 3.7(4.2) 19.9 (6.4) 76.4 (8.5) 0.0012
PO4.Goeth POs-allo
B 20-30 90.0 (4.4) 10.0 (4.4) 0.0012
POs-allo Hydroxyapatite
BC 30-40 8.7 (4.8) 10.8 (7.3) 48.3 (3.3) 321 (3.7) 0.0021
FePO4 AIPO4 POs-allo Apatite
Templeton
C 40-50 17.2 (3.7) 32.0(1.6) 50.8 (3.0) 0.0023
FePO4 POs-allo Apatite
Templeton
C 50-60 41.8(2.9) 58.2 (2.9) 0.0018
POs-allo Apatite
Templeton
C 60-70 24.0 (1.8) 76.0 (1.8) 0.0027
AIPO4 Apatite
Templeton
C 70-80 3.9(4.1) 28.2(2.1) 67.9 (2.9) 0.0069
FePO4 Variscite Apatite
Templeton

PO,-Goeth: PO, adsorbed to goethite, PO4-Allo: PO, adsorbed to allophane. Ca-P: Ca-bound P, Porg-ic : S0il organic
P. n.d: not detected by XANES. Al-bound P, Al-bound Fe (second row) represent cases when the probabilistic
LCF could not separate the PO4 adsorbed to Al from AIPO4, and the PO, adsorbed to Fe from FePOy., respectively.

* is the most probable P species when the probabilistic LCF could not separate all P bound to Al and Fe.



Table S5: Relative phosphorus speciation (%) in the soil samples from Kloten as evidenced by LCF.
Standard deviations are shown within parenthesis. For each species group included in the fit, the standard
with the highest average weight is shown. The P groups are listed in the materials and method section. The

R-factor is the goodness-of-fit parameter reported by Athena.

Kloten

Horizon/depth Porg-icf Fe-bound P Al-bound P Ca-P R factor

(cm) FePO4 POy-ads Fe AIPO4 POgs-ads Al

Oe 90.2(3.5) 8.1(3.8) 1.7 (3) 0.0012
Porg-lct Strengite Brushite

E 0-7 56.6 (3.2) 16.9(2.7) 10.7 (3.3) 16.1 (3.0) 0.009
Porg-ef Strengite Varscite POs-allo

B 7-12 40.4 (4.7) 15.9 (6.7) 43.6 (3.0) 0.001
Porg»lcf AIPO4 POs-Gib

B 12-20 38.4 (4.5) 21.3(5.9) 40.2 (2.5) 0.002
Porg—lcf AIPO4 PO4-Gib

B 20-30 23.4 (4.1) 76.6 (4.1) 0.002
Porg—lcf POgs-allo

B 30-40 24.9 (3.0) 19 (4.6) 56 (3.7) 0.001
Porg-lct PO4-Ferri POs-allo

BC 40-50 24 (9.5) 63.1 (4.3) 12.8 (5.5) 0.002

AIPO4 POs-allo OoCP

OCP: octacalcium phosphate, POs-Ferri: POs-adsorbed to ferrihydrite, POs-Allo: PO4 adsorbed to allophane, POs-
Gib: PO4 adsorbed to gibbsite, Ca-P: Ca-bound P, Porg.cr: S0il organic P as determined by XANES. Al-bound P,
Al-bound Fe (second row) represent cases when the probabilistic LCF could not differentiate between PO4
adsorbed to Al and AIPO4, and between PO, adsorbed to Fe and FePQOy, respectively.



Table S6: Relative phosphorus speciation (%) in the soil samples from Skogaby as evidenced by LCF.
Standard deviations are shown within parenthesis. For each species group included in the fit, the standard
with the highest average weight is shown. The P groups are listed in the materials and method section. The
R-factor is the goodness-of-fit parameter reported by Athena.

Skogaby
Horizon/depth Porg-tcf Fe-bound P Al-bound P Ca-P R factor
(cm) FePO4 POg-ads Fe AIPO4 POg-ads Al
Oe 73.4(3.5) 17.8 (4.0) 8.8 (5.0) 0.0010
Porg—lcf FePO4 POgs-allo
E0-5 23.8(3.9) 7.9 (6.9) 68.3(8.3) 0.0072
Porg-lct PO4.Goeth AIPO4
EB 5-10 325(4.1) 67.5 (4.1) 0.0046
Porg-lcf A|P04
B 10-20 32.1(4.5) 33.8(9.8) 12.4(7.6) 21.6 (5.6) 0.0021
Porg-tef PO4-Goeth AIPO, POs-allo
B 20-30 30.6 (3.3) 22.0(7.6) 47.4 (7.5) 0.0017
Porg-ict PO4-Goeth POs-allo
B 30-40 38.1(8.9) 49.7 (11.5) 12.2 (4.9) 0.0026
PO4.Goeth POs-allo Hydroxyapatite
BC 40-50 13.3(3.8) 23.8(5.1) 62.8(3.2) 0.0013
Porg-cf POs.Goeth POs-allo
C 50-60 12.0 (4.6) 88.0 (4.6) 0.0009
Porg-lcf PQOus-allo
C 60-70 18.1 (4.5) 34.2 (2.5) 47.6 (3.3)
FePO4 POs-allo  Apatite Taiba 0.0016
C 70-80 8.8 (6.5) 47.6 (5.3) 43.6 (3.6) 0.0018
FePO4 AlPO4 Apatite Taiba
C 80-90 115 (4.8) 24.7 (1.8) 63.7 (4.0) 0.0029
FePO4 POs-Gib  Apatite Taiba
C 90-100 7.8(4.9) 22.8(1.5) 69.4 (4.8) 0.0034
FePO4 PO4-Gib  Apatite Taiba

PO,-Gib: PO, adsorbed to gibbsite, PO4-Goeth: PO,4 adsorbed to goethite, POs-Allo: PO, adsorbed to allophane,
Ca-P: Ca-bound P, Pargict = S0il organic P as determined by XANES. Al-bound P, Al-bound Fe (second row)
represent cases when the probabilistic LCF could not separate the PO4 adsorbed to Al and AIPO4, and the PO4
adsorbed to Fe and FePOy, respectively.
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Table S7: Relative phosphorus speciation (%) in the soil samples from Tonnersjéheden T103 as evidenced
by LCF. Standard deviations are shown within parenthesis. For each species group included in the fit, the
standard with the highest average weight is shown. The P groups are listed in the materials and method
section. The R-factor is the goodness-of-fit parameter reported by Athena.

Tonnersjoheden (T103:1)

Horizon/depth Porg-icf Fe-bound P Al-bound P Ca-P R factor
(cm) FePO4 POs-ads Fe  AIPO4 POs-ads Al
Oe 88.4(46) 5.2(3.0) 6.5(3.1) 0.0004
Porg-ict FePOs P-AI(OH)3
A0-10 24.0 (4.8) 43.0 (6.0) 15.4(6.8) 17.6 (3.2) 0.0025
Porg-tcf PO4.Goeth  AIPO4 POs-allo
B 10-20 229(3.2) 27.8(7.8) 49.3(7.7) 0.0008
Porg-icf POs-Goeth POs-allo
B 20-30 15.5 (4.8) 19.5 (7.6) 58.6 (8.2) 6.4 (5.0) 0.0007
Porg-Icf FePO4 POs-allo OCP
B 30-40 9.0 (6.7) 22.5(8.9) 53.7 (8.5) 14.8 (3.8) 0.0008
Porg-Icf PO4-Goeth POs-allo OCP
BC 40-50 21.2(7.0) 52.6 (7.7) 26.2 (5.6) 0.0008
PO4.Goeth PO4-Gib Apatite Taiba
BC 50-60 334 (45) 229(10.5) 18.2 (5.0) 25.4 (4.7) 0.0014
PO4+.Goeth  AIPOs PO4+-Gib  Apatite Taiba
C 60-70 15.9 (5.4) 38.3(2.1) 45.8 (4.0) 0.0015
FePO4 POs-allo  Apatite Taiba
C 70-80 13.1(5.5) 17.0(2.9) 17.0(6.0) 52.9 (3.4) 0.0017
FePO4 PO4+.Goeth  AIPOs Apatite Taiba
C 80-90 312 (3.7) 5.6 (1.8) 63.2 (2.6) 0.0057
AIPO4 POs-allo  Apatite Taiba
C 90-100 22.6(3.0) 21.0(4.9 56.4 (3.0) 0.0014
PO4-Goeth  AIPO4 Apatite Taiba

PO,-Gib: PO4 adsorbed to gibbsite, PO4-Goeth: PO4 adsorbed to goethite, POs-Allo: PO, adsorbed to allophane,
Ca-P: Ca-bound P, OCP: Octacalcium phosphate, Porg-cf : S0il organic P as determined by XANES. Al-bound P,
Al-bound Fe (second row) represent cases when the probabilistic LCF could not distinguish the PO4 adsorbed to

Al from AIPOy, and the PO, adsorbed to Fe from FePOa, respectively.
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Table S8: Relative phosphorus speciation (%) in the soil samples from Asa as evidenced by LCF. Standard
deviations are shown within parenthesis. For each species group included in the fit, the standard with the
highest average weight is shown. The P groups are listed in the materials and method section. The R-factor
is the goodness-of-fit parameter reported by Athena.

Asa
Horizon/depth Porg-icf Fe-bound P Al-bound P Ca-P R factor
(cm) FePO4 POs-ads Fe  AIPO4 POs-ads Al
A0-10 16.8 (7.1) 38.9(5.3) 15.6(5.3) 28.6(6.2) 0.0007
Porg—lcf POs-Ferri AlIPO4 OCP
B 10-20 46 (4.1) 8.8 (6.8) 18.3(8.2) 25.3(6.7) 0.0008
Porg-Icf POs.Goeth AIPO4 POs-Gib
BC 20-30 29.8(5.0) 19.1(4.0) 39.2(3.2) 11.8 (2.4) 0.0008
Porg-Icf FePOq4 POs-llo OCP
C 30-40 27.1(48) 175@3.7) 415 (3.3) 27.1(4.8) 0.0008
Porg-lct FePO4 POs-allo  Hydroxyapatite
C 40-50 189(47) 17.1((41) 45 (3.0) 18.9(2.1) 0.0009
Porg-ict FePO4 POs-allo  Hydroxyapatite
C 50-60 17 (4.1) 13.1(4.1) 44.9 (3.2) 24.8 (1.7) 0.001
Porg-icf Strengite POs-allo  Apatite Taiba
C 60-70 17.7 (8.5) 40.1 (4.8) 42.1(4.1) 0.002
AIPO4 POs-allo Hydroxyapatite
C 70-80 25.03 (4.46) 255(1.7) 49.4 (3.2) 0.002
FePO4 POs-allo Apatite Taiba
C 80-90 252 (3.1) 14.3(1.1) 60.4 (3.1) 0.002
FePO4 POgs-allo Apatite Taiba
C 90-100 17 (4.3) 73(3.2) 9.6 (1.4) 66.1(3.1) 0.002
FePO4 AlPO4 PO4-Gib Apatite Taiba

PO,-Gib: PO, adsorbed to gibbsite, PO4-Goeth: PO4 adsorbed to goethite, POs-Allo: PO, adsorbed to allophane,
Ca-P: Ca-bound P, OCP: Octacalcium phosphate, Porgcr : S0il organic P as determined by XANES. Al-bound P,
Al-bound Fe (second row) represent cases when the probabilistic LCF could not differentiate between PO4
adsorbed to Al and AIPO4, and between PO, adsorbed to Fe and FePOy, respectively.
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ARTICLE INFO ABSTRACT

Handling Editor: David Laird The cycling and long-term supply of phosphorus (P) in soils are of global environmental and agricultural con-
cern. To advance the knowledge, a detailed understanding of both the vertical and lateral variation of P chemical
speciation and retention mechanism(s) is required, a knowledge that is limited in postglacial forest soils. We
combined the use of synchrotron X-ray fluorescence microscopy with multi-elemental co-localisation analysis
and P K-edge XANES spectroscopy to reveal critical chemical and structural soil properties. We established a
two-dimensional (2D) imagery of P retention and speciation at a microscale spatial resolution in two forest soil
profiles formed in glaciofluvial and wave-washed sand. The abundance and speciation of P in the upper 40 cm
was found to be influenced by soil weathering and podzolization, leading to spatial variability in P speciation on
the microscale (< 200 ym) with P existing predominantly as organic P and as PO4 adsorbed to allophane and
ferrihydrite, according to XANES spectroscopy. These species were mostly retained at sharp edges and in pore
spaces within Al and Si-bearing particles. Despite the relatively young age (< 15,000 years) of the soils, our
results show primary mineral apatite to have weathered from the surface horizons. In the C horizon however, a
large fraction of the P was in the form of apatite, which appeared as widely dispersed (> 600 pm) hot spots of
inclusions in aluminosilicates or as discrete micro-sized apatite grains. The subsoil apatite represents a pool of P
that trees can potentially acquire and thus add to the biogeochemically active P pool in temperate forest soils.

Keywords:

Phosphorus retention and speciation

Postglacial forest soils

Apatite weathering

Podzolization

X-ray fluorescence microscopy and spectroscopy

1. Introduction biomass, could lead to a successive depletion of bioavailable P in forest

soils. This is particularly the case as concerns whole-tree harvesting, but

Phosphorus (P) is a macronutrient needed for the sustenance of all
forms of life on Earth. However, the global supply of P is limited
(Cordell et al., 2009; Van Vuuren et al., 2010). Temperate and boreal
forest ecosystems in northern Europe are associated with soils that were
formed after the last glaciation 8000-15,000 years ago. Most of these
were developed in glacial till and glaciofluvial or wave-washed sand
(Werner et al., 2017a). The primary production of these ecosystems is
usually limited by the availability of nitrogen (N), and currently there
are few indications of P limitation (Akselsson et al., 2008; Binkley and
Hogberg, 2016). However, the increased atmospheric N deposition in
the last decades have rendered some forest ecosystems more N-en-
riched, which may increase problems with N leaching (Gundersen et al.,
2006), and thereby make P a more critical nutrient (Yu et al., 2018). In
addition, today’s forest management methods, with harvesting of

also stem harvesting leads to P losses. A mass balance study carried out
for 14,550 Swedish sites revealed that the annual losses of P from
forestry exceed 1 kg P ha™! in the southern part of Sweden (Akselsson
et al., 2008). This could also contribute to a successive transition from
N to P limitation in northern European ecosystems.

The bioavailability of P for plant use depends on its chemical spe-
ciation, its relationship with soil particles and proximity to plant roots
(Frossard et al., 2000). For P to be bioavailable, it will first need to be
weathered from primary minerals, predominantly apatite (Wallander
et al.,, 1997). As many northern European forest soils is of relatively
recent origin, they are expected to contain appreciable amounts of
apatite in the mineral soil (Walker and Syers, 1976). Apatite weathering
has been shown to be strongly dependent on the acidity of the soil;
possibly, soil organisms can speed up weathering by excreting organic
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acids (Smits et al., 2014; Wallander et al., 1997). Once apatite is dis-
solved, the released P is potentially bioavailable. However, the released
orthophosphate (o-phosphate ions) may also be adsorbed by iron (Fe)
and aluminium (Al) (hydr)oxides including allophane, which are ubi-
quitous weathering products in the B horizons of Spodosols (Gustafsson
et al., 1999). In addition, some P is also stored in soil organic matter in
a variety of P forms (Vincent et al., 2012).

The bulk chemical speciation of P in a soil sample can be estimated
by P K-edge XANES spectroscopy with linear combination fitting
(Beauchemin et al., 2003). There are many recent examples on the
successful use of this technique, also for forest soils (Prietzel et al.,
2016). Although the bulk speciation of P is useful to know, it is im-
portant to remember that the spectra obtained represent an average of a
large number of P phases present in a sample. This can make individual
assignments, based on linear combination fitting, uncertain (Gustafsson
et al., 2020). In addition, the bulk speciation is not necessarily related
to bioavailability, as it does not indicate to what extent the P phases are
geochemically active and/or available for plant uptake.

The use of synchrotron-based X-ray fluorescence (u-XRF) micro-
scopy in combination with spotwise P K-edge X-ray atomic absorption
near-edge structure (u-XANES) spectroscopy can offer valuable addi-
tional information on P speciation as it allows multi-elemental mapping
as well as solid-state P speciation analysis in-situ (Baumann et al., 2019;
Rivard et al., 2016; Werner et al., 2017b). For example, Rivard et al.
(2016), studying the effects of fertilization on P species in agricultural
soils from Illinois, noticed the presence of some “hot spots” with an
enrichment of Ca-bound P, probably apatite. However, their effect on
the bulk XANES spectra were insignificant. Werner et al. (2017b), who
studied a group of Bavarian Cambisols, found that P-enriched areas
coincided with the presence of Al and Fe hydrous oxides, showing that
P was bound mainly to Al and Fe of these phases. In microsites, they
also found indications of the presence of Al phosphates and also of
unusual magnesium (Mg) phases such as MgHPO,4, which could not be
identified with bulk P-XANES methods. Hesterberg et al. (2017) col-
lected P K-edge XANES spectra from 12 microsites of one Histosol soil
sample. In all microsites the P was dominated by organic P and Al-
bound P, but the relative proportions of the different species were
variable, confirming that p-XANES was able to provide additional in-
formation on the P speciation in localized areas of the samples.

Moreover, bulk soil P-XANES spectroscopy has been used to eluci-
date weathering-induced apatite dissolution from which the P released
can be transformed to other species, such as organic P and P adsorbed
on Fe and Al (hydr)oxides, or leached (Eriksson et al., 2016; Prietzel
et al., 2016). As a result, the apatite concentration increased with soil
depth while the concentrations of organic P and adsorbed P species
decreased with depth. This observation is consistent also with previous
studies that relied on results from wet extractions (Walker and Syers,
1976; Frossard et al., 1989). However, electron microscopy has been
used to show small amounts of apatitic P to be preserved as ‘mineral
apatite inclusions’ (a mineral species present within the matrix of an-
other mineral species) in slowly weathered silicates (Heindel et al.,
2018; Syers et al., 1967).

Despite these research efforts, there are many aspects of the two-
dimensional (2D) spatial distribution of P that remain unclear, and
what this means for our interpretation of soil P cycling and weathering
phenomena. Moreover, there is no study to date which has established a
2D-imagery of P distribution and chemical speciation as a function of
depth in a soil profile. This visualisation is critical for the accurate
conceptualisation of molecular-scale chemical and physical reactions of
P in soils and such knowledge is fundamental to the understanding of
how P speciation changes over time in response to soil-forming pro-
cesses (Prietzel et al., 2016; Werner et al., 2017b).

The current study capitalises on recent advances in synchrotron
based micro-focused-X-ray fluorescence microscopy and spectroscopy
to acquire images of multi-elemental distributions, grain architecture,
pore space distributions, and the vertical and lateral distribution of P
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chemical species at a very high (< 3 pum) spatial resolution.

The specific aim is to comprehensively study two forest soil profiles
in order to: (i) establish the effects of postglacial weathering on the
spatial abundance and distribution of primary apatite, (ii) reveal the
predominant chemical species of P under the acidic soil conditions that
prevail in Podzols, and (iii) elucidate the mechanisms that govern both
the vertical and lateral retention of P, at the microscale.

2. Methodology
2.1. Soil sampling and sample preparation

Two soil profiles were excavated in coniferous forests at Térnsjoé and
Ténnersjoheden, Sweden, respectively (coordinates: 60.14°N 16.92°E
and 56,42°N 13.40°E). The predominant vegetation was Pinus sylvestris
and Picea abies of about 70-120 years of age (Gustafsson et al., 2015;
Zetterberg et al., 2013). The soils at the two sites were formed under
temperate climate. While the soil at Tarnsjo was formed in wave-wa-
shed sand and classified as an Albic Podzol (IUSS Working Group WRB,
2014), the soil at Ténnersjoheden was developed in sandy glaciofluvial
material. Although podzolized, it did not classify as a Podzol due to
significant mixing of the upper horizons and was therefore classified as
Dystric Arenosol (Hansson et al., 2011; IUSS Working Group WRB,
2014). At Tarnsjo, an eluvial (E) horizon of about 2 cm thick was found
under the organic layer (0-2 cm in depth). This was sampled as well as
the uppermost Bs horizon at 2-10 cm. Other mineral soil samples
thereafter were sampled at 10 cm intervals to a depth of 100 cm. As
there was no E horizon in the profile at Ténnersjoheden, only an A
horizon with a gradual transition to the underlying B horizon, the soil
samples were collected at 10 cm intervals from the top (A horizon) to a
depth of 100 cm. Soils for micro-focused X-ray microscopy and spec-
troscopy were gently sieved (< 5 mm) to remove stones and debris
before air-drying for 72 h. Representative samples from each depth
were then embedded in high-purity epoxy resin. Micro-polished pet-
rographic thin sections of 30 pum thick were prepared at TS Lab &
Geoservices snc, Cascina, Italy. Soil samples for other analysis were
dried at 60 °C for 48 h and subsequently sieved (< 2 mm).

2.2. Measurements of selected soil chemical properties

On sieved (< 2 mm) soil samples, the pH value was measured in a
deionised water suspension with a glass electrode (soil: solution ratio
1:2.5). Total P contents (P-t) were determined after microwave-assisted
digestion in sealed teflon vessels with a 10:1 mixture of concentrated
HNO3:H,0, and subsequent measurement by inductively coupled
plasma sector field mass spectrometry (Church et al., 2017). The soils
were also subjected to extraction with 0.2 M oxalate buffer at pH 3.0 to
quantify non-crystalline and organically-bound metals using the
method of van Reeuwijk (1995). The concentrations of P, Al and Fe
(designated as P-ox, Al-ox and Fe-ox respectively) in the extract were
analyzed by inductively coupled plasma optical emission spectroscopy
(ICP-OES) using a Thermo Scientific Icap 6000 instrument (Thermo
Fisher Scientific, Waltham, MA, USA). The concentration of inorganic P
in the oxalate extract (PO4-0x) was determined using a Seal AA3 Au-
toanalyzer (Seal Analytical GmBH, Norderstedt, Germany) employing
the acid molybdate method as modified by Wolf and Baker (1990). The
concentration of oxalate-extractable organic P (OrgP-ox) was estimated
by subtracting PO4-ox from P-ox. Organic carbon (C) and total nitrogen
(N) were analysed by dry combustion (CHN600, LECO).

2.3. P speciation by bulk soil P K-edge XANES analysis

Bulk P K-edge XANES spectra were collected on the soil samples at
beam line BL8 of the Synchrotron Light Research Institute (SLRI) in
Nakhon Ratchasima, Thailand (Klysubun et al., 2020). Prior to bulk
XANES analysis, ~ 4 g of soil samples were milled and sieved
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through < 0.05 mm to minimize self-absorption. Powdered samples
were then packed into 2 mm thick stainless steel holders (1 X 1.5 cm
with a sample window of 0.5 X 1 cm) and covered with polypropylene
film (Eriksson et al., 2016). The beamline was equipped with an InSb
(111) crystal monochromator and a solid state 13-element Ge fluor-
escence detector. The beam size was 12.5 X 0.9 mm and beam flux was
2 x 10" photons s~* (100 mA)~*. To minimize X-ray absorption by
air, the sample compartment was filled with helium gas. Spectra of
samples and standards were recorded across an energy range from 2100
to 2320 eV. The step size was 2 eV between 2100 and 2132 eV, 1 eV
between 2132 and 2144 eV, 0.2 eV between 2144 and 2153 eV, 0.3 eV
between 2153 and 2182 eV, and 5 eV between 2182 and 2320 eV. All
measurements were recorded using a dwell time of 3 s per energy step.

2.4. Synchrotron micro-focused p-XRF and u-XANES

The petrographic soil sections were subjected to both p-XRF ima-
ging and p-XANES analysis at the X-ray microscopy beamline LUCIA of
the French national synchrotron research facility SOLEIL. The beamline
is fitted with a Si(111) double crystal monochromator. Transmission,
fluorescence and total electron yield detection were made simulta-
neously by means of a silicon pin diode, a silicon drift diode and a
measurement of the drain current, respectively (Vantelon et al., 2016).
Focusing of the X-ray beam (2.5 x 2.5 um) was performed with two
Kirkpatrick-Baez (K-B) mirrors system. The photon flux was 6 x 10!
photons s~! at 2.6 keV. To minimize X-ray absorption by air, the
analysis was performed in a vacuum environment.

Considering the low concentration of P in our thin-sectioned sam-
ples and the need to obtain high quality P K-edge u-XANES spectra, the
beamline was optimized for low energy mapping at microscale resolu-
tion, and p-XRF images (600 X 600 um) of Na, Mg, Al, Si and P were
acquired with a dwell time of 0.3 s using a step size of 3 x 3 pm.
Although at this low energy we were unable to utilize p-XRF micro-
scopy to obtain information about the interactions of P with important
elements such as Ca and Fe, it was possible to use unique features of the
u-XANES spectra to identify P species associated with Ca and Fe as well
as with organic P. For example, calcium phosphates show post-edge
shoulders that are unique for different calcium phosphate minerals, Fe
bound P shows a distinct pre-edge peak, and organic-P species have a
broad white line peak displaced towards lower energy (Hesterberg,
2010; Gustafsson et al. 2020) (see supplementary material Fig. S1).

Spot-wise 1-XANES of P was therefore performed with respect to the
spatial distribution of P as revealed by u-XRF. The P spots were chosen
at soil particle surfaces and at pore spaces across the maps to reflect as
much as possible the heterogeneity in P distribution that was revealed
by p-XRF. The P K-edge j1-XANES spectra were recorded in fluorescence
mode across an energy range from 2100 to 2320 eV. The step size was
2 eV between 2100 and 2139 eV, 1 eV between 2140 and 2146 eV,
0.2 eV between 2146 and 2160 eV, 0.3 eV between 2160 and 2190 and
5 eV between 2195 and 2320 eV. All XANES measurements were re-
corded using a dwell time of 3 s per energy step. At every selected spot,
4 to 5 high quality p-XANES scans were acquired and merged to re-
present a spot.

w-XRF mapping were also performed on selected P standards and
high quality micro-focused P K-edge XANES spectra were obtained at P
hot spots. These standards include hydroxyapatite, PO4 adsorbed to
ferrihydrite, variscite, PO, adsorbed to aluminum hydroxide, PO4 ad-
sorbed to allophane and natural soil organic phosphorus from forest
mor (SOP). These were complemented with bulk P K-edge spectra of
other P compounds such as natural apatite (from Taiba, Sudan),
amorphous calcium phosphate, iron(III) phosphate, PO, adsorbed to
goethite, aluminum phosphate and PO, adsorbed to gibbsite. These
standards were collected at BL8 of SLRI and are part of our database of
P standards used for routine P speciation analysis in soil. The sources
and preparation of the standards are described in Gustafsson et al.
(2020). Together, these compounds represent the major P associations
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(i.e., Ca-P, Fe-P, Al-P, P adsorbed to Fe and Al, and organic P) that are
often encountered in soils.

2.5. Analysis of X-ray fluorescence and X-ray absorption data

The p-XRF spectra were dead-time corrected and normalized to in-
coming beam intensities before individual elemental spectra deconvo-
lution. Microscale-resolution elemental maps were obtained after fitting
each pixel p-XRF spectrum using the PyMca X-ray Fluorescence Toolkit
(Solé et al., 2007). The ATHENA software package was used to subtract
the background and normalize all p-XANES and bulk soil P XANES
spectra (Ravel and Newville, 2005). Solid-phase P speciation was esti-
mated by linear combination fitting (LCF) analysis (Eriksson et al.,
2016; Tannazi and Bunker, 2005) using weighted combinations of the
reference spectra (Fig. S1). No energy shifts were permitted in the fit-
ting procedure and the fit combinatorics were not forced to sum to
100%. A maximum of 4 out of 15 standard compounds were allowed
during the LCF using a least-squares algorithm of the sample XANES
spectrum from 2144.05 to 2184.05 eV. The goodness of the fit was
estimated by calculating the R factor of the fit; R = X; (experi-
mental — fit)>/%; (experimental)® (Ravel and Newville, 2005). The
sums (X) were over 142 data points as flattened mu (E). A lower R
factor represents a better match between the standard spectra and the
sample spectrum. For the bulk P K-edge XANES results from SLRI,
standard deviations of the weights were calculated with a Monte-Carlo
approach, in which uncertainties in energy calibration and normal-
ization were considered (for a full account, see Gustafsson et al., 2020).
However, for the u-XANES data, information on these uncertainties
were not available, and instead the standard deviations were those
given by Athena, which consider only uncertainties of the LCF method
itself (Ravel and Newville, 2005).

3. Results
3.1. Soil characteristics

Selected soil chemical properties are presented in Table 1. The soils
were predominantly acidic. The lowest pH at both sites was in the or-
ganic layer and in the uppermost mineral soils. In Térnsjo, the pH in-
creased from 4.0 in the organic layer to 6.2 at 80 cm depth before
decreasing slightly to between 5.8 and 6.0 at the bottom of the profile.
In Tonnersjoheden, the pH increased from 3.7 in the organic layer to
4.6 at 20 cm depth and then remained stable at between pH 4.7 and 4.8
from 30 cm to the bottom of the profile. Total P (P-t) in the mineral soils
ranged from 2 to 20 mmol kg ~'. In T4rnsjd, the lowest amount of P-t
was observed at the E horizon (0-2 cm) while the highest amount was
in the illuvial Bs horizon (10-20 cm). A similar pattern was observed in
Tonnersjoheden with the lowest amount of P-t at the A horizon
(0-10 cm) and the highest at the B horizons (20-50 cm). The dis-
tribution of oxalate-extractable elements in the two profiles exhibited
similar trends, which were similar to those seen in previous studies on
Swedish Podzols (Bain et al., 2003). For example in Tarns;jo, the lowest
concentrations of P-ox, Al-ox and Si-ox were in the E horizon, whereas
they reached a maximum in the Bs horizon with concentrations of 19,
166 and 31 mmol kg ! respectively before decreasing with depth. The
Fe-ox concentrations showed a similar pattern with the lowest con-
centration in the E horizon and the maximum concentrations of
64 mmol kg~' in the Bs horizon. The Fe-ox concentration also de-
creased with depth to a concentration of 6.3 mmol kg ™! at 70-80 cm
but further down it increased again to between 18.7 and
25.2 mmol kg ! at 80-100 cm depth. Similarly, the concentrations of
P-ox, Al-ox and Si-ox were lowest in the A horizon of Ténnersjoheden
and had maximum concentrations in the Bs horizons (10-30 ¢cm) before
decreasing with depth. The amount of Fe-ox in the Ténnersjoheden
profile was highest already in the A horizon and then decreased with
depth. While most of the P-ox was organic in the uppermost two
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Table 1
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Soil pH, concentrations (mmol kg~ 1) of total P (P-t), oxalate (0x) extractable — P (P-0x), phosphate (PO4-0x), organic P (OrgP-ox), Fe (Fe-0x), Al (Al-ox), Si (Si-ox) and
percentage organic carbon (Org-C) and total nitrogen (Total-N) in Tarnsj6 and Ténnersjoheden soil profile.

Horizon/Depth (cm) pH P-t P-ox PO,-0x OrgP-ox Fe-ox Al-ox Si-ox Org-C Total-N
mmol kg ! (%)
Térnsjo
Oe Mor 4.0 18.4 4.3 2.6 1.7 8.9 25.3 0.5 46.66 1.24
E 0-2 4.3 2.0 0.5 0.2 0.3 4.2 10.4 0.4 0.84 0.02
Bs 2-10 4.6 15.0 10.7 9.4 1.3 54.2 84.2 10.8 1.29 0.04
10-20 4.9 20.9 19.9 17.0 29 64.2 166.5 31.7 1.08 0.03
20-30 5.2 15.3 10.9 10.0 0.9 29.6 111.9 24.7 0.32 0.01
BC 30-40 5.4 10.7 5.0 4.3 0.7 10.3 54.5 16.2 0.13 < 0.005
C 40-50 5.7 11.8 3.8 3.3 0.5 6.8 42.0 16.8 0.07 < 0.005
50-60 5.9 12.1 3.8 3.3 0.5 9.8 40.2 14.3 0.06 < 0.005
60-70 6.1 15.9 2.8 2.4 0.4 7.2 285 13.2 0.04 < 0.005
70-80 6.2 16.0 21 1.7 0.4 6.3 23.8 11.1 0.04 < 0.005
80-90 6.0 15.0 22 1.7 0.5 25.2 25.3 12.1 0.07 < 0.005
90-100 5.8 17.2 3.0 2.3 0.7 18.7 27.8 12.5 0.06 < 0.005
Ténnersjoheden
Oe Mor 3.7 21.6 5.5 21 3.4 13.8 26.2 0.6 44.80 1.47
A0-10 4.2 8.3 5.6 2.0 3.6 131.7 98.7 27 4.00 0.16
Bs 10-20 4.6 14.2 11.2 6.7 4.5 125.4 318.9 53.8 3.03 0.14
20-30 4.7 17.5 13.2 10.0 3.2 829 280.7 57.4 1.66 0.08
30-40 4.8 18 14.1 10.6 3.5 64.3 270.3 55.0 1.38 0.07
40-50 4.7 18 11.6 9.0 2.6 57.2 172.4 32.1 1.21 0.05
50-60 4.7 16.8 10.6 8.1 2.5 53.8 139.9 23.4 1.00 0.04
BC 60-70 4.8 12.8 7.7 5.6 2.1 25.0 104.5 20.1 0.79 0.03
C 70-80 4.8 14.9 6.8 5.0 1.8 14.8 75.4 15.1 0.55 0.02
80-90 4.8 16 6.3 4.9 1.4 11.6 61.4 13.2 0.34 0.01
90-100 4.8 12.5 6.6 5.0 1.6 18.7 72.2 13.7 0.47 0.02

horizons at both sites, P-ox was dominated by inorganic PO4 deeper
down in the mineral soil (i.e. throughout the B and C horizons), par-
ticularly in the Térnsjo soil, which had a relatively low organic C
content in the B horizon (Table 1).

3.2. P speciation by bulk soil P K-edge XANES

Linear combination fit results of bulk P K-edge XANES spectra are
reported in Fig. 1. They showed a predominance of organic P in the O
horizon, Al- and Fe-bound P in the A and B horizons, and the presence
of primary mineral apatite in the C horizons of the two soil profiles. It is
worthy of note that the Ca-bound P was detectable by bulk P K-edge
XANES from 20 to 30 cm soil depth, with the abundance appearing to
increase with depth at both sites.

3.3. 2D imagery of soil architecture with respect to P retention and
speciation

As expected in soils formed on siliceous parent materials, u-XRF
imaging revealed Si and Al as the main constituents of the soil grains
(Fig. S2-S3). A morphological analysis of the spatial variation and co-
localisation of Si and Al was therefore deemed sufficient to depict
particles and pore space distribution in the soil profiles. 2D tri-colour
co-localisation of Si (red), Al (blue) and P (green) were therefore used
to re-construct the spatial retention of P species with respect to soil
particles and pore-spaces distributions across the soil profiles (Fig. 2).
The results of this micro-spectroscopic analysis is described below.

(i) P retention and speciation at the E horizon

In agreement with the results of P chemical extractions, synchrotron
u-XRF imaging showed the lowest P abundance in the E horizon
(0-2 cm depth) of the Térnsjo profile (Fig. 2a). The P concentration was
too low to yield P K-edge XANES spectra (both by micro and bulk
powdered XANES) that could be analysed to deduce the chemical spe-
ciation of P. However, morphological examination showed most of the
P to be retained at the surface/within the cracks of microscale

(< 20 pm sizes) Si (mostly devoid of Al) containing grains (Fig. S4).
(ii) P retention and speciation at the A and B horizons

A morphological examination of soil grains at the A horizon in
Tonnersjoheden (0-10 cm) and the uppermost B horizon in Téarnsjo
(2-10 cm) showed that the majority of the soil grains contained both Si
and Al (purple colour) (Fig. 2a-b). Phosphorus (P, green) at these
depths was mostly retained at the edges and within pore spaces of the
soil particles. It is worthy of note that the edges of the non-Al-bearing
(mainly silica) particles appeared to contain some P. Moreover, P ap-
peared also to be retained within the cracks that were probably created
by soil weathering at the surface of the largest grain in the Tarnsjo
2-10 cm sample. Furthermore, results of spot-wise P speciation analysis
by pu-XANES showed significant spatial heterogeneity within the soil
grains at the microscale. For example, while P in point (a) of Térnsjo
2-10 cm existed predominantly as Fe-bound P (e.g. ferrihydrite-bound
PO,), there was a different P speciation in point (b), where P was in-
stead present as Al-bound P (e.g. allophane-bound PO,) (Table 2, Fig.
S5).

The spatial variation in chemical speciation is easily seen when
examining the differences in the pre-edge peaks of the P K-edge XANES
spectra (Fig. S5), despite the two spots being < 200 pm apart (Fig. 2).
Pronounced pre-edge peaks that occur between 2,149 and 2,152 eV are
typical for Fe-associated P, while the pre-edge resonances for Al-bound
P are much smaller (Hesterberg et al., 1999). Similar microscale het-
erogeneity in P speciation was observed in Tonnersjcheden 0-10 cm.
For example, while P at point (c) of this depth existed predominantly
(56 = 3% of total P) as Fe-P there was no Fe-P at point (e) which
existed predominately (70 + 6% of total P) as Al-P (Table 3, Fig. S6).
The content of organic P as assessed by P K-edge XANES ranged from
9 = 2t019 * 4%and from19 * 1to30 + 3% of total P at Térnsjo
2-10 cm and Ténnersjoheden 0-10 cm, respectively. In both samples,
organic P as assessed by P K-edge XANES was on average < 25 *= 3%
of total P, while Al and Fe-bound P were the predominant (up to
75 = 8%) P species, which were found at the edges and pore spaces of
the soil grains.
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(a) Tarnsjo

0-2cm

2-10cm

10-20 cm
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(b) Tonnersjoheden
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Fig. 1. Phosphorus speciation in the (a) T4rnsj6 and (b) Ténnersjcheden soil profiles as evidenced from linear combination fitting (LCF) of bulk soil P K-edge XANES
spectra. P ads Al and P ads Fe refer to PO, adsorbed to Al and Fe minerals (e.g. PO,4 adsorbed to allophane and PO, adsorbed to ferrihydrite), respectively. Al-P and
Fe-P refer to AIPO, and FePO,4 mineral phases, respectively. P bound to Al and P bound to Fe represent cases when probabilistic LCF analysis could not differentiate
between PO, adsorbed to Al from AIPO, minerals and PO,4 adsorbed to Fe from FePO, minerals, respectively. In the O horizon of Térns;jo, P bound to Fe + Al is used
as probabilistic LCF could not distinguish between P bound to Al and P bound to Fe.
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(a) Tarnsjo

0-2cm

40-50 cm
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Al

(b) Tonnersjoheden
= :

190-100 cm

— 600 pum

Fig. 2. Spatial variation in P (green) distribution and retention at the edges, surfaces and within pore spaces of Al (blue) and Si (red) bearing soil particles in the (a)
Téarnsjo and (b) Ténnersjcheden profiles. The letters a — f on the maps represent spots at which P K-edge u-XANES data were acquired.

Furthermore, the T&rnsjo 10-20 cm sample contained less of fine
(< 20 um size) particles when compared to the 2-10 cm depth above it.
The pore spaces were therefore wider and P was mainly retained at the
edges of Si- and Al-bearing particles. The P speciation was also het-
erogeneous at the microscale. For example, while Fe-bound P was the
main form of P at points (a) and (b), P existed predominantly as Al-

bound P at points (c) and (d) (Table 2, Fig. S7). The microscale het-
erogeneity in P speciation was even more pronounced in Tonnersjo-
heden 10-20 cm (Table 3). For example, while P in point (a) existed
predominantly (=90 + 6%) as inorganic P (as P bound to Fe and Al),
in point (b), <200 pm away, there was a hot spot of organic P
(~70 % 3% of total P at the spot; Fig. S8) according to XANES-LCF.
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Table 2
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Phosphorus speciation in Tarnsjé soil profile as evidenced from linear combination fitting (LCF) of spot-wise p-XANES and bulk soil P K-edge XANES spectra. The fits
are expressed as percentage contributions from selected P standards. The R-factor is a measure of goodness-of-fit = (data — fit)*/2 (data)”.

Soil profile 1-XANES Spots Organic P Fe bound P Al bound P CaP R-factor
FeP P adsorbed on Fe AlP P adsorbed on Al
2-10 cm a 9+ 2 64 = 9 27 £ 6 0.0043
Bs b 13 £ 2 24 £ 7 63 = 6 0.0028
c 19 = 4 35 £ 11 46 = 8 0.0076
d 16 + 2 4 = 8 40 £ 6 0.0034
Bulk 3=+3 4 =5 83 + 6 0.0022
10-20 cm a 15 £ 2 51 = 8 34 = 6 0.004
b 12 = 3 49 £ 12 39 £ 9 0.0076
c 32 £ 2 68 = 2 0.0009
d 17 = 3 15 = 2 68 * 3 0.0016
e 11 + 2 38 £ 8 22 + 2 29 £ 6 0.0035
Bulk 4 £ 4 20 £ 6 76 = 8 0.0012
20-30 cm a 5*1 34 £5 15 = 2 46 * 4 0.0012
b 5+ 1 29 * 4 66 = 3 0.0007
c 20 = 2 12 =+ 1 68 * 2 0.0005
d 6 £ 2 38 £ 6 56 * 4 0.0015
e 12 =1 8 £ 2 80 = 2 0.0029
f 10 = 1 29 £ 5 61 = 4 0.0013
Bulk 90 = 4' 10 + 4 0.0012
30-40 cm a 16 + 3 23 = 8 61 = 8 0.0059
BC b 38 £ 2 5%1 57 = 2 0.0011
c 5 %2 23 £ 9 74 £ 7 0.0038
d 25 £ 2 75 £ 2 0.002
Bulk 9 %5 1 =7 48 = 3 32 = 4 0.0021
40-50 cm a 20 £ 1 80 = 1 0.0009
C b 9 +1 1 = 3 80 = 3 0.0046
Bulk 17 £ 4 32 £ 2 51 = 3 0.0023
90-100 cm a 9+ 2 25 £ 6 66 * 5 0.0018
b 14 = 2 32 £ 8 54 + 6 0.0029
c 100
Bulk” 4+ 4 28 = 2 68 + 3 0.0069

! Probabilistic LCF could not differentiate between adsorbed and precipitated species of P bound to Fe or Al.
2 Bulk soil P K-edge XANES results are shown for the 70-80 cm depth, as results for the 80-100 cm depth were not available. A full data set of bulk soil P K-edge

probabilistic LCF is provided under research data.

With increasing depth in the B horizon (down to 40 cm depth), P
speciation in the Térnsjo soil became less heterogeneous as Al- followed
by Fe-bound P dominated most of the P microsites (Table 2-3, Fig. §9-
S$12). The predominance of Al-bound P was in accordance with the
greater concentration of oxalate-extractable Al as compared to oxalate-
extractable Fe (Table 1).

It cannot be excluded that some of the P that was assigned to fer-
rihydrite- and allophane-bound PO, was adsorbed organic P species
such as phytate rather than PO, (Prietzel et al., 2016). In the LCF we did
not use any standard for adsorbed phytate, as it was shown that the
standard for adsorbed phytate to ferrihydrite and allophane could be
well described (with an R factor < 0.001) with about 50% organic P
and 50% ferrihydrite or allophane (Gustafsson et al, 2020). Thus, the P
K-edge XANES technique used here is not well suited to determine the
contribution of adsorbed phytate with any confidence. This constitutes
a slight uncertainty for the results obtained in the upper B horizons,
where there was both organic P and ferrihydrite- and allophane-bound
PO, according to our results. Nevertheless, the results from the oxalate
extraction show that adsorbed phytate is likely only a very minor part
of the adsorbed P in the Tarns;jo soil, as the extracted organic P was only
a very small fraction of the extracted total P (Table 1). In the T6n-
nersjoheden soil, adsorbed phytate could be slightly more important,
but still of smaller significance than adsorbed POy, as evidenced by the
relationship between inorganic and organic P in the oxalate extract
(Table 1).

(iii) P speciation and retention at upper and lower C horizons

The P speciation in the upper C horizon (40-50 cm depth) showed
trends similar to the ones observed at the lower B horizons as P was

adsorbed at the edges of soil grains or existed as coatings on the flat
surfaces of Si-bearing particles at the two sites. At this depth, P existed
mainly as inorganic P in both sites. However, while P at all studied
spots in Tarnsj6 40-50 cm exhibited little spatial variability and existed
mainly as Al-bound P, the P species at Tonnersjéheden 40-50 cm were
more diverse, and they consisted mainly of a mix of Al- and Fe-bound P
species at the studied spots (Fig. $13-S14).

At the lowest depth of 90-100 cm, there was significant hetero-
geneity in P speciation when compared to the upper horizons. In the
Térnsjo 90-100 cm sample, the P in points (a-b) existed predominantly
as Al- and Fe-bound P, whereas in point (c) P K-edge u-XANES detected
a hot spot of Ca-bound P, with a XANES spectrum that most resembled
apatite (Fig. S15). Detailed morphological examination showed this Ca-
bound P spot to be about 10-20 pm in size and to be associated with a
larger (> 150 um) Al and Si-bearing particle, probably a feldspar
(Fig. 2a), in which the apatite was present as an inclusion. A similar
finding was made at Ténnersjoheden 90-100 cm. Here the Ca-bound P
spot appeared as a discrete mineral grain of about 75 pm size (Fig. 2b
and Fig. S16). In both cases the P concentration was very high, sug-
gesting the presence of apatite or almost pure apatite.

4. Discussion
4.1. Heterogeneity of P chemical species at soil microsites

Soils are developed through a large number of biogeochemical
processes that occur at the same time. In the midst of this complexity, a
concise analysis of micrometre-scale chemical speciation within a vo-
lume of intact soil sample is fundamental to the understanding of mo-
lecular-level chemical reactions that govern the long-term cycling of



G.A. Adediran, et al.

Table 3

Geoderma 376 (2020) 114550

Phosphorus speciation in the Tonnersjoheden soil profile as evidenced from linear combination fitting (LCF) of spot-wise u-XANES and bulk soil P K-edge XANES
spectra. The fits are expressed as percentage contributions from selected P standards. The R-factor is a measure of goodness-of-fit = % (data — fit)>/% (data)?.

Soil profile u-XANES Spots Organic P Fe bound P Al bound P CaP R-factor
FeP P adsorbed on Fe AlP P adsorbed on Al
0-10 cm a 21 £ 1 22 1 21 £ 3 0.0008
A b 22 £ 1 37 =3 19 =1 22 £ 3 0.0007
c 19 =1 56 = 3 17 = 1 8 = 2 0.0006
d 21 = 2 29 £ 6 36 £ 2 14 £ 4 0.002
e 30 £ 3 56 = 3 14 = 3 0.0069
f 19 =1 27 = 2 54 = 2 0.0032
Bulk 24 £ 5 43 = 6 15 £ 7 18 £ 3 0.0025
10-20 cm a 71 41 = 3 18 =1 34 £ 2 0.0003
Bs b 71 = 3 29 + 3 0.0321
c 6 =1 15 + 4 33 = 2 46 + 3 0.0009
Bulk 23 = 3 28 + 8' 49 £ 8 0.0008
20-30 cm a 9+1 20 £ 5 71 £ 4 0.0011
b 5+ 1 32 £ 6 63 + 4 0.0014
c 13 £ 2 5%1 82 + 2 0.0009
d 10 = 2 33 =6 57 £ 4 0.0017
Bulk 16 = 5 20 + 8 6 £ 2 59 + 8 6 £5 0.0007
30-40 cm a 19 =+ 3 15 £ 10 66 £ 7 0.0047
b 23 + 3 25 + 12 52 £ 9 0.0073
c 33 =3 18 + 1 49 £ 2 0.0013
Bulk 9 +7 23 + 9! 54 £ 9 15 = 4 0.0008
40-50 cm a 27 £ 2 32 £ 6 41 £ 6 0.0034
b 39 £ 6 61 + 3 0.0018
c 48 = 5 32 =3 20 £ 4 0.0051
d 50 = 2 50 £ 2 0.0009
e 17 = 2 16 + 4 20 =1 47 £ 3 0.0009
Bulk 21 £ 7 53 + 8 26 £ 6 0.0008
90-100 cm a 100
C Bulk 23 = 3 21 £ 5 56 * 3 0.0014

A full data set of bulk soil P K-edge probabilistic LCF is provided under research data.
! Probabilistic LCF could not differentiate between adsorbed and precipitated species of P bound to Fe or Al

elements. Examination of the variation in P chemical species in spots
within 600 X 600 pum of intact soil samples revealed spatial hetero-
geneity in P chemical compositions. However, the extent of this het-
erogeneity was different depending both on the species and on the soil
horizon. In the C horizon at 90-100 cm depth Ca phosphates, pre-
dominantly apatite, were important at both sites. The apatite was very
probably inherited from the glaciofluvial parent material, and the p-
XANES results show the apatite to occur as grains or inclusions with a
locally very high P concentration causing a patch-wise, highly hetero-
geneous P distribution in the soil. This is in agreement with earlier
research in which apatite was identified in glacial till material with
electron microscopy (Nezat et al., 2008). There were, however, also
signs of weathering effects in the C horizon, as part of the P were bound
to Al and Fe in coatings and in pore spaces. Here, most of the P was
present as phosphate adsorbed to allophane, and to a minor extent
ferrihydrite.

In the more acidic B horizon, the P speciation in both soils was
dominated by Al- and Fe-associated P, mostly present as phosphate
adsorbed to allophane and ferrihydrite. This suggests that the originally
present apatite had to a large extent been weathered since the soils
were formed after the last glaciation. The P speciation appeared to be
strongly influenced by podzolization processes, where Al and Fe hy-
drous oxides, and allophane, are precipitated in the B horizon onto
which the o-phosphate ions had been strongly adsorbed. The Al and Fe
hydrous precipitates are present as coatings and in the pore spaces,
which has been determining for the overall spatial distribution of P in
the B horizon. In the Térnsjo soil, there was a distinct difference as
concerns the spatial heterogeneity of the P speciation between the
upper 20 cm of the B horizon and the lower part. In the lower part there
were smaller differences between individual spots in the relative pro-
portions of the P species; Al-bound P always predominated over Fe-
bound P (Table 2). In the uppermost part of the B horizon, however, Al-

bound P predominated in some spots, while Fe-bound P predominated
in others. A possible interpretation is that a large part of the secondary
Al and Fe precipitates in the upper B horizon were formed and pre-
cipitated in situ, whereas in the deeper part of the B horizon, most of the
Al and Fe precipitates were derived from Al and Fe that were mobilized
in upper horizons and then translocated to the lower B horizon as or-
ganic complexes before being arrested and precipitated. Although a bit
speculative, this interpretation is largely consistent with the prevailing
ideas of the podzolization process (Lundstrom et al., 2000). In the
Tonnersjoheden soil, however, there was no clear such trend.

A comparison of spot-wise p-XANES results with those of bulk
XANES showed a general consistency with respect to the dominant P
species modelled by LCF, especially at the top soils of the two studied
profiles. As expected, the higher resolution of P K-edge XANES spec-
troscopy that was acquired by the use of micro-focused beam shows
greater diversity of P species than what was revealed by unfocused bulk
soil XANES analysis. This is particularly evident in the better detection
of organic P by the spot-wise p-XANES when compared to that of the
bulk XANES. For example, while LCF of bulk soil P XANES detected no
organic P at Tédrnsjo below 20 cm and at Ténnersjoheden below 40 cm
depth, LCF of u-XANES however estimated the presence of organic P to
range from 5 to 16 and from 10 to 27% of total P at some microsites of
these depths in Tarnsjo and Tonnersjcheden, respectively (Table 2 and
3). These p-XANES results are further supported by the estimation of
organic P in the ammonium oxalate soil extract, which shows that the
proportion of total P in the form of organic P decreases with depth,
ranging from 4 to 6% and from 8 to 19% in Téarnsj6 20-100 cm and
Tonnersjoheden 40-100 cm, respectively (Fig. S17); at these depths
organic P was not detectable by bulk XANES (Fig. 1). A similar loss of
sensitivity concerning the detection of organic P species by bulk XANES
when compared to spot-wise u-XANES was previously reported by
Hesterberg et al. (2017).
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The largest differences between the spot-wise p-XANES and bulk
XANES was in the detection of Ca-bound P. While none of the upper soil
horizon (0-50 cm) microsites studied by p-XANES showed any presence
of Ca-bound P, bulk P K-edge XANES showed Ca-bound P to increase
with depth from 20 cm at the two sites, ranging from 10 to 50% and
from 6 to 26% of total P in the 20-50 cm depths of Térnsj6 and
Toénnersjoheden, respectively (Tables 2 and 3). This mismatch is not
likely due to the lack of sensitivity in Ca-P detection by the pu-XANES
considering the richness in unique futures of the XANES spectra for Ca
phosphates when compared to other P species (Hesterberg, 2010) and
the higher resolution of u-XANES when compared to unfocused bulk P
K-edge XANES (Hesterberg et al., 2017). Rather, our results suggest
that, while Al-P, Fe-P and Org-P were localized at microsites that
were < 200 um apart, the Ca-bound P microsites were highly dispersed,
probably > 600 pm apart, and were therefore for the most part not
captured within the volume of soil mapped in our experiment. These
results conform to the soil micro-chemical reactor concept suggested by
Hesterberg et al. (2011), which states that ‘each soil microsite re-
presents an independent but interconnected micro-reactor of unique
chemical composition’. Our results therefore further emphasize the
significance of conceptualizing the soil fabric as networks of localized
chemical micro-environments.

4.2. Implications for the influence of soil weathering on P speciation and
cycling

Our results of multi-elemental imaging in combination with ex-
traction data, p-XANES and bulk XANES analysis suggest soil weath-
ering and podzolization as major factors governing the abundance and
availability of P in the studied forest soil profiles (Table 1, Fig. 1). Al-
though it is difficult to clearly distinguish the P K-edge XANES spectra
of lithogenic primary mineral apatite from those of precipitated or
biogenically formed Ca-bound P (Hesterberg, 2010), previous studies of
Ca-bound P formation and stability under different pH conditions
showed formation of Ca-bound P to be unlikely under acidic soil con-
ditions and the Ca-bound P detected in our study is therefore likely to
be primary apatite (Eriksson et al., 2016; Nezat et al., 2008). Results
from our study show apatite to occur as dispersed (several hundred pm
apart) hot spots in the subsoils as inclusions in aluminosilicates or as
discrete apatite grains, whereas the content of the apatite is absent or
nearly absent in the upper soil horizons due to weathering. In the sub-
soil of Tonnersjoheden, appreciable amounts of apatite were identified,
despite the relatively low pH (4.7-4.8). In Téarnsjo, such acidic condi-
tions prevailed only in the uppermost horizons, where no apatite was
identified. The reason why the Tonnersjoheden apatite has been pre-
served despite the low pH is not known. Possible reasons include a low
surface area of the apatite, and that the pH of the soil at this site may
only have been acidified in relatively recent times (Hallbdcken and
Tamm, 1986). Our results are consistent with previous observations for
soils of many temperate regions in which primary apatite was found to
be absent or highly depleted in the upper 40 cm of the soils (Walker and
Syers, 1976; Frossard et al., 1989; Werner et al., 2017a).

The primary apatite found in the lower B and C horizons represents
a pool of P that trees can potentially acquire and thus add to the bio-
geochemically active P pool. As noted by Yanai et al. (2005) and
Akselsson et al. (2008), this apatite may be important not only for the P
nutrition but also for the availability (and leaching) of Ca, due to the
very high weathering rate for apatite, particularly under acidic condi-
tions. The p-XANES data suggest that apatite is present both as inclu-
sions in aluminosilicate minerals and as discrete mineral grains. The
relative proportion of these phases is of considerable interest as the
weathering rate of the latter is probably much higher, whereas apatite
inclusions in feldspar were found to persist even in a strongly acidic E
horizon of a Dutch Podzol (van Breemen et al., 2000). However, to
quantify the relative importance of these phases, electron microscopy is
possibly better suited than p-XRF, because of the patch-wise
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distribution of apatite.

Lang et al. (2017) differentiated between relatively P-rich (often
young) forest systems that “acquire” P and P-poor (often older) systems
that “recycle” P. Clearly, due to the presence of apatite, it may be ar-
gued that our two soils are still acquiring P to some extent, although
with time this apatite is likely to dissolve, causing the soils to approach
“recycling” systems in the future. Further, Werner et al. (2017a) hy-
pothesized that with increasing podzolisation, forest soils will increas-
ingly recycle organic P whereas secondary Al and Fe precipitates will be
dissolved because of the acid conditions and translocated downwards in
the profile. According to the model of Werner et al. (2017a) our soils
would be in an early stage of podzolisation. However, the B horizons of
more northerly located forest ecosystems (such as our two soils) tend to
have lower organic matter content at steady state than the systems
studied by Werner et al. (2017a), due to lower mean annual tempera-
ture and lower N availability (Callesen et al., 2003; Olsson et al., 2009).
Thus, the more advanced podzolisation stage, characterized by low pH
and high organic matter content in the upper few decimetres of the soil,
may therefore never be reached (unless the climate is changed). Despite
this, it seems likely that when all reactive apatite is dissolved from the
root zone, the P leaching from these northern Podzols is likely to be-
come very low, due to the presence of non-crystalline Al and Fe pre-
cipitates that conserve P within the system and facilitate slow recycling.
Therefore from a practical standpoint, such a system can be regarded as
a “recycling” system, despite appreciable translocation within the
profile and the predominance of inorganic P forms in the soil solid
phase.

5. Conclusions

e For the first time, direct micro-spectroscopic data have been pro-
vided on spatially resolved chemical speciation of P in two
Quaternary forest soil profiles.

Microscale P heterogeneity in the forest soils was strongly influ-
enced by soil weathering and pedogenesis.

Due to soil acidity and weathering, lithogenic apatite had been de-
pleted from the top soils, whereas in the C horizon, apatite appeared
in hot spots either as inclusions in aluminosilicate minerals or as
discrete mineral grains.

Due to podzolisation, P was most abundant in the B horizons of the
soil profiles, existing predominantly as P adsorbed to non-crystalline
allophane and ferrihydrite, which were present as coatings on mi-
neral grains and in pore spaces.

Although the O horizon was dominated by organic P in both soils,
the content of organic P was low in the mineral soil, not exceeding
25% of total P on average, although the organic P content was much
higher in some microsites.
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Figure S1. Stacked P K-edge XANES spectra of the 15 references used for bulk P K-edge
XANES measurements of soil samples. The dashed lines correspond to the pre-edge of Fe-
associated P (2151 eV), the white-line maximum energy of variscite (2154.8 eV), the first post-
edge peak of hydroxyapatite (2164.6 eV), and the second post-edge peak of hydroxyapatite
(2171.1eV).



10-20cm

20-30cm

40-50cm

90-100cm

Figure S2: 2D X-ray fluorescence images of Mg, Na, Al and Si in Tarnsjo soil profile.
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Figure S3: 2D X-ray fluorescence images of Mg, Na, Al and Si in the Tonnersjoheden soil profile.
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Figure S4: Spatial variation in P (green) distribution and retention at the edges, surfaces and within
pore spaces of Al (blue) and Si (red) bearing soil particles in the E horizon (2-10 cm) of Tarnsjo.
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Figure S5: Linear combination fits of micro-focused P K-edge XANES spectra at selected P
microsites in Tarnsjo 2-10 cm. The dotted black line shows measured data and the red line is the
linear combination fit. The XANES spectra below the fits are P standards with the most significant
contributions to the fit. The R factor value is a measure of the goodness-of-fit. The lower the R
factor the better the fit.
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Figure S6: Linear combination fits of micro-focused P K-edge XANES spectra at selected P
microsites in Ténnersjoheden 0-10 cm. The dotted black line shows measured data and the red line is
the linear combination fit. The XANES spectra below the fits are P standards with the most significant
contributions to the fit. The R factor value is a measure of the goodness-of-fit. The lower the R factor
the better the fit.
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Figure S7: Linear combination fits of micro-focused P K-edge XANES spectra at selected P microsites
in Tarnsjo 10-20 cm. The dotted black line shows measured data and the red line is the linear
combination fit. The XANES spectra below the fits are P standards with the most significant
contributions to the fit. The R factor value is a measure of the goodness-of-fit. The lower the R factor
the better the fit.
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Figure S8: Linear combination fits of micro-focused P K-edge XANES spectra at selected P microsites
in Tonnersjoheden 10-20 cm. The dotted black line shows measured data and the red line is the linear
combination fit. The XANES spectra below the fits are P standards with the most significant
contributions to the fit. The R factor value is a measure of the goodness-of-fit. The lower the R factor
the better the fit.
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Figure S9: Linear combination fits of micro-focused P K-edge XANES spectra at selected P
microsites in Tarnsjo 20-30 cm. The dotted black line shows measured data and the red line is the
linear combination fit. The XANES spectra below the fits are P standards with the most significant
contributions to the fit. The R factor value is a measure of the goodness-of-fit. The lower the R
factor the better the fit.

12



Normalised absorption (a.u.)

Normalised absorption (a.u.)

Toénnersjoheden, 20-30 cm

=+ =Point (a)

—fit

= = (714 %) P ads allophane
====(20%5%) P ads ferrihydrite
—(9%1 %) Organic P

R factor = 0.0011

2150 2155 2160 2165 2170 2175 2180 2185

2145
Energy (eV)
7 4
6 - i
[
|
5
=« =Point (c)
4 —fit
= = (82%2%) Padsallophane
3 ====(13%2 %) P ads ferrihydrite
(5+1 %) Variscite
2 R factor = 0.0008
1 4
0 - SN
2145 2150 2155 2160 2165 2170 2175 2180 2185
Energy (eV)

Normalised absorption (a.u.)

Normalised absorption (a.u.)

0 4
2145

0 4
2145

— - =Point (b)

—fit

= = (63£4 %) P ads allophane
===-(32 £ 6 %) P ads ferrihydrite
— (5% 1 %) Organic P

R factor = 0.0014

2150 2155 2160 2165 2170 2175 2180 2185

Energy (eV)

=« =Point (d)

—_— it

= = (57£4 %) P ads allophane
====(33£6 %) P ads ferrihydrite
= (10 £2 %) Organic P

R factor = 0.0017

2150 2155

2160 2165 2170 2175 2180 2185

Energy (eV)

Figure S10: Linear combination fits of micro-focused P K-edge XANES spectra at selected P
microsites in Tonnersjoheden 20-30 cm. The dotted black line shows measured data and the red line
is the linear combination fit. The XANES spectra below the fits are P standards with the most
significant contributions to the fit. The R factor value is a measure of the goodness-of-fit. The lower
the R factor the better the fit.
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Figure S11: Linear combination fits of micro-focused P K-edge XANES spectra at selected P
microsites in Tarnsjo 30-40 cm. The dotted black line shows measured data and the red line is the
linear combination fit. The XANES spectra below the fits are P standards with the most significant
contributions to the fit. The R factor value is a measure of the goodness-of-fit. The lower the R factor
the better the fit.
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Figure S12: Linear combination fits of micro-focused P K-edge XANES spectra at selected P
microsites in Tonnersjoheden 30-40 cm. The dotted black line shows measured data and the red line
is the linear combination fit. The XANES spectra below the fits are P standards with the most
significant contributions to the fit. The R factor value is a measure of the goodness-of-fit. The lower

the R factor the better the fit.
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Tarnsio, 40-50 cm
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Figure S13: Linear combination fits of micro-focused P K-edge XANES spectra at selected P
microsites in Tarnsjo 40-50 cm. The dotted black line shows measured data and the red line is the
linear combination fit. The XANES spectra below the fits are P standards with the most significant
contributions to the fit. The R factor value is a measure of the goodness-of-fit. The lower the R factor
the better the fit.
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Figure S14: Linear combination fits of micro-focused P K-edge XANES spectra at selected P
microsites in Tonnersjoheden 40-50 cm. The dotted black line shows measured data and the red line is
the linear combination fit. The XANES spectra below the fits are P standards with the most significant
contributions to the fit. The R factor value is a measure of the goodness-of-fit. The lower the R factor
the better the fit.
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Tarnsjoé, 90-100 cm
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Figure S15: (a-b) Linear combination fits of micro-focused P K-edge XANES spectra at selected P
microsites point a-b in Térnsjo 50-100 cm. The dotted black line shows measured data and the red line
is the linear combination fit. The XANES spectra below the fits are P standards with the most
significant contributions to the fit. The R factor value is a measure of the goodness-of-fit. (c)
Comparison of micro-focused P K-edge XANES spectra at selected P microsite c in Téarnsjo 50-100
cm with micro-focused P K-edge XANES spectra of mineral apatite.
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Toénnersjoheden, 90-100 cm
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Figure S16: Comparison of micro-focused P K-edge XANES spectra at selected P microsite point
a in Ténnersjoheden 90-100 cm with micro-focused P K-edge XANES spectra of mineral apatite.
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Figure S17: Proportion of total phosphorus (P-t) in the form of organic phosphorus across the

soil profile at (a) Tarnsjo and (b) Ténnersjoheden.
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ARTICLE INFO ABSTRACT
Keywords: Application of wood ash to forests can restore pools of phosphorus (P) and other nutrients, which are removed
P speciation following whole tree harvesting. Yet, the mechanisms that affect the fate of ash-P in the organic layer are less

P solubility

Forest fertilization

P K-edge XANES spectroscopy
u-XRF imaging microscopy

well known. Previous research into the extent to which ash application leads to increased P solubility in the soil is
contradictory. We combined synchrotron P K-edge XANES spectroscopy, u-XRF microscopy, and chemical ex-
tractions to examine the speciation and solubility of P. We studied organic horizons of two long-term field ex-
periments, Riddarhyttan (central Sweden), which had received 3, 6, and 9 Mg ash ha~', and Rédalund (northern
Sweden), where 3 Mg ash ha~! had been applied alone or combined with N every-three years since 2003. At the
latter site, we also determined P in aboveground tree biomass. Overall, the ash application increased P in the
organic layer by between 6 and 28 kg P ha™!, equivalent to 17-39 % of the initial P content in the applied ash. At
Rodélund, there was 4.6 kg Ca-bound P ha~! (9.5 %) in the ash treatment compared to 1.6 kg ha 'in the ash + N
treatment and < 0.4 kg ha™! in the N treatment and the control. At Riddarhyttan, only the treatment with the
highest ash dose had residual Ca-bound P (3.8 kg ha™!). In contrast, the ash application increased Al-bound P (p
< 0.001) with up to 15.6 kg P ha™!. Moreover, the ash increased Olsen-P by up to two times. There was a strong
relationship between the concentrations of Olsen-P and Al-bound P (R?>=0.83, p < 0.001) as well as Fe-bound P
(R? = 0.74, p = 0.003), suggesting that the ash application resulted in an increased amount of relatively soluble P
associated with hydroxy-Al and hydroxy-Fe compounds. Further, there was an 18 % increase in P uptake by trees
in the ash treatment. By contrast, repeated N fertilization, with or without ash, reduced Olsen-P. The lower P
extractability was concomitant with a 39 % increase in plant P uptake in the N treatment, which indicates
elevated P uptake in response to higher N availability. Hence, the application of wood ash increased Al-bound P,
easily available P, and P uptake. N fertilization, while also increasing tree P uptake, instead decreased easily
available P and did not cause a shift in soil P speciation.

1. Introduction 2003; Olsson et al., 1996). In Podzols, much of the P cycling occurs in
the organic layer, where there is a tight coupling between uptake/

The forest organic layer acts as a bridge between the vegetation and immobilization and biological decomposition (Wood et al., 1984). In the
the mineral soil and is important for the biogeochemical cycling of mineral soil, a large amount of phosphate (PO,) is adsorbed to poorly
macronutrients such as phosphorus (P) (e.g. Ladanai et al., 2010; Ponge, ordered, surface aluminum (Al) and iron (Fe) mineral phases (Prietzel
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et al., 2016; Tuyishime et al., 2022), which act as a long-term buffer of
the equilibrium P concentration (Wood et al. 1984). Forest harvests
remove a large amount of nutrients, which might decrease the long-term
availability of P (Akselsson et al., 2008; Yanai, 1998; Yu et al., 2018).
Co-limitation of P caused by excessive nitrogen (N) deposition (Hedwall
etal., 2017) and increased leaching/erosion due to wildfire (Lagerstrom
et al., 2009) may also contribute to long-term P deficiency.

In the EU, particularly in the Nordic and Baltic countries, logging
residues, mainly tree tops, branches, and twigs, are used for energy
production. Utilization of the residues has increased over the past de-
cades to meet legally binding targets to reduce fossil greenhouse gas
emissions (Camia et al. 2021). This has resulted in the production of
hundreds of thousands of tonnes of wood ash each year, as a by-product
of wood fuel combustion (Bjurstrom et al., 2003; Mellbo et al., 2008). In
2001, the Swedish Forest Agency issued non-binding recommendations
on wood ash recycling following the harvest of logging residues to
maintain long-term sustainable forest management (Swedish Forest
Agency, 2019). However, only a small portion of the wood ash is
brought back to the forest although the potential is much greater
(Swedish Forest Agency, 2019; de Jong et al., 2017). The wood ash
contains all nutrients present in the logging residues, except for N, which
is lost during combustion. To reduce nutrient losses and mitigate soil
acidification the wood ash can be returned back to the forest (Karltun
et al., 2008; Larsson and Westling, 1998).

Prior to application, it is recommended to stabilize the loose ash (by
self-hardening or formation of granules or pellets), to allow the con-
version of highly reactive substances of the ash, e.g. caustic oxides, to
more slowly dissolving chemical compounds (Karltun et al., 2008;
Steenari and Lindqvist, 1997). To produce hardened and crushed ash,
the stabilization is done by moistening the ash and allowing the mixture
to harden naturally for one to three months before being crushed
(Jacobson et al., 2014). Calcium (Ca), occurring mainly as CaCOs, is the
most abundant nutrient element (7-30 % by weight) in the hardened
bottom or fly wood ash, whereas the P content is often between 0.17 and
2.2 % of the ash (Olsson and Westling, 2006, Augusto et al., 2008;
Hannam et al., 2018, Steenari et al., 1999b). The P in the ash is expected
to occur mostly as crystalline hydroxyapatite (Cas(PO4)30H) (Steenari
and Lindqvist, 1997), and thus, the dissolution of P from the hardened
wood ash can be slow over time. In a column experiment, only between
15 and 20 % of the ash-P had dissolved over a period of five months
(Eriksson, 1996). The solubilization of the ash-P may therefore be seen
as a long-term remedy for the P depletion caused by forest harvest. In
Sweden, the recommended dose of wood ash is two or three metric tons
per hectare, depending on stand characteristics, with a minimum ash-P
content of 7 g kg’l (Swedish Forest Agency, 2019).

The interest in wood ash recycling is greatest in Europe and Canada,
particularly in northern Europe (Hannam et al., 2018; Huotari et al.,
2015; Pitman, 2006; Reid and Watmough, 2014; Augusto et al., 2008).
Previous research has focused on the chemical composition and leaching
properties of the ash (Larsson and Westling, 1998; Steenari et al., 1999a;
Steenari and Lindqvist, 1997), on the effect of ash application on tree
growth and nutrients uptake (e.g. Jacobson et al., 2014; Arvidsson and
Lundkvist, 2002), and on the resulting soil and water acid-base status
(Westling and Zetterberg, 2007). Yet only a few studies have focused on
the chemistry of soil P. Further, the research results into the effect of
wood ash application on the solubility of P in forest soils are contra-
dictory (Augusto et al., 2008). For example, Jacobson et al. (2004) found
an increase in the stocks of acid ammonium lactate-extractable P (P-AL)
in the humus and top mineral soil five years after the application of 6
and 9 Mg ha™! self-hardened, crushed wood ash to two forested sites at
Riddarhyttan, central Sweden. Moreover, Nieminen (2009) observed an
increase of the water-extractable PO4 — P content in the humus layer
following the addition of untreated wood ash (0.5 Mg ha’l) in labora-
tory microcosms. In contrast, Clarholm (1994) observed no change in
‘labile’ P, as extracted by 0.5 M NaHCOs3 at pH 8.5 (“Olsen P”), 18
months after the application of 4 Mg ha™! of granulated wood ash to a
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forest stand in southern Sweden. Similarly, Fransson et al. (1999) did
not observe a statistically significant difference in oxalate-extractable P
two years after the application of ‘slightly hardened’ wood ash. Results
from Finnish ash fertilization experiments show significant treatment
effects on extractable P in some experiments but not in others (Saarsalmi
etal., 2004; Saarsalmi et al., 2010). Probably, there are different reasons
for these contradictory results. The amount of wood ash (and associated
P), the timescale of the study (Jacobson, 2003; Jacobson et al., 2004;
Lim et al., 2020), and the dissolution rate of ash-P (Ohno, 1992), which
differs between loose and different forms of hardened ash, may all be
relevant factors to consider.

Since the N content in wood ash is very low, due to the losses of N
during combustion (Karltun et al., 2008), N fertilizers may be applied at
the same time as the wood ash (Swedish Forest Agency, 2019). N
fertilization is expected to lead to an increased tree growth and to a
higher P uptake, thus increasing the P demand (Braun et al., 2010;
Fliickiger and Braun, 1998; Heuck et al., 2018; Talkner et al., 2015;
Weand et al., 2010). It might be hypothesized that the amount of soluble
P would be lower in plots treated with ash and N fertilizer compared to
those treated with ash only. So far, only a few studies have been carried
out that allow us to test this hypothesis. Brais et al. (2015) observed an
increase in Mehlich 3-extractable P in the organic layer of a jack pine
stand in Canada, which was of the same magnitude in plots treated with
both wood ash and N as in those plots where only wood ash was applied,
suggesting that N fertilization did not bring about a decrease in P sol-
ubility in this case. Similar observations were made in a pot experiment
(An and Park, 2021). However, additional evidence is needed as well as
an increased understanding of the mechanisms involved.

These dynamics could be better understood if the speciation of P in
the soil was known. So far, there are only a few studies that documented
changes in P speciation as a result of wood ash fertilization. When the
added ash is mixed with the organic layer, e.g. by soil animals (Persson
et al., 2021), or leached downward, the P in the ash (mostly apatite;
Steenari and Lindqvist, 1997) interacts with organic acids or with soil
constituents, e.g. metal-organic complexes (Lundstrom et al., 2000),
causing the wood ash P to dissolve and transform into other species
(Alotaibi et al., 2018; Ohno, 1992). Following the dissolution of the ash-
P, the amount of P bound to Al and Fe, either as phosphates or as
adsorbed surface complexes, may increase (Ohno, 1992). Moreover, the
increased pH induced by the ash application stimulates the minerali-
zation of organic matter (OM) and nitrification (Augusto et al., 2008;
Cruz-Paredes et al., 2019; Lundstrom et al., 2003; Persson et al., 1995;
Rosenberg et al., 2010). These processes are likely to affect the P
speciation of the organic horizons in a complex fashion.

Synchrotron X-ray absorption near-edge structure (XANES) spec-
troscopy at the P K-edge is one of few available techniques to directly
estimate the average composition of P species in soil (Beauchemin et al.,
2003; Hesterberg, 2010; Gustafsson et al., 2020). Combining XANES
spectroscopy with micro-X-ray fluorescence (u-XRF) imaging offers
complementary insight into the heterogeneous distribution of different P
species, as the speciation and co-localization of P with other elements
can be resolved on a um scale (Hesterberg et al., 2017; Werner et al.,
2017; Adediran et al., 2020; Vogel et al., 2021). Hence, the objective of
the current study was to determine the extractability and speciation of P
in the organic layer at two Swedish experimental sites in response to the
application of (i) wood ash alone (at Riddarhyttan) and (ii) to ash and N
application (at Rodalund). In the case of Rodalund, we further relate the
P responses to P uptake by trees, as reflected in the accumulation of P in
aboveground biomass.

2. Materials and methods
2.1. Study sites

Two experimental sites from managed forests, in which long-term
experiments with ash fertilization have been carried out, were chosen
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Table 1
Characteristics of study sites.
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Table 2
The amount and composition of wood ash.

Characteristic name 1470 Rodélund 250 Riddarhyttan

Latitude 64°08'N 59°48'N
Longitude 19°52'E 15°32'E
Altitude (m a.s.l) 209 135

MAP (mm yr 1) 600 730

MAT (°C) 2.3 3.9

Dominant tree species Pinus sylvestris Pinus sylvestris
Stand density (trees ha ) 2040 + 151 1100

Stand age (years) 52 50

Stem volume (m® ha™!) 225 150

Parent material Wave-washed sand Sandy sediment
Soil order” Albic Podzol Albic Podzol

2 Soil classification according to IUSS Working Group (2014). MAP: mean
annual precipitation. MAT: mean annual temperature.

for this study, c.f. Table 1 for site characteristics. Rod&lund (64°08'N,
19°52'E) is situated in northern Sweden, near Vindeln, Vasterbotten
County at 250 m above sea level. The mean annual temperature is
2.3 °C. The mean annual precipitation averaged over the last 30 years is
about 600 mm, of which one third falls as snow on frozen ground from
mid-October to early May. The site was planted with Pinus sylvestris
(Scots pine) seedlings in 1996, later Picea abies (Norway spruce) (18 %)
and Betula spp. (8 %) were naturally regenerated (Lim et al., 2020). The
ground vegetation is dominated by dwarf shrubs, Vaccinium myrtillus
and Vaccinium vitis-idaea, a ground layer of mosses, Pleurozium schreberi
and Hylocomium splendens and lichens, Cladonia spp. The field experi-
ment at this site began in autumn 2001 to study the long-term effects of
whole-tree thinning, nutrient compensation on forest production and
soil acidification. The soil is an Albic Podzol (IUSS Working Group,
2014) developed on a wave-washed sand deposit (Figure S1A). The
organic layer is about 6 cm thick underlain by a strongly weathered E
horizon, which is about 17 cm thick. The illuvial B horizon extends to 50
cm depth, below which there is a stony C parent material horizon
(Tuyishime et al., 2022).

Riddarhyttan (59° 48N, 15° 32'E) is located in the county of
Vastmanland, in the south-central part of Sweden, at 135 m above the
sea level. The experiment (250 Riddarhyttan) was established in a 50-
year-old pine stand. The mean annual temperature (MAT) and precipi-
tation (MAP) are 3.9 °C and 730 mm, respectively (Table 1). The site is
dominated by P. sylvestris and the understory vegetation is of V. myrtillus
type (Jacobson et al., 2004). The site is a permanent recharge area for
groundwater. The soil profile (Figure S1B) is classified as an Albic
Podzol (IUSS Working Group, 2014) developed on sandy sediment. The
organic layer is approximately 5 cm thick above a 2 cm-thick E horizon.
The oxalate-extractable P, Al and Fe concentrations in this horizon are
0.03 gkg™1, 0.46 g kg and 0.54 g kg, respectively, compared to 0.25
gkg !, 4.9 gkg ! and 2.8 g kg ! in the upper B horizon (unpublished
data).

2.2. Field experiments and sampling

The Ro6dalund experiment was designed using the split-plot
approach, which consists of six replicated plots (60 x 70 m?, of which
40 x 50 m? is the net plot), to which each of the following four treat-
ments was assigned: stem-only thinning, whole-tree thinning, whole-
tree thinning with compensatory fertilization (150 kg N ha™!), and
whole-tree thinning with repeated fertilization (150 kg N ha™! every
third year). The total dose of N applied with repeated fertilization
2005-2019 was 750 kg ha™!. The N fertilizer ‘Skog-Can’ was composed
of ammonium-nitrate with additions of dolomite lime (5 % Ca, 2.4 %
Mg) and boron (0.2 %). Each plot was split into two halves, and the
wood ash (3 Mg ha™!) was added to one of the subplots within plots once
in 2005. When compared to stem-only thinning, whole-tree thinning did
not affect soil chemical properties or the carbon stock (Lim et al., 2020).
Therefore, in the present study, we used whole-tree thinning as a

Element  Amount and composition of wood ash
Rédalund” Riddarhyttan”
3 Mgash ha ! 3Mgash 6Mgash 9 Mgash
ha? ha ! ha?
% amount (kg % amount (kg ha B
ha™h)
Ca 14 420 13.7 411 822 1233
Mg 1.7 51 1.4 42 84 126
Na 0.63 18.9 125 375 75 112.5
K 6.3 189 6.4 192 384 576
P 1.6 48 0.8 24 48 72
Fe 0.64 19.2 11 333 66 929
Al 1.4 42 1.9 57 114 171
Si 8.8 264 5.6 168 336 504

2 From Lim et al. (2020),
b From Jacobson et al. (2004) and Ring et al. (2006).

reference, and whole-tree thinning with repeated fertilization as a N
fertilization treatment, focusing on the interactive effect between wood
ash and the repeated N fertilization (Figure S2). The self-hardened and
crushed wood ash applied at this site originated from a fly ash produced
at the Falun district heating plant in 2003-2004 using a boiler with a
bubbling fluidizing bed and flue gas condensation (Lim et al., 2020).

The Riddarhyttan experiment was designed according to a random-
ized block design. The wood ash was applied in September 1995 to
experimental plots (net size 30 x 30 m?) surrounded by a buffer strip of
about 5 m (Jacobson et al. 2014). The treatments of different doses from
3, 6, and 9 Mg ash ha 1 (3D, 6D, and 9D) (Table 2), including the
control, were assigned to experimental plots arranged in three blocks (n
= 4, c.f. Figure S2). The blocking was done based on stand parameters,
the number of stems per plot, basal area, and site characteristics (e.g. soil
moisture, ground vegetation, site index). For further information about
the experiment, see Jacobson et al. (2004). The ash applied to this site
was self-hardened, crushed wood ash, which originated from a pulp mill
in Pited, northern Sweden.

At Rodélund, sampling was done in August 2018. Ten soil cores (10
mm diameter) were collected from the organic horizon at random lo-
cations inside each subplot, excluding 2 m from the edge of the net
subplot, then mixed to make a composite sample. In total, 24 composite
samples from 12 plots were collected. At Riddarhyttan, samples from the
organic horizons were taken in a similar way in 2019 from plots treated
with wood ash and from control plots.

2.3. General chemical properties and P solubility

Undecomposed plant litter and roots were gently removed from fresh
samples and sieved through an 8-mm steel mesh. The samples were then
air-dried at 30 °C for seven days and sieved again (<2 mm). The pH of
fresh samples was measured in deionized water using a soil: solution
ratio of 1:10 (Blakemore et al., 1987). Total organic carbon (TOC) and
total N (TN) contents were determined after dry combustion according
to ISO 13,878 (ISO, 1998), using an elemental CN analyzer (TruMac®
CN, Leco corp, S:t Joseph, MI, USA). The concentrations of oxalate-
extractable Al (Alox), Fe (Feox), and P (Pox) were determined at pH
3.0 according to van Reeuwijk (1995), where Al, Fe and P were quan-
tified with ICP-OES using a Thermo ICAP 6300 instrument. Olsen-P was
determined according to Olsen (1954). Briefly, 2 g dry sample was
equilibrated for 30 min with a 40 mL solution containing 0.5 M NaHCO3
(with pH adjusted to 8.5). The suspension was centrifuged at 3000 rpm
for 10 min and filtered before P analysis by the molybdate-blue colori-
metric method using an AA500 AutoAnalyzer (SEAL analytical). Acid-
digestible P or total P (TP) was determined after HNO3/H20, diges-
tion of 1 g dry material, and subsequent quantification with ICP-MS
following ISO 11,466 (ISO, 1995).
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2.3.1. Phosphorus stocks in the aboveground biomass and organic layer

P and N stocks in aboveground biomass at R6dalund in 2009 were
estimated based on each component of tree biomass (stemwood, stem-
bark, branches, and needles) and the corresponding TP concentration in
tree biomass sampled in 2008, assuming that the P concentration in
2009 were the same as in 2008. The biomass of each component
(stemwood, bark, branches, and foliage) was estimated using a combi-
nation of a derived site-specific allometric function for each component
and repeated measurements of tree dimensions of all trees (diameter at
1.3 m, tree height, and length of live crown; Lim et al., 2020). Milled
samples of each tree fraction from 2008 were analyzed for P using
HNO3/H,0; digestion as above. Total N was analyzed after dry com-
bustion as above. For Riddarhyttan, data on P stocks in biomass are not
available.

For the organic horizons, the stocks of P and other elements were
calculated by multiplying the element concentration (mg kg~ dry mass)
with the organic layer stock (kg m~2) (Table S3 and S4). For the site
Rodélund, data on the organic layer stock were taken from Lim et al.
(2020), while for Riddarhyttan they are presented here for the first time
(Table S4).

2.4. Assessment of phosphorus speciation

2.4.1. Bulk P K-edge XANES spectroscopy

Phosphorus K-edge XANES spectroscopy was performed on bulk
samples at beamline 8 (BL8) (Klysubun et al., 2020) of the Synchrotron
Light Research Institute (SLRI) in Nakhon Ratchasima, Thailand. BL8
utilized synchrotron radiation generated from the SLRI storage ring with
an electron beam energy of 1.4 GeV and beam flux was 3 x 10'! photons
571 (100 mA) 1. The X-ray photon energy was scanned by an InSb (111)
double crystal monochromator giving a beam flux of 1.3 x 10° to 3 x
101 photons s~ 1 (100 mA)~L. The scanning was done on finely milled
samples (<50 ym) mounted in hollow and stainless-steel sample holders
(2 mm thick, 1 x 1.5 cm?® with a sample window of 0.5 x 1 cmz), and
covered with P-free polypropylene X-ray film (Eriksson et al., 2016). The
sample spectra were recorded in the fluorescence-yield mode in the
energy range of 2100-2320 eV using a solid-state 13-element Ge de-
tector. The step size was 2 eV between 2100 and 2139 eV, 1 eV between
2139 and 2146 eV, 0.2 eV between 2146 and 2160 eV, 0.3 eV between
2160 and 2190 eV, and 5 eV between 2190 and 2322 eV. A two-second
dwell time was used per energy step. Between 4 and 8 scans were
collected for each sample. Collected P K-edge XANES spectra of samples
were analyzed using linear combination fitting (LCF) (Ravel, 2009)
using the Athena software (version 0.9.25). The LC fits were subse-
quently processed for uncertainty analysis using the AthenaAut software
according to Gustafsson et al. (2020). Ten standards divided into six
species groups were used to provide a good representation of the solid P
phase in the surface horizons of acid forest soil (Gustafsson et al. 2020):
1) soil organic P (representing generic organic P from a Spodosol organic
horizon), PO4 adsorbed to Al (PO4 adsorbed to allophane, PO4 adsorbed
to gibbsite, and PO4-adsorbed to Al(OH)s3)), 3) PO4 adsorbed to Fe (PO4
adsorbed to ferrihydrite, PO4 adsorbed to goethite), 4) amorphous
AlPO4, 5) amorphous FePO4, and 6) CaP (apatite Taiba and
hydroxyapatite).

To some extent, these assignments are only indicative. As previously
shown, organic P species, when adsorbed to Fe and Al (hydr)oxides,
result in spectra intermediate between those of soil organic P and those
of PO4 adsorbed to Al or Fe (Gustafsson et al., 2020). During LCF, energy
shifts were not permitted, the sum of weights (SOW) was not forced to 1,
and a maximum of four standards was allowed in the output. When
presenting the results from LCF, we assumed that the sum of all weights
corresponded to TP.

2.4.2. Micro-focused X-ray fluorescence spectroscopy
To provide additional support for bulk P K-edge XANES analysis, a
replicate from each of the experimental treatments at Rédalund (Plot 1a:
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Control - no fertilization, Plot 1b: ash fertilized, Plot 24a: N fertilized,
Plot 24b: N and ash fertilized) was selected and subjected to micro-
focused X-ray fluorescence imaging of multiple elements (e.g., Al, P, S
and Ca), and X-ray atomic absorption near-edge structure (u-XANES)
spectroscopy at the P and S K-edges. For this analysis, representative
samples from each treatment were embedded in high-purity epoxy resin.
Micro-polished petrographic thin sections of 30 pm thick were prepared
at TS Lab & Geoservices snc, Cascina, Italy. p-XRF and p-XANES spectra
were collected on petrographic thin sections at the PHOENIX (Photons
for the Exploration of Nature by Imaging and XAFS) beamline at the
Swiss Light Source (Paul Scherrer Institut, Villigen, Switzerland), using
the PHOENIX I (X07MB) branch, which used a double crystal mono-
chromator (Bruker, AXS GmbH) and covers energies from 0.8 to 8 keV.
For the measurements, a Si (111) crystal was employed. Focusing of the
X-ray beam was performed with two Kirkpatrick-Baez (K-B) mirrors. The
intensity of the incoming beam was measured as a total electron yield
(TEY) signal on a Ni coated polyester foil, located c. 1 m upstream of the
sample, at ¢. 5 x 1077 mbar of pressure. Fluorescence signals were
collected using an energy dispersive detector with four elements of sil-
icon drift diodes (Vortex, Hitachi, California 91311, USA). To minimize
X-ray absorption by air, the analysis was performed in a vacuum envi-
ronment. p-XRF images (400 x 400 pm?) were acquired with a dwell
time of 0.4 s per point using a step size of 3 x 3 pmz at an excitation
energy of 2500 eV. For each pixel, the full fluorescence spectrum was
recorded, which contains the signature of all excited elements including
P and some major elements known to influence its speciation (e.g. Al, Ca
and S)). Here the S image serves as a proxy for OM (carbon) interactions
with P (Adediran et al., 2021). Although the S imaged by p-XRF could be
both inorganic and organic, the proportion of the S that is bound by
organic carbon can be resolved by S K-edge XANES analysis (Adediran
etal., 2021). Further, spot-wise u-XANES data on P and S were collected
at spots with varying concentrations according to elemental imaging. P
and S K-edge ji-XANES spectra were recorded in fluorescence mode over
the 2.10-2.22 and 2.45-2.55 keV energy ranges for P and S respectively,
with 0.2 eV steps. For each sample, up to 8 high-quality p-XANES scans
from different P spots were merged to one spectrum.

The p-XRF spectra were dead-time-corrected and normalized to
incoming beam intensities before individual elemental spectrum
deconvolution. Microscale-resolution elemental maps were obtained
after fitting each pixel p-XRF spectrum using the PyMca X-ray Fluores-
cence Toolkit (Solé et al., 2007). The P p-XANES spectra were subjected
to probabilistic LCF analysis as described above in section 2.4.1. The S K-
edge p-XANES spectrum consists of distinct resonance peaks, whose
energy positions are linearly correlated to the oxidation state of the S
species (Vairavamurthy, 1998). These peaks were decomposed by
Gaussian curve fitting as described in Prietzel et al. (2011), using the
software package PeakFit (version 4.12, Systat Software, Inc.). The areas
of the best-fitting peaks were calculated and multiplied by a weighting
factor (Prietzel et al., 2011), which accounts for the variation in the
absorption cross-section per unit mass with the S oxidation state (Ver-
onesi et al., 2013; Prietzel et al., 2011).

2.5. Statistical analyses

For Rodalund, a two-factor analysis of variance was used to deter-
mine the effects of wood ash and repeated N fertilization on P speciation
and solubility. A split-plot ANOVA model (Kenward-Roger’s method)
was applied, which consists of N as whole-plot factor and ash as sub-plot
factor. Thus, the wood ash and N were added in a factorial way such that
the levels of N factor (corresponding to N and no N addition) are ordered
in six replicates (n = 6) randomly assigned to experimental plots,
whereas the ash factor levels (for ash and no ash addition; n = 12) are
randomly arranged within the N-factor in the sub-plots. The model also
includes the “Ash x N” interaction between the two treatment factors,
the whole-plot random error, and the regular residual error (sub-plot
error). With the split-plot design, the precision of the measurement of
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Fig. 1. pH (A), total P (B), acid oxalate-extractable P (Pox) (C), and alkaline NaHCO3-extractable P (Olsen-P) (D) at Rodalund. The data are presented based on the
interactive treatments of wood ash and N. Dissimilar upper case letters (A and B) indicate a significant difference (at p < 0.05) in the variables between repeated N-
fertilized and control (n = 6). Dissimilar lower case letters (a and b) indicate a significant difference (at p < 0.05) in the variable among ash treatments (n = 12)
within N fertilization treatment (N and no N). Boxplots without letters indicate no significant difference between or among the treatments.

Table 3
General chemical properties (mean values) of the investigated organic horizons.
Study site Treatment pH Alox Feox TOC N C:Porg N:Porg
mmol kgt gkgt mol mol !
Rodélund Control 4.38 £0.1 441 +14.3 142445 332 +21.7 9.67 £ 0.4 1247.9 + 94 31.5+2
Ash 47202 40.1 £17.7 17.8 + 4.6 337 +£27.6 9.50 £ 0.7 2192 + 1045 50.7 + 22
N 4.4+ 0.0 42.0 + 14.4 142 +3.1 404 +14.9 14.5+ 0.4 1621 + 106 498 +2
Ash + N 4.52+0.1 51.4 +£16.5 16.5 + 4.9 399 +£17.8 14.7 £ 0.9 1627.1 + 136 50.7 + 4
Riddarhyttan 0 Ash 3.93+0.1 427 £11.6 18.9 £ 6.7 430 £ 9.6 11.0 £ 0.1 1835.3 £ 145 40.1+2
3 Ash 3.93 £ 0.0 50.7 £ 11.6 26.5+ 6.7 387 £ 4.8 10.8+£0.3 1541.9 + 111 36.6 + 2
6 Ash 4.13£0.0 46.7 £11.6 22.0 £ 6.7 372 £13.8 10.5 + 0.7 1703.9 + 80.5 41.2+1
9 Ash 4.97 £0.2 64.8 +11.6 29 £ 6.7 284+£7.6 8.3+0.5 1035.1 £ 121 259+3
the sub-plot factor is increased (there are more observations) at the using Least Squares Means (emmeans) function was used to compare
expense of the whole-plot factor (Gomez and Gomez, 1984). Therefore, estimated means of different groups of ash and N treatments.
this model fits well with the data from R6dalund as it is robust for testing For Riddarhyttan, a linear mixed-effect regression analysis with
the effects of wood ash. Moreover, the Tukey method (with p = 0.05) block and wood ash treatment (as a continuous variable) was used to
Table 4

Analysis of variance for the main effects of wood ash and N treatments and their interaction (ash x N) on soil chemical properties in organic layer at the site R6dalund.

Quantitative relationship between wood ash treatment levels and soil chemical properties in the organic layer at Riddarhyttan. All effects were statistically analysed at
the 0.05 significance level.

Study site Treatment Alox Feox TN C:Porg N:Porp
Rodalund Ash p=085 p=045 p=0.40
N p=077 p=088 p=0.46
Ash x N p =064 p=085 p=0.44
Riddarhyttan R? 0.14 0.08 0.38
p value 0.041 0.37 < 0.001 0.038 0.033

Alox and Feox: acid oxalate-extractable Al and Fe (mmol kg~!). TOC and TN: total organic carbon and nitrogen (g kg~!).C: Porg and N: Porg: molar C to organic P ratio
(mol/mol). N: Porg: molar N to organic P ratio (mol/mol).
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Fig. 2. Relationships between the amount of wood ash added and pH (A), acid oxalate-extractable Al (Alox) (B) and Fe (Feox) (C), total P (D), alkaline NaHCO3-
extractable P (Olsen-P) (E), and acid oxalate-extractable P (Pox) (F), in the organic layer of the Riddarhyttan site, (n = 4).

determine the effects of ash on extractable P and the P speciation in the
organic horizon. The regression model was chosen because the ash
treatments are different treatment levels of a numeric variable, i.e. the
levels describe a measurable quantity of the ash. The random normality
was checked by plotting the final residuals. All statistical analyses were
performed using R (v.4.02).

3. Results

3.1. Soil chemical properties and P extractability as affected by treatment
At Rodélund, the application of 3 Mg ash ha™! to the organic horizon

increased the pH by 0.22 units compared to the control (p = 0.048)

(Fig. 1A). Other main properties, e.g. TOC, TN, Alox, Feox, and the
molar N:Porg and C:Porg ratios were not significantly affected by the ash

application (Table 3 and Table 4). The same was true for Pox and for
Olsen-P, although the averages were higher in the ash treatment by a
factor of approximately 1.5 and 1.2, respectively (Fig. 1). In contrast, the
N fertilization of the organic horizon increased the concentrations of
TOC (p = 0.039) and TN (p < 0.001) significantly (Table 3 and Table 4),
but the effect on the molar N:Porg and C:Porg ratios were not significant.
The concentrations of Pox and Olsen-P decreased significantly in
response to N addition (Fig. 1C and 1D; p = 0.016 and p = 0.002,
respectively). When considering interactive treatment groups, the Pox
concentration increased from 5.6 mmol kg™ in the N-only treatment to
7.8, 11.2, and 16.6 mmol kg’1 in the ash + N, control, and ash-only
treatments, respectively (Table S2). Likewise, Olsen-P increased from
1.72 mmol kg ™! in the N-only treatment to 1.81, 3.18, and 3.78 mmol
kg~ ! in the ash + N, control, and ash-only treatments.

At Riddarhyttan, the pH of the organic horizon increased as a
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function of the ash dose (R2 = 0.71, p < 0.001; Fig. 2A), whereas the
concentrations of TOC and TN decreased (p < 0.001 and p = 0.006,
respectively) (Table 3 and Table 4). Similarly, the molar C:Porg and N:
Porg decreased significantly with increasing ash dose, but the effect was
not strong; R? = 0.36 and 0.38 (Table 4). The concentrations of TP,
Olsen-P, and Pox increased with increasing wood ash application rate (p
= 0.002, p = 0.007, and p = 0.037, respectively; Fig. 2D, 2E, and 2F).
The increase of the concentration of Pox was concomitant with that of
Alox (p = 0.047 (Fig. 2B).

3.2. Bulk P K-edge XANES speciation

At the Rodalund site, the concentration of Ca-bound P (probably
apatite) was found to be 4.4 mmol kg™! in the wood ash treatment,
which is statistically (p = 0.048) higher than the 0.4 mmol kg ! found in
the organic layers without ash (Fig. 3A). The highest Ca-bound P con-
centration was measured in the ash-only treatment, 7.1 mmol kg™,
which was 18.7 % of the TP. In the other treatment, Ca-bound P was
much lower, i.e. 1.8 mmol kg’1 (6.4 % of TP), 0.68 mmol kg’1 (2.7 % of
TP), and 0.15 mmol kg’1 (0.5 % of TP) in the ash + N, N-only, and
control treatments, respectively. It should be noted that the N fertilizer
used at Rodélund contained some Ca and other base cations. The LCF of
the bulk XANES spectra also showed the relative contribution of total P
associated with Al and Fe not to exceed, on average, 20 % of the TP for
all organic horizons from Rédélund (Fig. S3). The wood ash treatment
significantly (p = 0.009) increased the concentration of P adsorbed on Al
(P ads Al) in the ash-fertilized subplots (Fig. 3B). Considering different
interactive treatment groups, the concentration of this P species
decreased from 4.4 mmol kg ! in the ash-only treatment to 1.9, 1.2, and
0.7 mmol kg~! in the ash + N, control, and N-only treatment, respec-
tively (Table S2). No significant difference was found for the P adsorbed
on Fe (P ads Fe) concentration (Fig. 3C). Organic P (Porg) species
accounted for, on average, 73.4 % of the TP concentration, thus, being
the main P fraction (Fig. S3). However, there was no change in this P
form caused by either treatment (Fig. 3D).

At Riddarhyttan, fertilization with wood ash did not change the
contribution of Porg, which accounted for an average of 73 % of the TP

of the organic horizon (Fig. 4A and Table S4). Bulk XANES results
showed that on average, 2.3 mmol kg ! of Ca-bound P, which represents
only 4 % of the TP, was found in the O horizons treated with 9 Mg ha™?,
while no Ca-bound P was measured in the remaining samples
(Table $2). However, a strong quantitative relationship (R? = 0.72, p <
0.001) between the amount of wood ash and the concentration of P ads
Al was found (Fig. 4B). Similarly, the concentration P ads Fe in the
organic layer increased significantly (p = 0.044) with increasing ash
dose although the slope was not strong (R? = 0.35) (Fig. 4C). Further-
more, there was a strong relationship between the concentration of
Olsen-P and that of P ads Al (R2 = 0.83, p < 0.001) as well as with the
concentration of P-ads Fe (R? = 0.74, p < 0.001) (Fig. 5) in the organic
layers of Riddarhyttan.

3.3. Microscale distribution and speciation of P at Roddlund

In the control (un-fertilized treatment), P was mainly co-localized
with S (cyan color in Fig. 6a). Analysis of the S K-edge p-XANES
showed S to be predominantly organic-S (Fig. S5). This was further
supported by P K-edge p-XANES showing P in this treatment to be
mainly organic-P (Fig. 6b). Apart from the P and S co-localizations, there
was evidence of the presence of some Ca-bearing P particles in the N
fertilized treatment. These micro-sized P particles were more prominent
in the treatments fertilized with only ash and under combined ash and N
fertilization. p-XRF imaging of multiple elements in these treatments
shows P at these particles to be co-localized with Al and Ca. Again, this
observation was further supported by P K-edge p-XANES results. The ash
and ash + N fertilization treatments influenced P speciation in the
organic layer by increasing the proportion of inorganic P species (mainly
as Al and to a lesser extent Ca bound P) from ~ 3 % in control (unfer-
tilized) and N fertilized treatments, to ~ 51 % and 13 % in treatments
fertilized with only ash, and ash + N, respectively. Although only one
replicate from the experimental treatments at Rodalund was subjected
to these detailed p-XRF and p-XANES analyses, the result is in general
agreement with the results of P speciation by bulk P K-edge analysis
across all the plots at the two sites.
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3.4. Phosphorus stocks in aboveground biomass

The results on above ground biomass at Rodalund are reported in
Fig. 7. Repeated N fertilization resulted in a significant (p = 0.012), 39 %
higher P stock in the aboveground tree biomass in 2009 compared to the
control (30.4 compared to 21.9 kg P ha™1). The response was due both to
an increased P concentration (p = 0.004) in biomass and to an increased
tree biomass stocks (p = 0.015). The P stock following ash treatment was
16 % higher than that in the control (28.0 compared to 24.2 kg P ha™%, p
= 0.032). The ash application did not affect tree biomass. There was no
significant interaction between N fertilization and ash treatment (p =
0.77). The P-to-N ratio (by mass) of the total needle biomass was
significantly increased by the P-containing ash treatment (p = 0.002)
compared to the control under unfertilized conditions, from 10.2 % to
12.5 % (Fig. 7B). The interaction between N fertilization and ash
treatment was also significant (p = 0.01). However, repeated N fertil-
ization had no effect on the P-to-N ratio (p = 0.349; 11.6 % in N treat-
ment, 11.1 % in control) contrary to the expected decrease in the P-to-N
ratio.

4. Discussion

Application of wood ash influenced P speciation and resulted in
increased P concentrations in the organic horizon. By contrast, repeated
N fertilization resulted in the opposite effect on extractable P concen-
trations, although no effect on P speciation was found. To our knowl-
edge, this is the first study describing the long-term effects of wood ash
application on the soil P speciation at the micro- and molecular scales.
Essentially, our results reinforced previous research on soil solution P
chemistry, which showed that wood ash increased the P concentrations
in soil solution, resulting in increased sorption of P (Ohno, 1992). Our
study focused on the effects on the organic layers, as they are the most
likely to be affected by forest management. A combination of u-XRF/
u-XANES and P K-edge bulk-XANES spectroscopy revealed distinct
changes in P speciation after ash application, as Al-bound P accumu-
lated, while most of the ash-P dissolved, except for some residual Ca-
bound P at high ash loads. P associated with Al and Ca was more
prominent in the ash treatments, especially when ash was added alone.
The presence of residual Ca-bound P is also evident from the normalized
P K-edge XANES spectra of the ash treatment, which appeared to have
broader white-line features and post-edge characteristics typical of Ca-
bound P (Fig. S3).

The increased soil P concentrations after ash application at Riddar-
hyttan might have resulted from the added P in the ash. The addition of
6 and 9 Mg ash ha 1 (6D and 9D) corresponded to 48 and 72 kg P ha 1
This led to an increase in TP in the organic layer of 10 and 28 kg P ha™},
respectively (Table 5), which is equivalent to 21 and 39 % of the P
content in the applied ash. At Rodalund, the application of 3 Mg ha™!
corresponded to 48 kg P ha~!, while the organic horizon P increased
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Fig. 5. Concentration of P adsorbed to Al (A) and Fe (B) as a function of the concentration of Olsen-P at Riddarhyttan across all rates of wood ash addition (n = 4).
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with 8 kg P ha™!, equivalent to 17 % of the P in the applied ash.
Although these percentages were similar at the two sites, XANES spec-
troscopy showed that the ash dissolution patterns differed at the two
sites. At Rodalund, the presence of 4.6 kg P ha™! as Ca-bound P in the
ash-treated plots (compared to 0.1 kg P ha™! in the control plots),
together with the above-mentioned evidence from p-XRF/u-XANES,
showed that the increased P concentration of the organic horizon was

partly due to the presence of undissolved ash particles in the ash-treated
Rodélund plots. By contrast, Ca-bound P was absent from the plots
treated with 6 Mg ash ha™! at Riddarhyttan and only 3.8 kg P ha™! in
those treated with the highest dose, showing that the Ca-bound P of the
ash had dissolved more completely at this site, perhaps due to different
characteristics of the ash that was used (Table 2), and/or the longer time
that had passed since ash application (24 years in Rodalund vs 13 years
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Table 5
Phosphorus stocks of the investigated organic horizons.
Study site Treatment TP Olsen-P Pox Porg P ads Al P ads Fe AIPO,4 FePO, CaP
kgha!
Rodalund Control 16.8 £ 2.2 1.97 £ 0.4 6.5+ 1.1 13.2+19 0.8 +0.4 1.5+0.2 0.7 £ 0.7 0.4+04 0.1+0.1
Ash 20.5+2.7 22+04 9.6 £ 2.1 10.6 £ 1.3 21405 29+13 0.0 + 0.0 0.3+0.3 4.6 £2.2
N 143 £ 0.7 0.95 + 0.1 3.2+ 0.3 11.8 £ 0.8 0.3 +£0.2 1.3+£03 0.1+0.1 0.2 +0.2 0.4+£0.3
Ash + N 17.9 £ 1.6 117 £ 0.1 4.97 +1.2 135+ 1.1 1.3+0.6 1.6 £ 0.6 0.0 £ 0.0 0.3 +£0.4 1.6+ 0.5
Riddarhyttan Control 30.2 + 3.0 23+£0.2 101 £23 30.0 = 2.9 0.0 £ 0.0 0.0 +1.9 n.d n.d 0.0 £ 0.0
3 Ash 36.1 7.0 24+05 11.6 £5.3 29.1 +4.2 51+21 1.73 +£ 1.0 nd n.d 0.0 £0.0
6 Ash 40.2 £5.7 33+0.7 11.2 +£42 251 +1.6 11.2+£35 3.9+19 nd n.d 0.0 £ 0.0
9 Ash 58.8 + 14.1 48 +1.6 245+ 117 34.3 £ 2.5 15.6 + 4.9 5.0 +3.8 nd n.d 3.8+38

n.d: not detectable by the bulk P K-edge XANES.

in Riddarhyttan). Instead at Riddarhyttan, the concentration of P bound
to Al and to Fe increased, with 15.6 and 5.0 kg P ha, ! respectively, in the
highest ash dose treatment. Increased dissolved P concentrations and a
higher pH, allowing hydrolysis of organically complexed Al and Fe,
could have shifted the chemical equilibrium towards P adsorption, as
shown by a strong relationship between Olsen-P and P ads Al/Fe.
Although Al- and Fe-bound P increased also at Rodalund after ash
treatment, the increase was much smaller (Table 5). Apart from the
difference in ash quality, the variations of P responses between the two
sites may also be explained by the higher content of oxalate-extractable
Fe and Al in the Riddarhyttan organic horizons, in combination with the
higher Fe and Al content of the applied ash. This may have provided a
larger number of adsorption sites for P. Taken together, our results show
that the wood ash application increased the P levels in the organic

horizons and that the increase was mainly due to labile P bound to Al
and Fe phases, which may be a source of plant-available P (Amadou
et al., 2022).

We observed a decrease in TOC, TN as well as molar N:Porg and C:
Porg ratios in response to ash application at the site Riddarhyttan. A
reason for this might be increased OM decomposition by the pH-raising
effect of the ash (Persson et al., 2021; Rosenberg et al., 2010). By
contrast, Porg was unaffected by ash application, at both sites. There
could be different reasons for this. It might be that the ash application
increased decomposition, but that the turnover time of phosphorylated
organic compounds is longer than that of non-phosphorylated organic
compounds, and hence no effect on Porg is visible yet. Second, and more
likely, it could be that the formation of Porg increased in response to ash
application as the soil biota formed Porg from ash-derived P stimulated
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by the pH in the ash-amended organic horizons (Augusto et al., 2008;
Persson et al., 2021; Persson et al., 1995). It may also be that apatite
dissolution from the ash resulted in increased fungal biomass (Forsmark
et al., 2021; Mahmood et al., 2003), which likely contributed to Porg,
and thus kept this pool unaffected. The lack of an effect of N application
on Porg can also be explained by an increased demand for P by biota in
response to N addition, which favors P immobilization by ectomycor-
rhizal fungi (Forsmark et al., 2021; Heuck et al., 2018). This is consistent
with the molar N:Porg and C:Porg (based on organic P fraction), which
were unaffected by the long-term, repeated N fertilization (c.f. Table 3
and Table 4).

The TP, Pox, and Olsen-P stocks all declined in response to repeated
N fertilization, which confirms previous studies about the effect of N
addition on organic horizons in temperate regions, including Scandi-
navian coniferous forests (Heuck et al., 2018). The increased N avail-
ability due to N addition is expected to enhance P uptake by plants and
potentially microorganisms, which reduces easily available P. Hence,
any available P from organic sources is likely efficiently immobilized by
microorganisms (Heuck et al., 2018; Pistocchi et al., 2018). The com-
bination of ash and N fertilizers also nearly halved the easily available P
stock (Olsen-P) compared to the organic horizons that only received ash
(Table 5), despite the additional input of P from the ash. This emphasizes
the effect of N fertilizer on plant P uptake.

The results concerning P stocks in aboveground biomass demon-
strated that both N fertilization and ash addition increased tree P uptake
(based on the 2009 data). The ash treatment also increased the foliage P/
N ratio in contrast to the N treatment, where this ratio remained unaf-
fected. The ratio increased from 9.2 % in the control to 13 % in ash
treatment. In both cases, the P concentration was near or above the
optimum level (Knecht and Goransson, 2004). The effect of the ash
treatment was expected owing to the high P content of the ash. Despite
the increase in P uptake, the ash treatment had no effect on tree growth
(Fig. 7D), regardless of N fertilization. This suggests, first, that the
increased P stocks in biomass of this treatment reflected a higher P
availability, not a higher demand, and second, that the tree growth was
not limited by P at the site. On the other hand, the significantly higher P
uptake and tree growth following N fertilization likely explain the
reduced concentrations of available P. The maintained P/N ratio of
foliar biomass in N treatment indicates a strong capacity of the Rod&lund
stand to increase P acquisition in parallel with increased N uptake. This
finding deviates to some extent from the results of other long-term
fertilization experiments in Nordic forests, including sites that are very
close to Rodalund (Palmqvist et al., 2020; Tamm et al., 1999; Binkley
and Hogberg, 2016). According to the latter findings, the N addition
increased tree growth and P uptake (as in Rod&lund) but resulted in
lowered P/N ratios in needles, and hence complementary additions of P
and other elements were needed for sustained production. From a forest
production perspective, the addition of P from the wood ash in Rodalund
showed no additive effect. However, wood ash treatment in combination
with N resulted in higher P uptake (+12.4 kg ha™! increase) than in N-
only treatment (+9 kg ha™?), indicating that adding hardened wood ash
can ameliorate N-induced P deficiency while maintaining tree growth,
more so after multiple forest cycles. Hence, one important result of this
study is that wood ash did increase plant-available P forms in the soil
and increased P uptake in trees regardless of the N fertilization treat-
ment. This result is probably general to a wide group of soil and forest
conditions.

5. Conclusion

This study provides in-depth insights into the fate of added P from
self-hardened wood ash to the forest organic horizon and how this in-
fluences soil P, organic carbon, and nitrogen as well as P uptake by trees.
Decades after wood ash applications, there were still undissolved Ca
phosphates, albeit in small quantities, which very likely were derived
from the ash. As the ash dissolved, the P solubility and P bound to Al and
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Fe increased, while the organic P pool remained unchanged. The high
solubility of P in the ash-fertilized plots increased the P uptake by plants,
as reflected by the higher P stock in aboveground biomass. The ash
application may also have resulted in a P availability that was higher
than required by the trees. Long-term, repeated N fertilization signifi-
cantly increased P uptake by trees and decreased levels of available P in
the organic horizon. In summary, the application of wood ash increased
Al-bound P and increased the levels of easily available P as well as P
uptake by trees.
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1. Supplementary figures

Figure S1: Soil pits excavated from Ridalund (A) and Riddarhyttan (B). Red brackets indicate the part
of the organic layer sampled.
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Figure S2: Schematic representation of the net size of experimental plots from two study sites
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Figure S3: Normalized P K-edge XANES data with the relative fractional weights of different P species
from unfertilized (A), ash-treated (B), N-treated (C), and ash + N-treated (D) organic layers from
Rodalund. Porg: organic P, Al ads P: Al-adsorbed P, Fe ads P: Fe-adsorbed P, Ca-P: Ca-bound P, Al-P
and Fe-P represent cases when the probabilistic LCF could not distinguish the P adsorbed to Al from
AIPO;, as well as P adsorbed to Fe from FePO,. Fe-|Al-P: represent cases when the probabilistic LCF
could not distinguish between all Fe-and Al-bound P. * indicates FePO4 or AIPO4 most likely represents
the cases when probabilistic LCF showed that unseparated Fe-P or Al-P species groups. Otherwise, Al-

adsorbed P or Fe-adsorbed P was the most likely P forms represented by Al or Fe-P.
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Figure S4: Normalized P K-edge XANES data with the relative fractional weights of different P species
from unfertilized (A), ash (3 Mg ha)-treated (B), ash-treated (6 Mg ha*) (C), and ash -treated (9 Mg
ha?) (D) organic layers from Rodalund. Porg: organic P, Al ads P: Al-adsorbed P, Fe ads P: Fe-adsorbed
P, Ca-P: Ca-bound P, Al-P and Fe-P represent cases when the probabilistic LCF could not distinguish
the P adsorbed to Al from AIPO4, as well as P adsorbed to Fe from FePO,. Fe-|Al-P: represent cases
when the probabilistic LCF could not distinguish between all Fe-, and Al-bound P. * indicates FePO4
or AIPO4 most likely represents the cases when probabilistic LCF showed that unseparated Fe-P or Al-
P species groups. Otherwise, Al-adsorbed P or Fe-adsorbed P was the most likely P forms represented

by Al or Fe-P.
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Figure S5: Molecular speciation of S as deduced by Gaussian curve fittings of S K-edge p_XANES in
selected experimental plots at Rodalund.

2. Supplementary tables

Table S1: Stocks of general chemical properties of studied O horizons

Study site Treatment Alox Feox Siox TOC TN
kg ha!
Rodélund Control 20.2+7.1 13.9+3.1 0.48+0.1 6520+2342 189+31.6
Ash 19.0+44 17.9+44 3.6x1.8 7069%1165 194+57.5
N 21.0+¢5.6 14.8+3.2 0.5+0.1 7368+619.7 264+155

Ash+N 28.2+9.9 19.0+5.5 0.95+0.3 8253+259 301+8.5
Riddarhyttan 0 Ash 55.8+4.2 50.2+35 0.70+0.4 21616+3818 548+82
3 Ash 69.2+32.2 77.9¥438 2.3+¥2.1 1759643179 490+96
6 Ash 57.5+15.1 56.8+16.3 1.5+1.2 16609+1497 467+26
9 Ash 83.8+18.4 77.8+10.3 12.98+11 13559+880 395422




Table S2: Phosphorus solubility and speciation of investigated O horizons

Study site Treatment TP Olsen-P  Pox Porg* P ads Al* P ads Fe* AIPO,* FePO,* CaP*
mmol kg

Rédalund Control 29.0+2.1 3.18+04 11.2+2 22.6+x1.8 1.16+x0.5 2.6+04 1.7+1.7 0.56+0.6 0.15+0.15
Ash 37.845.4 3.78+0.3 16.6+3 21.7#43 4.37+1.2 3.9+09 0.00£+0.0 0.82+0.8 7.1+35
N 25.5+0.8 1.72+0.2 5.6+04 21.1+1.3 0.71+04 24+0.5 0.3+0.3 0.35+0.3 0.7+0.44
Ash+N  28.0+2.6 1.81+1.2 7.74#2 21.1+1.95 1.90+0.9 2.6+0.9 0.00+0.0 0.60+0.5 1.8+0.8

Riddarhyttan Control ~ 19.8+1.1 1.48+0.1 7.08+2.2 19.741.2 0.00+0.0 0.00+0.0 nd nd 0+0.0
3 Ash 255+0.4 1.69+0.1 7.42+2.3 21.1+14 3.33+1.2 1.07+0.6 n.d n.d 0.0£0.0
6 Ash 28.7£15 2.29+0.3 7.85+2.7 18.2+0.8 7.7£19 2.77+0.3 n.d n.d 0.0+£0.0
9 Ash 39.14#6.1 3.21+0.8 15.9+6.7 23.4+2.4 10.3+2.6 3.10+2.3 n.d n.d 2.3+2.3

*indicates P species as evidenced by the P K-edge XANES in the bulk soil samples

Table S3: The mass of O horizons studied from Rodalund

Ash treatment (Mg ha') in plots

O horizon mass (sieved)

kg m?
Control (0) 1.36
Control (0) 1.32
Control (0) 1.30
Control (0) 2.07
Control (0) 2.19
Control (0) 3.45
Ash (3 Mg ha) 1.52
Ash (3 Mg ha't) 1.30
Ash (3 Mg ha) 151
Ash (3 Mg ha'l) 1.72
Ash (3 Mg ha?) 4.36
Ash (3 Mg ha't) 1.34
N 1.46
N 1.68
N 2.25
N 1.66
N 1.76
N 2.10
Ash + N 2.54
Ash + N 2.02
Ash + N 2.14
Ash + N 1.96
Ash + N 2.02
Ash + N 1.81

Lim et al. (2020). N represent repeated 150 kg ha™* fertilization of nitrogen every three years.



Table S4: The mass of O horizons studied from 250 Riddarhyttan

Ash treatment (Mg ha') in plots organic Layer mass (sieved)

Mg ha-1 kg m?
Control (0) 6.55
Control (0) 4.08
Control (0) 4.35
3 3.19

3 4.45

3 6.00

6 3.68

6 5.09

6 4.65

9 4.79

9 4.17

9 5.36
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