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Abstract

Phosphorus (P) availability in soils controls critical functions and properties of terrestrial ecosystems. Vertical distribution
patterns of P concentration and speciation in soil profiles provide historical records of how pedogenic processes redistribute
and transform P and thus change its availability in soils, which, however, remain poorly understood. We determined the pat-
terns in three forest soil profiles of contrasting climate, using fine sampling intervals, P K-edge X-ray absorption near edge
(XANES) spectroscopy and chemical extractions. The major features of the patterns persist under the contrasting climate.
The total P concentration decreases from A to B horizons, reaches a minimum in the B horizons, and then increases towards
the upper C horizons, but with little variations with depth in the lower C horizons. Both calcium-bound inorganic P (Ca—P;)
and organic P (P,) decrease and Fe- and Al-bound P; [(Fe + Al)-P;] increases in proportion downward in the A horizons
because dust inputs and accumulation of organic matter both decline with increasing depth. Ca-P; is negligible and
(Fe + Al)-P; is dominant in the B horizons due to strong weathering. There is a strong downward increase in Ca—P; propor-
tion and decrease in (Fe + Al)-P; proportion from the lower B to the upper C horizons. New Ca—P; seems to form in the upper
C horizons where downward leaching Ca>" and phosphate accumulate due to the low water permeability of the soils. In the
lower C horizons, Ca-P; increases and (Fe + Al)-P; decreases with increasing depth due to decreasing chemical weathering.
Regarding P bioavailability, the proportion of occluded P (P,..) shows an increasing and decreasing trend with increasing
depth, being the highest in the B horizons; however, there are no consistent trends for non-occluded P (P,_oc). While the
P vertical patterns can be understood by considering the relative importance of different pedogenic processes, climate affects
the intensities of these processes and thus the details of the patterns. When depth-integrated, warmer/wetter climate results in
decreases in the proportions of both Ca-P; and P,_,.. but increases in the P loss and the proportions of P, (Fe + Al)-P;, and
P,cc. Regardless of soil depth and climate, the P; speciation, i.e., the relative proportions of Ca—P; and (Fe + Al)-P; over total
P;, correlates well with soil pH and weathering degree (Chemical Index of Alteration, CIA), and the P, concentration corre-
lates with pedogenic Fe and Al and organic carbon concentration. The correlations suggest that the P; speciation is primarily
controlled by soil geochemistry/mineralogy, and the P, concentration by both soil geochemistry/mineralogy and biological
activities. P, correlates with CIA, and thus is mainly controlled by soil mineralogy; but P, _,.. correlates weakly with soil
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properties, probably due to its susceptibility to combined influences of dust inputs, leaching, biological activities, and adsorp-
tion on minerals. The above quantitative relationships may help predict P speciation and availability in diverse soils. We fur-
ther show that soil profiles, and climate and CIA gradients are useful tools for studying P transformations, particularly for the
P; pool, during pedogenesis. This study provides an integration and synthesis of controls of climatic and edaphic variables on

P dynamics in forest soils.
© 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Phosphorus (P) is an essential nutrient element (Elser
et al., 2007; Filippelli, 2008), and its bioavailability repre-
sents a key control on primary productivity, plant diversity
and microbial decomposition (Follmi, 1996; Tyrrell, 1999;
Elser et al., 2007; Filippelli, 2008). Phosphorus in terrestrial
ecosystems is ultimately derived from rock weathering.
Once P is released into soil by rock weathering, it is dis-
tributed among multiple chemical species that differ in
mobility and bioavailability. Steep physical, chemical and
biological gradients in soil profiles can strongly affect the
vertical spatial distribution patterns of P concentration
and speciation, which in turn govern P availability and con-
strain biological activity at different depths of soils. Thus,
the vertical distribution patterns can yield insights into
what biogeochemical and physical processes control P
chemistry, mobility and bioavailability in each soil layer,
as well as its mass exchange within the profile, and between
the profile and its surrounding environment. However, the
vertical distribution patterns and the controlling physical
and biogeochemical processes, particularly under contrast-
ing climate, are not fully understood.

Phosphorus vertical distribution patterns in non-
agricultural soil profiles are affected by physical and
chemical weathering, material transport (eluviation and
illuviation), biological activities, and external inputs, such
as aeolian dust inputs (Jobbagy and Jackson, 2001; Pett-
Ridge, 2009; Porder and Chadwick, 2009; Brantley and
Lebedeva, 2011; Aciego et al., 2017; Arvin et al., 2017;
Hasenmueller et al., 2017; Zhou et al., 2018; Gu et al.,
2019). For undisturbed natural ecosystems, some weather-
ing profiles displayed a considerable loss of P from soil A
and B horizons relative to the bedrock due to weathering,
plant uptake, erosion, leaching and runoff (St. Arnaud
et al., 1988; Jobbagy and Jackson, 2001; Eger et al., 2011;
Mishra et al., 2013), while others showed a slight loss or
even a gain of P in the A horizons ascribed to organic P
accumulations and/or aeolian dust inputs (St. Arnaud
et al., 1988; Jobbagy and Jackson, 2001; Prietzel et al.,
2016; Aciego et al., 2017).

The vertical stratification of soil properties across a soil
profile results in distinct P speciation at each layer (Walker
and Syers, 1976; St. Arnaud et al., 1988; Jobbagy and
Jackson, 2001; Ippolito et al., 2010; Eger et al., 2011;
Mishra et al., 2013). Using P K-edge X-ray absorption near
edge structure (XANES) spectroscopy, Prietzel et al. (2016)
found that Fe- and Al-bound P [(Fe + Al)-P, including
both organic (P,) and inorganic (P;) phosphates adsorbed

to Fe and Al minerals, i.e., (Fe + Al)-P; + (Fe + Al)-P,]
was dominant in A and B horizons of forest soil profiles
formed from silicate bedrock or loess, whereas Ca-bound
inorganic P (Ca-P;) dominated in the C horizons. The P
speciation of calcareous forest soils was dominated by
Ca-bound organic P (Ca-P,) and free P, (not bound to
metals) (Prietzel et al., 2016). Werner et al. (2017) investi-
gated the influence of podzolization intensity in temperate
forest soils formed from silicate bedrock on the spatial dis-
tribution of P species in soil profiles using chemical extrac-
tions. They found that P bound to primary silicate minerals
decreased due to desorption of phosphate and displacement
by other soil solution anions with increasing podzolization
(Werner et al., 2017). Chemical extractions showed that for
grassland soil profiles, P accumulated as P, in surface soils
primarily due to accumulation of grass roots, while total P
was depleted and Ca-P; decreased in the subsurface (St.
Arnaud et al., 1988; Ippolito et al., 2010). In addition, aco-
lian dust deposition is a global phenomenon (Mahowald
et al., 2008), which can increase total P and Ca-P; in soil
profiles (Crews et al., 1995; Eger et al., 2013; Gu et al.,
2019). The degrees of the increase depend on the chemical
composition of dust and the relative magnitude of dust
input and soil weathering intensity (Gu et al., 2019). In agri-
cultural soils, P speciation as determined from P K-edge
XANES analyses was dominated by both P, and
(Fe + AD-P; in the topsoil, with a higher proportion of
(Fe + Al)-P; in the subsoil; ~90% of the total P was
apatite-derived in deeper soils (Amelung et al., 2015;
Eriksson et al., 2016; Koch et al., 2018; Glasner et al.,
2019; Baumann et al., 2020). Based on chemical extractions,
Mishra et al. (2013) and Newman et al. (2020) further con-
cluded that the P vertical patterns in a soil profile were anal-
ogous to the P transformation patterns as a function of soil
developmental time (using soil chronosequences) as
described in the Walker and Syers model (Walker and
Syers, 1976). In this mode, the total P concentration
decreased and the proportion of Ca—P; declined, with con-
current increases in P, and (Fe + Al)-P; proportions
towards the more weathered soils during soil development
(Walker and Syers, 1976).

However, most of the previous studies on the vertical
distribution patterns of P speciation used chemical extrac-
tions to characterize P pools in soil profiles (St. Arnaud
et al., 1988; Miller et al., 2001; Ippolito et al., 2010; Eger
et al., 2011; Emadi et al., 2012; Mishra et al., 2013;
Amelung et al., 2015; Werner et al., 2017). The chemical
extractions operationally define P pools and do not provide
accurate information on P speciation (Negassa and
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Leinweber, 2009; Kar et al., 2011; Gu et al., 2020). Thus,
the use of extractions may lead to large uncertainties in
defining P geochemistry in soil profiles. Phosphorus K-
edge XANES spectroscopy is believed to be a more
accurate method in charactezing soil P speciation
(Hesterberg et al., 1999; Beauchemin et al., 2003; Sato
et al., 2005; Ingall et al., 2011; Prietzel et al., 2013; Kraal
et al., 2015). To date, only one study reported P K-edge
XANES analysis of P speciation in forest soil profiles
(Prietzel et al., 2016), which focused on P speciation
methodologically and the relationship of P species with par-
ent material, and solely studied soil horizons. Moreover,
the soil profiles studied in previous studies were down to
1-m depth, and P distribution and transformations in the
deeper layers were unknown (Buss et al., 2010; Newman
et al., 2020). In addition, previous studies used coarse sam-
pling depth intervals (i.e., 20 cm, Jobbdgy and Jackson,
2001), or collected a single soil sample per soil horizon
(e.g., Amelung et al., 2015; Eger et al., 2011; Prietzel
et al., 2016; St. Arnaud et al., 1988), potentially missing
important P distribution features.

Climate is one of the five soil forming factors (Jenny,
1941), and can strongly affect weathering intensity, soil
chemistry and mineralogy, leaching, and biological activi-
ties. Warmer/wetter climatic conditions result in more
weathered soils with lower pH, increased formation of sec-
ondary minerals, and increased loss of many bedrock-
derived elements. These changes in soil chemical and miner-
alogical properties affect soil P stock, chemistry and avail-
ability (Miller et al., 2001; Ippolito et al., 2010; Emadi
et al., 2012; Feng et al., 2016; Deiss et al., 2018; Hou
et al., 2018). With increasing mean annual precipitation
(MAP, 34-884 mm for grasslands, or 550-1250 mm for for-
ests), Ca—P; was found to decrease while both P, and
occluded P (P,.) increased in proportion in topsoil
(Ippolito et al., 2010; Emadi et al., 2012; Feng et al.,
2016). In volcanic forest topsoil, (Fe + Al)-P; declined
and P, increased with increasing MAP from 1500 mm to
5000 mm because of dissolution loss of Fe and Al minerals
at high rainfall levels (Miller et al., 2001). Based on a global
database and a meta-analysis across a wide range of terres-
trial ecosystems, Hou et al. (2018) indicated that MAP had
a relatively minor effect on available P, while mean annual
temperature (MAT, —5 to 29 °C) negatively affected avail-
able P mainly by decreasing P, and Ca-P; and increasing
soil sand content. No systematic studies have been reported
regarding climatic effects on vertical distribution patterns of
P concentration and speciation in soil profiles.

Given that soil properties ultimately control P speciation
and availability, Hou et al. (2018) also reported the rela-
tionships between edaphic variables and P pools using the
global database. They found that soil pH positively corre-
lated with primary mineral P and negatively with secondary
mineral P. All soil P pools (i.e., primary mineral P, sec-
ondary mineral P, available P and P,) negatively correlated
with soil sand content but positively correlated with soil
organic carbon (SOC). However, the above relationships
were obtained based on chemical extractions and the rela-
tionships between P speciation and edaphic variables have
not been determined.

Forest ecosystems, which cover about 31% of Earth’s
land surface and play a major role in global biogeochemical
cycles (FAO, 2015), are often limited by P (Vitousek and
Sanford, 1986; Vitousek et al., 2010). In the present study,
we determined P vertical concentration, speciation and
availability patterns in soil profiles of three forest ecosys-
tems of contrasting climate using fine sampling depth inter-
vals and a combination of P K-edge XANES spectroscopic
and chemical extraction analyses. A variety of soil chemical
and mineralogical properties were measured, which assist in
the interpretations of the P patterns. A one-dimensional
conceptual model was further proposed for the vertical P
concentration and speciation patterns. We also identified
the edaphic variables that strongly affect P speciation and
availability regardless of soil depth and climatic conditions.
The relationships were quantified and can be useful for pre-
dicting soil P speciation and availability for other soils. Our
dataset further allowed us to discuss the use of soil profiles
and climate gradients for studying P biogeochemical trans-
formations during soil development. Overall, the present
study provides an integration and synthesis of controls of
climatic and edaphic variables on P concentration, specia-
tion and availability in forest soils.

2. MATERIALS AND METHODS
2.1. Study sites and soil sampling

Three soil profiles developed on granite were respec-
tively located in Orogen Autonomous Banner, Inner Mon-
golia; Qinhuangdao, Hebei; and Ledong, Hainan in China
(Fig. la). These sites spread from northeast to southeast
China, spanning 30° of latitude, and thus named as NE
(northeast), MID (middle), and SE (southeast), respec-
tively. The MAT ranged from —0.4 °C to 25 °C and
MAP from 480 mm to 1500 mm (Table A1). The NE profile
was located in a sub-humid mid-temperate climate with a
MAT of —0.4 °C and MAP of 480 mm. The site was cov-
ered with broadleaf forest. The MID profile was in a humid
warm-temperate climate with a MAT of 11 °C and MAP of
640 mm. The vegetation type of the site was deciduous
broadleaf forest. The SE profile was located in a tropical
hot and humid climate with a MAT of 25 °C and MAP
of 1500 mm. The rainy season at this site extends from
December to May and the driest period normally occurs
between August and October. The site was dominated by
evergreen broadleaf trees.

The three profiles, exposed as fresh road cuts, were sam-
pled from top to bottom with fine depth intervals (5 or
10 cm). The soil profiles were minimally impacted by
human activities because they were fresh and located in
remote regions. They were also distant from agricultural
areas so that contamination from P fertilization is unlikely.
Little disturbance from human earthworks and agricultural
activities is further implied by the contiguous changes in
pH, SOC, and pedogenic Fe and Al concentrations with
depth in all three profiles (data given below).

The slopes of the NE, MID and SE profiles were 10°, 2°,
and 3° and the sampled profile thicknesses were 3, 3.6 and
7 m, respectively. Soil horizons were designated according
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Fig. 1. (a) The locations of the sampling sites with soils formed in granitic bedrock in China, including Orogen Autonomous Banner, Inner
Mongolia (NE); Qinhuangdao, Hebei (MID); and Ledong, Hainan (SE). (b) The photos of the soil profiles with horizon designation and

depth (Also see Table A2).

to the United States Soil Taxonomy (Soil Survey Staff,
2014), including A, B and C horizons for the NE and
MID profiles but only A and B horizons for the SE profile
because the C horizons were too deep to sample (Fig. 1b,
Table A2). The soils of both NE and MID were classified
as Ustic Dystrocryepts, and SE soil as a Typic Hapludox
(Soil Survey Staff, 2014). Granite bedrock samples were col-
lected from the outcrops nearby each soil profile. Major
minerals in the granite samples were quartz, plagioclase,
K-feldspar and biotite, and minor minerals included horn-
blende and chlorite (Cui, 2014).

The three profiles differed in soil residence time (SRT)
which was defined as the average time that a particle resides
in a soil profile after formation from bedrock but before
erosion (Dere, 2014). SRT is a good estimate for the dura-
tion of time that soil particles remain in the weathering
zone. SRT can be calculated from the profile thickness (/)
and the denudation rate (D):

h
RT = — 1
SRT = (M

The denudation rates of NE, MID and SE profiles were
31, 14, and 59 m/Myr (or 55.3,29.2 and 94.7 g m~2 yrfl),
respectively, based on cosmogenic 2°Al and '°Be concentra-
tions measured in quartz from the three soil profiles (Cui
et al., 2014; Cui, 2014). The SRTs of NE, MID and SE pro-
files were estimated to be 97, 257, and 119 kyr, respectively.
Climate fluctuated during the glacial-interglacial cycles over
those time periods (Huang et al., 2018).

All three profiles received aeolian dust inputs. Strontium
isotope data indicated that the upper part of the NE profile
received substantial amounts of dust inputs (1.2-19.3% soil
mass contributions) (Fig. Al). Although we did not deter-
mine the dust contribution to the MID and SE profiles,
Li et al. (2016) found that the soil profiles geographically
near the SE profile had high dust mass contributions (12—
58%) as well.

2.2. Characterization of soil properties

The bulk densities of the soils were determined on moist
soils using the core method (EA-1, Blake and Hartge,
1986). The remaining field moist soils were air-dried and
passed through 2-mm mesh sieves. The <2 mm samples
were analyzed for pH with 1:2.5 soil/CO,-free deionized
water. Subsamples of the sieved soils and the granite rock
samples were ball-milled to <200 mesh (75 um) for measur-
ing concentrations of major elements, pedogenic Fe and Al
minerals, and SOC as well as for modified Hedley sequen-
tial extractions and P K-edge XANES spectroscopy.

Major elements were determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Perkin
Elmer Optima 8300) after lithium tetraborate fusion at
1,000 °C for 60 min followed by 5% aqua regia digestion
of the fusion beads (Robertson et al., 1999). Both the pre-
cision and accuracy were about 5%. The SOC concentra-
tions were determined with an elemental analyzer (vario
MACRO cube, ELEMENTAR) after decarbonation.
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Pedogenic Fe and Al were quantified by two-step extrac-
tions using acidic (pH 3.2) ammonium oxalate solution
(Feox, Alox) (Schwertmann, 1964), followed by citrate-
dithionite solution (Feg;, Alg) (Holmgren, 1967). The
detailed procedures are provided in EA-1. The total con-
tents of pedogenic Fe (Feyyxtq;) and Al (Alyx+q4;) and associ-
ated P were calculated as the sum of oxalate and dithionate
extractable Fe, Al and P, respectively.

The degree of P saturation (DPS,,) of each soil, defined
as the ratio of the amount of adsorbed P to the P sorption
capacity of the soil, was used to evaluate the potential of
soils to release P (Hooda et al., 2000). DPS,, was calculated
on a molar basis using the following formula:

P
DPS,, = —2 % 100 2
" Al + Feyy @
Degree of chemical weathering was indicated by the
Chemical Index of Alteration (CIA) (Nesbitt and Young,
1982):
Al O,

ClA =
A1203 + CCIO* +Na20 +K20

x 100 (3)

where all constituent concentrations are expressed in moles/
kg. CaO* refers to the CaO only incorporated in silicates,
not in apatite and carbonate, and is corrected using the
method of McLennan (1993).

The titanium (Ti)-normalized P concentration (tp) was
used to estimate the P losses and gains in the profile relative
to bedrock (Brimhall and Dietrich, 1987; Anderson et al.,
2002):

Pl x (7],
7], x (7],

= (4)
where [P] and [T7] are the concentrations of total P and the
relatively immobile element Ti respectively, and the sub-
scripts w and p refer to the weathered soils and bedrock,
respectively. tp indicates P loss (tp < 0) or gain (tp > 0) rel-
ative to the composition of the bedrock. To use the equa-
tion to calculate mass balance, acolian inputs must have a
negligible effect on Ti concentrations in soils, which is the
case when aeolian fluxes are smaller than total denudation
rates and Ti concentrations in aeolian dust are comparable
to those in the chemically weathered rock (Riebe et al.,
2001; Riebe et al., 2003). For the NE profile that was close
to the Chinese loess plateau, the denudation rate was
55.3 gm 2 yr~!, much higher than the dust deposition rate
0.46 g m 2 yr~ ! estimated from the Sr isotopic composition
(EA-2). Other two sites presumably had lower dust inputs
than the NE site because they were further away from dust
source regions (i.e., 0.06-0.13 g m~2 yr~ ' for the SE site) (Li
et al., 2016), and thus, the acolian fluxes were expected to be
much smaller than the denudation rates as well. Meanwhile,
the soil Ti concentrations of the three profiles (~3202,
~3524, and ~4841 pg/g for the NE, MID and SE profiles,
respectively) were similar to those in the dust (3028-5488 pn
g/g) (Xie and Chi, 2016). Thus, the gain and loss of P in the
three profiles under small dust inputs can be approximately
estimated using the mass balance approach (Bullen and
Chadwick, 2015; Buss et al., 2017; Li et al., 2020; Rea
et al., 2020), although additional parameters need to be

considered to incorporate dust inputs into the mass balance
model (Ferrier et al., 2011).

The percentage of depth-integrated P gain or loss in the
entire profile was calculated to evaluate P gain or loss from
the entire profile relative to bedrock (Chadwick et al.,
1990):

" Ah
P gain or loss (%) = W x 100 (5)
where n refers to the number of soil layers, Ak refers to the
layer thickness, and /4 refers to the profile thickness,

h=3 1 Mg
2.3. Phosphorus K-edge XANES spectroscopy

Phosphorus K-edge XANES spectra were collected from
the soil samples at the Soft X-ray Micro-Characterization
Beamline (SXRMB) at the Canadian Light Source, Saska-
toon, Canada. The characteristics of the equipment and the
scanning parameters were the same as used in our previous
study (Gu et al., 2019). The beamline was equipped with a
Si(1 1 1) double-crystal monochromator. The beamline
energy was calibrated using Ar K-edge at 3205 eV, and
the main peak position of AIPO, was set at 2152.9 eV.
Phosphate references, either purchased or synthesized
according to the previous studies (Zhang et al., 2018; Gu
et al., 2019), were used for the linear combination fitting
(LCF) analysis, including poorly-crystalline apatite (Ca—
P)), ferrihydrite-adsorbed PO, (Fe-P;), amorphous FePO,
(Fe—P;), kaolinite-adsorbed PO, (Al-P;), berlinite (AIPOy,
Al-P;), and phytic acid sodium salt (organic P, P,)
(Fig. A2). The phosphate reference compounds with high
P concentration were measured in electron yield mode to
avoid self-absorption that otherwise would occur if data
were collected in fluorescence mode using a four-element
Si-drift fluorescence detector. The energy range of each scan
was set from 2119.5 to 2210 eV with a 2 eV step size from
2119.5 to 2143 eV, 0.15 eV from 2143 to 2175 eV, and
0.75 eV from 2175 to 2210 eV. The dwelling time at each
step varied from 1.0 to 16 s. All samples were scanned at
least twice, and the spectra were averaged to improve
signal-to-noise ratios. The average spectra were back-
ground removed, normalized and then subject to the LCF
analysis to quantify the relative proportions of various P
species using ATHENA (Ravel and Newville, 2005). All
spectra were background corrected by a linear regression
fit through the pre-edge region (2125-2140 eV) and a
polynomial regression fit through the post-edge region
(2174-2210 eV) for normalization. The LCF analysis was
performed over 2140-2190 eV and energy shift was not
allowed during the fitting. The sum of the fractions of the
P references used was not forced to one during the fitting,
but the sum of the obtained fractions was normalized to
one. The goodness-of-fit was evaluated by R-factor, and
P references yielding the best fit were considered as the most
possible P species in the samples. Four or fewer P reference
compounds were chosen to prevent overfitting.

Ca-P; can be well quantified by the XANES-LCF anal-
ysis due to its distinct spectral features, including a lower
white-line energy, a stronger shoulder on the right side of
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white-line peak and stronger splitting of post-edge peak
compared to other references (Fig. A2) (Barrow et al.,
2020; Gu et al., 2020). The XANES spectroscopy, however,
may be unable to accurately quantify (Fe+Al)-P; due to its
similar spectra to that of (Fe+Al)-P, (Prietzel and
Klysubun, 2018). Consequently, when using Ca-P;,
(Fet+Al) P; and free P, compounds as the only references
for a XANES-LCF analysis, like in this study, (Fe+Al)-P;
would be overestimated by including some (Fe+Al)-P,;
meanwhile, total P, is underestimated due to its loss of
(Fe+Al)-P, to the (Fet+Al)-P; pool. Given the uncertainty
of the XANES-LCF analysis for P,, chemical extractions
are likely the more accurate method for quantifying total
P, [including both free P, and (Fe + Al)-P,] in soils
(Prietzel et al., 2016). In the present study, the total P, con-
centration was obtained from chemical extractions. We
defined the difference between the extraction- and
XANES-determined P, proportions as the proportion of
the P, bound to Fe and Al, i.e., (Fe + Al)-P, as below.

f(Fe+Al)—Po = fPo—exlraclion - fPo—XANES (6)

where fpo-extraction 18 the percentage of total P, over total P
determined from chemical extractions and fp,.xanEgs 1S
determined from the XANES-LCF analysis. The propor-
tion of (Fe + Al)-P; was calculated as below.

f(Fc+Al)—Pi =100 - fCa—Pi - fPo—cxtraction (7)

where fc, p; is the percentage of Ca—P; obtained from the
XANES-LCF analysis and fpo.extraction 18 the percentage
of total P,, over total P, determined from chemical extrac-
tions. The above strategy to obtain P speciation assumed
that Ca-bound P, was negligible as demonstrated in
Prietzel et al. (2016).

The depth-integrated mass proportion of each P species i
was calculated by integrating the soil depth to evaluate the
contribution of various P species to the total P stock in the
soil horizons:

Mass proportion of P species i

_ ZzzlcP species z(k)p(k)Ah(k) (8)
2 i1 Cr Py Ay

where n refers to the number of soil layers, Ak refers to the
layer thickness, and p refers to the bulk density. Cp species i)
is the concentration of P specie i of the k'™ soil layer while
Cpx) is the concentration of the total P of the k' soil layer.
As the arbitrary selection of the soil depth may confound
the evaluation, three depths (1 m, 2 m and 3 m) were exam-
ined for calculating mass proportions of P species for each
profile.

2.4. Modified Hedley chemical extractions

We used the modified Hedley methods to extract the
operationally-defined pools of P from soils (Hedley et al.,
1982; Tiessen and Moir, 1993). Each soil sample was
sequentially extracted in duplicate with anion-exchange
resin, 0.5 M NaHCOs;, 0.1 M NaOH, 1 M HCI (hereinafter
referred to as “dHCI” for convenience), and concentrated
HCI (hereinafter referred to as “cHCI”). The detailed pro-

cedures are provided in EA-3. The residual P after cHCI
extraction was determined by the metaborate fusion
method (Robertson et al., 1999). Traditionally, the sequen-
tial P fractionations assume that dHCI only extracts P;
(Hedley et al., 1982; Tiessen and Moir, 1993); however,
we found it also extracted P, (Table AS5).

Total P in both dHCI and cHCIl extracts was determined
by ICP-OES. The NaHCO; and NaOH extracts were fil-
tered, and aliquots were mixed with ammonium persulfate
and then digested in an autoclave at 103.5 kPa and
121 °C to convert all the dissolved P into orthophosphate,
which was then measured as total P (P,). We assumed that
polyphosphate was negligible in all the extracts, so the P; in
the extracts was determined using the molybdate blue
method (Murphy and Riley, 1962). The P, was calculated
as the difference (P, - P;), and the sum of P, in all fractions
(i.e., dHCI, NaHCO3, and NaOH extracts) yielded total P,,.

The obtained fractions were combined to approximate P
pools as follows (Cross and Schlesinger, 1995):
Ca-P; = dHCI-P;; non-occluded P (P,.occ) = resin-P + N
aHCOs-P; + NaOH-P;; occluded P (P,..) = cHCI-P; +
residual P; and P, = NaHCO;-P, + NaOH-P, + dHCI-
P, + cHCI-P,. Similar to the XANES analysis, depth-
integrated mass proportions (Eq.8) were also calculated
for these P pools.

2.5. Statistical analyses

Pearson correlation analyses were carried out to quan-
tify relationships between key soil chemical properties and
P speciation or pools as determined by Hedley extractions
and the XANES analyses using SPSS 20. Regression anal-
yses were used to model the data using Origin 2018.

3. RESULTS
3.1. Soil properties

The pH of the NE, MID, and SE profiles ranged
from 4.8 to 6.9, 5.6 to 6.8, and 3.4 to 5.7, respectively
(Fig. 2a-c, Table A3). With increasing depth, the pH
decreased to the minimum at B horizons and then increased
downward for all three profiles in general. The SOC con-
centrations were the highest at the surface (111.8 mg/g,
11.7 mg/g, and 41.0 mg/g for NE, MID, and SE profiles,
respectively) and monotonically declined with depth, and
became very low or non-detectable below the B horizons
(Fig. 2d-f, Table A3).

The poorly crystalline Fe (Fe,) concentration in the
NE, MID, and SE profiles ranged from 1.0 to 3.5 mg/g,
0.4 to 2.2 mg/g, and 0.2 to 1.9 mg/g, respectively
(Fig. 2g-i, Table A3). The Al,, concentrations in each pro-
file were comparable to Fe,. The soils in the three profiles
contained much more well crystallized Fe oxides (Feg;) than
Feox, which ranged from 3.1 to 8.9 mg/g, 3.4 to 16.1 mg/g,
and 6.7 to 25.0 mg/g, for the NE, MID, and SE profiles,
respectively (Fig. 2j-1, Table A3). However, the Algy; con-
centrations were similar to those of Al,,. The pedogenic
Fe and Al concentrations all reached maxima in the upper
B horizons and decreased with depth. DPS,, varied from
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9.3% to 23.5%, 0.8% to 25.8%, and 0.5% to 6.0% for the
NE, MID, and SE profiles, respectively (Fig. 2m-o,
Table A3). A and B horizons of the MID and SE profiles
had much lower DPS,, than those of NE (Fig. 2m-o).
The three profiles showed the lowest DPS., in the B hori-
zons, indicating that the poorly crystalline Fe and Al oxides
in the B horizons were less saturated with P adsorption than
A and C horizons.

The unweathered granite had CIA values of 51.2-59.1
(Fig. 2p-1). The NE profile showed incipient to moderate
weathering with the CIA ranging from 60.8 to 70.5 at
depths, whereas moderate and extensive weathering
occurred to the MID and SE profiles with the CIA values
of 65.8-80.9 and 91.7-96.8, respectively (Fig. 2p-r,
Table A3). The CIA value increased from the surface to
the top B horizons, and then gradually decreased towards
the bottom for each profile (Fig. 2p-r).

3.2. Total phosphorus

The total P concentrations in the granite samples col-
lected from the three sites varied substantially from 205
to 841 pg/g. The total P concentrations for the NE, MID,
and SE profiles were 510-1284 pg/g, 99-1104 pg/g, and
100-363 pg/g, respectively (Fig. 3a—c, Table A3). The 1p
values calculated with respective to relatively immobile Ti
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(Eq. (4)) indicated P gains (tp > 0) or losses (tp < 0) in soil
horizons relative to the bedrock (Fig. 3d-f). For the NE
profile, the surface soils and the upper part of the C hori-
zons (with the maximal tp value of 0.73) gained P while
the B horizons (with the minimal tp value of —0.4) lost P
(Fig. 3d). Both the MID and SE profiles showed a loss of
P at all depths, with tp values ranging from —0.92 to
—0.02 and —0.83 to —0.26, respectively (Fig. 3e, f). The
maximal depletion was observed in the B horizons of the
MID profile.

The tp values with depth showed a similar pattern for
the NE and MID profiles (Fig. 3d-f). The tp value
decreased from A to B horizons and then increased in the
upper part of the C horizons before approaching zero in
the lower part of the C horizons. As to the SE profile, for
which only A and B horizons were sampled, the tp value
decreased from the surface to the Bt horizons and then
slightly increased downward in the BC horizon. This pat-
tern, albeit weaker, was similar to those observed in the
A and B horizons of the NE and MID profiles.

3.3. Phosphorus speciation and pools

Phosphorus K-edge XANES analysis was used to char-
acterize the speciation of P; in the soil samples based on
the type of metal bound to PO,. The spectral differences
between the samples indicated variations of P speciation
with depth in each profile and between the profiles
(Fig. A3). In comparison to the P reference spectra shown
in Fig. A2, the most prominent features for the NE and
MID profiles were that the top horizons had strong
(Fe + Al)-P; spectral features while the lower part of the
C horizons had strong Ca—P; signals. However, the Ca-P;
spectral features were barely observed in the SE profile.
According to the LCF analysis, the proportion of Ca—P;
ranged from 0 to 74%, 0 to 47%, and 0 to 16% and
(Fe + Al)-P; from 26 to 91%, 50 to 72%, and 57 to 89%
of total P for the NE, MID, and SE profiles, respectively
(Fig. 4a—f). The composition of the P; pool showed similar
patterns for the NE and MID profiles. Ca—P; decreased
sharply from the surface (16-17%) to the B horizons
(~0%), but increased again until reaching the upper part
of the C horizons, and finally gradually increased towards
the bottom (24-74%) (Fig. 4a, b), whereas (Fe + Al)-P;
showed an opposite trend as Ca-P; with depth (Fig. 4d,
e). For the SE profile, Ca—P; (16%) was detected only in
the surface horizon and (Fe + Al)-P; increased with
increasing depth (Fig. 4c, f). If only considering the A
and B horizons (including BC horizon), all three profiles
showed similar patterns of P speciation with depth. If
excluding P,, Ca-P; contributed 0-74%, 0-47%, and
0-22% and (Fe + Al)-P; contributed 26-100%, 53-100%,
and 78-100% to total inorganic P for the NE, MID, and
SE profiles, respectively (data points in red in the Fig. 4a—
f). The proportions of both Ca-P; and (Fe + Al)-P; over
total inorganic P showed similar patterns with depth as
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heir proportions over total P. Note that some samples in
the MID and SE profiles had relatively low fitting quality
(Fig. A3b, c¢) as evidenced by the high R-factor values
(>0.02, Table A4) because of the noisy spectra due to their
low total P concentrations.

To better assess P availability, soil P was fractionated
into four pools, i.e., Py.oce, Poce, dHCI-P and P, using the
modified Hedley sequential extractions (Fig. 4g-0). Py_occ,
considered to be biologically available to plants over a
short to intermediate term (Martens et al., 1969;
Mattingly, 1975; Rowarth and Tillman, 1992; Cross and
Schlesinger, 1995), constituted 5.0-46.2%, 5.4-16.5%, and
3.3-31.7% of total P for the NE, MID, and SE profiles,
respectively (Fig. 4j-1, Table AS). The P pool with the least
availability was P,.. which contributed 11.7-29.6%, 12.9—
60.4%, and 38.0-85.3% of total P for the NE, MID, and
SE profiles, respectively (Fig. 4m-o0). The proportion of
P,.c was the highest in the B horizons in each profile.
dHCI-P;, presumably Ca-P;, was dominant in the C but
low in A and B horizons, with its proportion ranging from
15.3 — 83.2%, 3.4-79.0%, and 0.2-10.1% of total P for the
NE, MID, and SE profiles, respectively (Table A5). How-
ever, the extractions overestimated Ca—P; for most samples
compared to the XANES analysis, despite the existence of a
good correlation between the results of the two methods
(Fig. Ada). Previous studies also showed that the modified
Hedley extractions overestimated Ca—P; (Hedley et al., 1982;
Benzing and Richardson, 2005; Barrow et al., 2020; Gu et al.,
2020), probably because of formation of new Ca-P; during
alkaline extractions and subsequent removal as Ca-P; by
dHCI extraction, or dissolution of Fe/Al oxides by dHCI
releasing bound P (Barrow et al., 2020; Gu et al., 2020).
The extraction—determined P, (the sum of NaHCOs-P,,
NaOH-P,, dHCI-P, and cHCI-P,, hereafter referred as P)
decreased with increasing depth, with the maximal propor-
tions being 41.3%, 33.0%, and 41.2% of total P for the NE,
MID, and SE profiles, respectively (Fig. 4g-i, Table AS).
NaOH-P, was the largest among the three P, fractions.

3.4. Depth-integrated P loss and speciation

From the perspective of the depth-integrated P stock in
the entire profile, all three profiles showed a loss of P rela-
tive to the bedrock (Fig. 5a), with increasing loss from
north to south, also in the order of increasing warmer
and wetter climate. Three different depths (1, 2 or 3 m) were
chosen for the calculation of depth-integrated mass pro-
portion of P species and pools (Fig. 5b—g). With respect
to total P, the proportions of Ca-P; and P, decreased
whereas the proportions of P, and P, increased from
north to south. The proportion of (Fe + Al)-P; over total
P increased for the 3-m integration from north to south
but decreased for the 1-m integration, whereas it fluctuated
for the 2-m depth—integration. However, the proportion of
(Fe + Al)-P; over total inorganic P increased from north to
south for all three depth integrations (Fig. A5). The greater
P, inputs in topsoil in the warm and humid sites also result
in a reduction of the percentage of (Fe + Al)-P; in total P,
concealing the increasing trend of the (Fe + Al)-P; propor-
tion over total P during 1-m and 2-m depth-integrated cal-

culations. In addition, as the integration soil thickness
increased from 1 m to 3 m, Ca—P; contributed more and
both P, and P,_... contributed less to the total P for each
profile; the proportions of (Fe + Al)-P; and P, decreased
for the NE and MID profiles but increased for the SE
profile.

We also evaluated the influence of denudation rate,
slope, and SRT on P loss and P speciation at the profile
level (Fig. 5h—j). Given that the shallow soil thicknesses
used in the depth-integrated calculation could overempha-
size the contribution of surface soils into the P stock and
speciation in a soil profile, here we used the 3-m depth-
integrated mass proportion of P species and the depth-
integrated P loss percentage of entire profile to compare
the influences of the three factors. The results showed that
depth-integrated P loss and speciation fluctuated with
increasing denudation rate, slope, or SRT (Fig. Sh—j).

3.5. Correlations of soil P pool and speciation with edaphic
variables

To understand how soil properties affect P speciation
and pool, we further explored the correlations between
the edaphic variables and the P speciation and pools
determined from the modified Hedley extractions and
XANES spectroscopy by compiling the data from all
soil samples into one dataset regardless of climate and
soil depth (Fig. 6, Table A6). The proportion of Ca-P;
over total P correlated positively with soil pH, while
the proportions of (Fe + Al)-P;, P,, and P,.. over total
P correlated negatively with soil pH (Fig. 6a, b, e, g).
After excluding P, the correlation between pH and
the proportion of Ca-P; or (Fe + Al)-P; over total P;
became stronger (Fig. 6¢, d). Interestingly, at
pH < 5.5, (Fe + Al)-P; was the only P; species, whereas
at pH from 5.5 to 7, the proportions of (Fe + Al)-P;
and Ca-P; over total P; followed a strong linear rela-
tionship with pH if we excluded a cluster of data points
(green points in the black circles in the Fig. 6¢, d) from
the MID profile. These outliers were probably ascribed
to the unreliable LCF analysis caused by the relatively
high noise levels of the spectra of these samples
(Fig. A3b). The regression equation predicts that Ca-P;
was the only P; species at pH > 7.4.

As to the correlations with pedogenic Fe and Al oxides,
the P, proportion over total P correlated positively with
both Fey; and Alg; concentrations, the (Fe + Al)-P; propor-
tion over total P with Al,, concentration (Table A6), and
the P, concentration with both SOC and Fe,, + Al con-
centration (Fig. 6h, i). The proportion of (Fe + Al)-P, as
calculated using Eq. (6) was found to correlate with the
Feox + Alyy concentration (Fig. 6k).

In addition, we determined the correlations between
CIA and the P speciation and pools. The proportions of
Ca-P; and P, over total P correlated negatively with
CIA whereas the proportions of (Fe + Al)-P;, P, and P,
over total P correlated positively with CIA (Fig. 7a, b, e, f,
g). If excluding P, (i.e., over total P;), the correlation
between CIA and the (Fe + Al)}-P; proportion became
stronger (Fig. 7d).
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Fig. 5. The depth-integrated P loss percentage of each entire profile (3 m for NE, 3.6 m for MID and 7 m for SE) relative to bedrock (a); the
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4. DISCUSSION

4.1. Effects of climate on P loss and speciation at the whole
profile level

Given that the three studied soil profiles differ in climate,
tectonics, topography, and pedogenic time, we first evaluate
the influence of these four factors on P loss and P specia-
tion. The denudation rates, slopes, and SRT of profiles
can be used as the proxy of tectonics, topography, and
pedogenic time of profile, respectively (Riebe et al., 2001;
Dixon et al., 2012; Heimsath et al., 2012; Dere, 2014;
Riebe et al., 2017). High denudation rate and steep slope
increase P loss (Aciego et al., 2017; Arvin et al., 2017), while
the duration of pedogenesis significantly alters P stock and
speciation by decreasing total P concentration and the Ca—
P; proportion and increasing the proportions of (Fe + Al)—
P; and P, as described in the Walker and Syers (1976)
model. However, our results show that the depth-
integrated P loss and speciation do not monotonically vary
with increasing denudation rate, slope, or SRT (Fig. 5d-f),

suggesting that the tectonics, topography, and SRT are not
the major factors influencing P concentration and specia-
tion in these profiles. In contrast, both P loss and speciation
display a monotonically increasing or decreasing trend as
the climate becomes warmer/wetter (Fig. 5a, d). In addi-
tion, dust deposition can also affect soil P stock and speci-
ation (Crews et al., 1995; Eger et al., 2013; Aciego et al.,
2017; Gu et al., 2019; Gallardo et al., 2020). However, cli-
mate strongly affects the magnitude of dust influence on P
concentration, speciation and availability in soils (Gu
et al., 2019). The influence is stronger in colder/drier cli-
mate with weak weathering, such as for the NE site, but
weaker in warmer/wetter climate, such as for the MID
and SE sites due to intense weathering and rapid alteration
of dust materials (Gu et al., 2019). Overall, the observations
in the present study can be largely understood by consider-
ing climate as the primary controlling factor, although the
three sites do not form a well-constrained climosequence
as well as receive aeolian dust inputs.

The warmer/wetter climate as at the SE site leads to the
faster depletion of P compared to the colder/drier climate
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as at the NE and MID sites due to the stronger weathering
and leaching in the warmer/wetter climate (Fig. 5a).
Accordingly, little Ca-P; is found in the SE profile
(Figs. 5b—d and 4c), consistent with the soils of similar
age in the tropical forests in New Zealand and Hawaii
where Ca-P; is exhausted after approximately 10,000 years
of pedogenesis (Walker and Syers, 1976; Crews et al., 1995).
(Fe + Al)-P; gradually increases as the climate becomes
warmer/wetter (Fig. 5d), consistent with increasing weath-
ering degree (Fig. 2p-r). Meanwhile, a larger proportion
of P, is associated with increasing biomass production
and greater P inputs as organic residues as the climate
becomes warmer/wetter (Cross and Schlesinger, 2001).

4.2. Vertical distribution of P concentration and speciation

Our results show that the P concentration and speciation
in each soil profile do not change monotonically with soil
depth (Figs. 3 and 4) because the profile undergoes stratifi-
cation of soil properties with depth (Fig. 2) due to pedoge-
nesis. Moreover, the three soil profiles by large follow
similar P vertical distribution and speciation patterns,
although climatic conditions and other soil formation fac-
tors affect P speciation and the magnitude of the P loss
(Fig. 5). The similarity can be ascribed to that all the pro-
files are shaped by the same set of pedogenic processes.
However, soil formation factors, such as climate, affect
the intensities of these processes and thus the details of
the P concentration and speciation patterns (Figs. 3 and 4).

Based on the results, we propose a one-dimensional con-
ceptual model to describe the P vertical distribution and
speciation patterns that are shaped by chemical weathering,
aeolian dust inputs, leaching and biolifting (Fig. 8a). The
conceptual model is summarized as (i) an upward increase
in total P, Ca—P; and P, in the A horizons due to biolifting
and dust inputs, (ii) P depletion in the B horizons caused by
the strong weathering, plant uptake and leaching removal
with the remaining P primarily in the (Fe + Al)-P; form,
(iii) an increase in total P concentration in the upper part
of the C horizons with most P in the form of Ca-P; likely
due to limited leaching and neoformation of Ca-P;, and
(iv) a downward increase in Ca-P; and decrease in
(Fe + Al)-P; in the lower part of the C horizons due to
chemical weathering and negligible P loss or gain. In the
following, we discuss the patterns and the associated pro-
cesses in details for each horizon.

As for A horizons, the relatively high total P, Ca—P; and
P, concentrations (Figs. 3, 4a—c, and g-i) compared to the
underneath B horizons can be attributed to both biolifting
of P from the B horizons (Scholes and Archer, 1997;
McCulley et al., 2004; Sardans and Penuelas, 2014; Bullen
and Chadwick, 2015, 2016) and aeolian dust inputs
(Derry and Chadwick, 2007; Aciego et al., 2017). Both dust
and P, accruals become weaker with increasing depth. P,
accounts for large proportions (25-41%) in the A horizons
(Fig. 4g-1) in parallel with the accumulation of soil organic
matter (SOM) there (Fig. 2d—f), indicating the importance
of biolifting in increasing total P concentration in the A
horizons (Jobbagy and Jackson, 2001). The presence of sig-
nificant Ca—P; (16-17%) in surface soils of all three profiles

suggests aeolian dust inputs. The continental dust from cen-
tral Asia contains abundant Ca-P; (Chen et al., 2006;
Flaum, 2008). It is rich in carbonates and poorly weathered
materials (Shen et al., 2007; Gu et al., 2019), and thus can
neutralize soil acidity, particularly for the surface soils,
and increase the stability of Ca-P; compounds (Shen
et al., 2007; Gu et al., 2019). Dust inputs are particularly
important for the NE profile having a net gain of P near
the soil surface with a tp value up to 0.73 (Fig. 3d). The
average P in the Asian aeolian dust from Chinese Loess Pla-
teau is about 1146 pg/g (Flaum, 2008; Ni et al., 2015), 1.9
times higher than the P concentration in the granitic bed-
rock of the NE site. Thus, it is not surprising that dust
deposition will increase the total P concentration above
the bedrock value for the surface soils of the NE profile.
Although the MID and SE profiles receive dust inputs as
well (Li et al., 2016), the warmer/wetter climate results in
rapid dissolution of dust and leaching, thus only slight
increases in total P concentration at surface (Fig. 3e, f).

The total P depletion in the B horizons is the strongest
among all layers (Fig. 3), and the P speciation therein is
dominated by (Fe + Al)-P; (58-91%) with little Ca—P; (0—
6%) (Fig. 4a—f). All these observations can be attributed
to the strong weathering (i.e., the highest CIA values), bio-
lifting and downward leaching in the B horizons. Organic
acids, such as oxalic and citric acids, produced by plant
roots, microorganisms and fungi are generally more abun-
dant in B horizons than in A horizons (Fox and
Comerford, 1990), which enhances weathering and Ca-P;
dissolution (Welch et al., 2002; Goyne et al., 2006). Organic
acids can also compete with phosphate to bind to mineral
surfaces, jeopardizing P sorption and thus promoting plant
uptake and leaching of soluble P. Previous studies also
found low Ca-P; in acidic B horizons (pH 4.9-5.5)
(Ippolito et al., 2010; Amelung et al., 2015) but not as
low as our results, probably because previous studies used
chemical extractions that might overestimate Ca-P;
(Barrow et al., 2020; Gu et al., 2020). While the MID profile
is developed under intermediate climatic conditions, it has
the largest P loss in B horizon among the three profiles,
which can be ascribed to its longest soil residence time
among the three profiles.

The C horizons are influenced little by biological activi-
ties, as indicated by the low SOC and P, concentrations
(Figs. 2d—-e, and 4g-i). The chemical weathering is weak,
and the weathering degree decreases with increasing depth
throughout the entire C horizons of both NE and MID pro-
files (Fig. 2p-r). Leaching loss of P is essentially negligible
as indicated by the constant total P concentration in the
lower part of the C horizons for the NE and MID profiles
(Fig. 3d, e). Vertical material transport occurs substantially
only to the upper part of the C horizons. An increase in
total P in the upper part of the C horizons (Fig. 3d) is lar-
gely attributed to a sharp decrease in permeability there.
Similar phenomenon was observed previously for Ca®t
and SO that increased down profiles and re-precipitated
as CaSO, at impermeable soil-bedrock interface (Rea
et al., 2020). The XANES results show that the accumu-
lated P is composed of largely Ca-P; (Fig. 4a), suggesting
that a portion of the Ca-P; may be newly formed from
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Ca”" and phosphate accumulated there. The slightly acidic
pH of the soils (6.2-6.5) might not prevent the formation of
Ca-P;, as Weng et al. (2011) showed that Ca-P; can be
stable at pH ~ 6.5. Compared to the NE profile, the weaker
P accumulation in the upper part of the C horizon of the
MID profile is consistent with its stronger P loss under
the warmer/wetter climate (Fig. 3e). While the total P con-
centration varies little with depth due to limited P loss or
input in the lower part of the C horizons (Fig. 3d, e), the
Ca-P; proportion decreases and the (Fe + Al)-P; propor-
tion increases with decreasing depth (Fig. 4a, b, d, e), con-
sistent with the increasing weathering degree.

4.3. Vertical distribution of phosphorus availability

Phosphorus speciation and concentration in turn affect
P availability at depth. The proportion of P.., which is
mostly associated with pedogenic Al and Fe minerals,
shows similar trends to (Fe + Al)-P; (Fig. 4d-f), reaching
the maximum values in the B horizons of the NE profile
but also becoming the dominant P pool in the B horizons
of both MID and SE profiles (Fig. 4m—o). Previous studies
have shown considerable potentials for nutrient acquisition
from B horizons by deep-rooting plants for forest ecosys-
tems (Scholes and Archer, 1997; McCulley et al., 2004;
Sardans and Penuelas, 2014; Bullen and Chadwick, 2015,
2016). However, the depletion of Ca—P; and dominance of
P, in the B horizons result in low P availability, which

may limit the growth of forests. The proportion of P,
increases from north to south (Fig. 4m-o, 5e-g), consistent
with the greater production of pedogenic Fe and Al miner-
als in the warmer/wetter climate (Fig. 2j-1).

No consistent pattern with depth is observed for P _occ
for the three soil profiles (Fig. 4j-1), which is likely because
P,occ 18 sensitive to the influence of multiple factors, such as
dust inputs, leaching, biological activities, and pedogenic
Fe and Al minerals. As to the NE profile, the large propor-
tions of P oec (21.7-46.2%) in the A and B horizons
(Fig. 4j) could be caused by dissolution of dust-borne Ca—
P; in the acidic soil layers (Crews et al., 1995; Eger et al.,
2013; Gu et al., 2019). However, the MID and SE profiles
have low proportions of P, .. (Fig. 4k, 1). Although the
MID and SE profiles receive dust inputs as well (Li et al.,
2016), the warmer/wetter climate results in high phosphate
fixation and strong leaching of P, ..., thus low P, .
Moreover, although increasing P, mineralization (Walker
and Syers, 1976; Crews et al., 1995; Izquierdo et al., 2013)
and reducing environments can increase P, .. (Miller
et al., 2001; Chacon et al., 2006; Liptzin and Silver, 2009)
at the warmer/wetter sites as in MID and SE, increasing
precipitation also promotes leaching of P,_,... Meanwhile,
the MID and SE profiles have higher concentrations of
pedogenic Fe and Al minerals (Fig. 2j-1), which are effective
sorbents for phosphate to produce P (Parfitt, 1989). Con-
sistently, DPS,, values demonstrate a much lower satura-
tion of adsorbing sesquioxides surfaces with P in the A
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and B horizons for the MID and SE profiles compared to
the NE profile (Fig. 2m-o), resulting in a lower risk of P
mobilization by P desorption from sesquioxides of the for-
mer two profiles.

4.4. Controls of edaphic variables on soil P pools and
speciation

The correlation analyses indicate that both CIA and pH
(Figs. 6a—d and 7a—d) can be used to predict the speciation
of the P; pool regardless of climate and soil depth, indicat-
ing that the P; speciation is primarily controlled by soil geo-
chemistry and mineralogy. The correlations with pH
suggest that all Ca-P; is exhausted at pH < 5.5, and
(Fe + Al)-P; is not produced at pH > 7.4 (Fig. 6¢c, d);
and their proportions over total P; change linearly between
the two pH thresholds. The correlation with pH is consis-
tent with the laboratory experiments showing that all Ca—
P; in soils were dissolved at pH 5.5 (Andersson et al.,
2016). The P; speciation-pH correlation suggests that P spe-
ciation, i.e., the relative proportions of Ca-P;, (Fe + Al)-P;,
and P, over total soil P, can be approximately estimated by
measuring soil pH, and P, and total P concentrations with-
out a need to conduct an X-ray absorption spectroscopic
analysis.

The proportion of P,.. over total P correlates well with
CIA (Fig. 7g) but not with pH (Fig. 6g), attributed to that
CIA reflects not only soil geochemistry but also mineralogy.
In other words, soil mineralogical composition strongly
affects P occlusion by minerals in addition to soil pH.
The proportion of P,_.. over total P correlates weakly with
CIA (Fig. 7f) and not with pH (Fig. 6f). The A and B hori-
zons of the NE profile and the A horizon of the SE profile
(i.e., the data points in the red circles in the Fig. 7f) deviate
from the expected trend line between P,_,.. and CIA. The
deviation is consistent with that the vertical distribution
of P,,_occ in soils is poorly constrained because it is sensitive
to influence of many factors as discussed above.

Organic P concentration correlates well with SOC con-
tent (Fig. 6h) but weakly with CIA (Fig. 7¢) and pH
(Fig. 6e) because biological processes largely determine P,
production and consumption. The correlation with SOC
(Fig. 6h) indicates coupling of SOC and P, in soils
(Tipping et al., 2016; Spohn, 2020). P, concentration also
correlates to some extent with Fe,, + Al,, concentration
(Fig. 61), suggesting that some P, compounds are associated
with poorly crystalline Fe and Al. Most P, in soils are phos-
phate esters that contain the PO4 moiety. These P, esters,
particularly monoesters, can bind to Fe/Al via PO,
(Wang et al., 2017). Up to 18% of total P, is estimated to
bind to Fe/Al in our soil samples (Eq. (6)) and the portion
of P, correlates well with the oxalate-extracted Fe and Al
content (Fig. 6k). The adsorption by pedogenic Fe and Al
minerals can contribute to the long-term persistence of P,
in soils as it does for SOM (Cotrufo et al., 2013). Some
of the P, compounds are associated with SOM but do
not bind to Fe and Al. An important portion of such
SOM can be particulate organic matter (POM) with low
decomposition degrees. These P, can be protected by min-
erals as well from enzymatic mineralization if the POM is

physically inaccessible to enzymes and microbes due to
encapsulation within microaggregates (Golchin et al.,
1997). Apparently, P, is better protected by mineral sorp-
tion than by association to POM. Overall, the P, concentra-
tion in soils is controlled by both biological activities and
geochemistry/mineralogy.

These identified strong correlations between P speciation
and the edaphic variables are obtained from the soils vary-
ing greatly in soil properties since they were collected at dif-
ferent depths under contrasting climate. Thus, the obtained
correlations may apply to a wide variety of soils in diverse
ecosystems.

4.5. Use of environmental gradients for studying phosphorus
transformations during pedogenesis

Soil P transformations during pedogenesis have been
assessed mainly with soil chronosequences (i.e., comprising
soils of increasing pedogenic times) based on depth-
integrated stock of various P pools operationally defined
by sequential chemical extractions (Walker and Syers,
1976; Crews et al., 1995; Prietzel et al., 2013; Chen et al.,
2015). Empirical evidence leads to the development of the
conceptual Walker and Syers model (Fig. 8b) that describes
P transformations with soil development. In the Walker
and Syers model, primary P minerals weather and release
soluble P to soil solution. The soluble P is lost via leaching
and runoff, assimilated by biota to form P, or
adsorbed/precipitated on the surface of secondary Fe and
Al minerals, giving rise to P,, P,_occ and P, at early stage
of soil development. After an intermediate stage of soil
development with optimal P supply and maximum diversity
of P species, a small fraction of the initial soil P is stored
organically or occluded in Fe/Al oxyhydroxides, thus
becoming unavailable to plants and microorganisms
(Walker and Syers, 1976; Crews et al., 1995; Prietzel
et al., 2013; Turner and Laliberté, 2015).

Weathering profiles may also be used for studying P
transformations during soil development, as suggested by
Mishra et al. (2013) and Newman et al. (2020). However,
our results show that none of the vertical patterns of P con-
centration, speciation and availability follow the Walker
and Syers model (Figs. 3 and 4). This is primarily because
the vertical material transport, dust inputs, and rhizosphere
processes in root zones result in stratification of soil prop-
erties with depth, particularly in the upper soil horizons,
preventing its use for studying P transformations during
pedogenesis. Only the P; speciation pattern in the bottom
part of the profile (i.e., the lower part of the C horizons)
is analogous to that described in the Walker and Syers
model (Fig. 8a). Nonetheless, the nearly constant total P
concentration and little P, present there are inconsistent
with the accumulation of P, and loss of total P during
pedogenesis.

Climosequences have potentials to be used for studying
P transformations during soil development as well (Hou
et al., 2018). Consistent with the present study (Fig. 5), pre-
vious studies showed that climatic conditions with MAP
less than 2750 mm followed the Walker and Syers model
during pedogenesis (Fig. 8c) (Miller et al., 2001; Ippolito
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et al., 2010; Emadi et al., 2012; Feng et al., 2016; Deiss
et al., 2018; Hou et al., 2018). However, MAP greater than
2750 mm can lead to anaerobically driven accumulation of
P, in volcanic soils, which can offset the loss of recalcitrant
(Fe + Al)-P; due to reduction of Fe oxides and thus pro-
duce a non-linear increase in total P (Miller et al., 2001)
(Fig. 8c). This suggests that climosequences across a certain
MAP range can be used to study P transformations. How-
ever, it is challenging to find sites of climosequences with
similar vegetation type as vegetation often co-varies with
climate, and the variation in the vegetation type could con-
found the results.

Phosphorus transformations may be studied using
weathering degree as the variable, such as CIA, regardless
of the state factors of soil formation. Both P; speciation
and P, have strong correlations with CIA regardless of
soil depth and climate (Fig. 7c, d, g). However, both P,
and P,... have weak correlations with CIA (Fig. 7e, f).
Thus, similar to the lower part of the C horizons, CIA
may be used to evaluate the transformations of P;, but
not for P,, during pedogenesis (Fig. 8d).

5. CONCLUSIONS

A combination of the use of fine-scale soil sampling
intervals and spectroscopic and extraction analyses allows
for identifying detailed vertical distribution patterns of P
concentration, speciation and availability. The major fea-
tures of the patterns under three climate conditions are
similar and can be well understood by considering the rel-
ative importance of several pedogenic processes. A one-
dimensional conceptual model is proposed to describe
the patterns and related processes, which provides a
framework for understanding how pedogenesis redis-
tributes and transforms P in soil profiles. The experimen-
tal data and the model can be useful for future
development of reactive transport models to predict the
transformations and transport of P during pedogenesis.
We further found that P, and SOC were coupled and an
important portion of P, was stabilized by poorly crys-
talline Fe and Al, suggesting a possible role of mineral-
organic matter association in stabilizing P, as for SOC,
which needs to be further studied. Future studies are also
warranted to confirm or refine the quantitative relation-
ships between those edaphic variables (pH, CIA, SOC,
and pedogenic Fe and Al) and P speciation using more
diverse ecosystems varying in the state factors of soil for-
mation. Such quantitative relationships could be useful to
understand soil P speciation and availability in a global
context. Soil climosequences, weathering profiles and
CIA gradients provide rich information about P transfor-
mations during pedogenesis while they may have more
constraints than soil chronosequences for studying P
transformations. Overall, this study improves the current
understanding of how climatic and edaphic variables influ-
ence P dynamics in soil profiles, which is useful to predict
responses of P availability in soils to global climate
change.
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