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Abstract The walker and Syers model of phosphorus (P) transformations during long-term soil
development has been verified along many chronosequences but has rarely been examined along
climosequences, particularly in arid regions. We hypothesized that decreasing aridity would have similar
effects on soil P transformations as time by increasing the rate of pedogenesis. To assess this, we examined
P fractions in arid and semiarid grassland soils (0-10 cm) along a 3700 km aridity gradient in northern China
(aridity between 0.43 and 0.97, calculated as 1 — [mean annual precipitation/potential evapotranspiration]).
Primary mineral P declined as aridity decreased, although it still accounted for about 30% of the total P in the
wettest sites. In contrast, the proportions of organic and occluded P increased as aridity decreased. These
changes in soil P composition occurred in parallel with marked shifts in soil nutrient stoichiometry, with
organic carbon:organic P and nitrogen:organic P ratios increasing with decreasing aridity. These results
indicate increasing abundance of P relative to carbon or nitrogen along the climosequence. Overall, our
results indicate a broad shift from abiotic to biotic control on P cycling at an aridity value of approximately 0.7
(corresponding to about 250 mm mean annual rainfall). We conclude that the Walker and Syers model can be
extended to climosequences in arid and semiarid ecosystems and that the apparent decoupling of nutrient
cycles in arid soils is a consequence of their pedogenic immaturity.

1. Introduction

Phosphorus (P) is one of the most important elements in biological systems, because it commonly limits
terrestrial ecosystem production [Craine et al., 2008; Vitousek et al., 2010] and regulates key ecological pro-
cesses such as soil organic matter (SOM) accumulation, nitrogen (N) fixation, and carbon (C) stabilization
[Walker and Adams, 1958; Mackenzie et al., 2002; Vitousek et al., 2010]. In nature, soil P is derived almost
entirely from geochemical weathering of parent material [Lajtha and Schlesinger, 1988], with relatively small
inputs from eolian deposition [Okin et al., 2004; Selmants and Hart, 2010]. Plants and microbes incorporate P
into biomass and return it to the soil in organic forms, which can then be recycled by phosphatase enzymes
to release inorganic phosphate for biological uptake [Walker and Syers, 1976; Cross and Schlesinger, 1995;
Turner et al., 2007]. The P cycle is therefore regulated by both geochemical and biological processes [Cross
and Schlesinger, 2001; Delgado-Baquerizo et al., 2013]. Identifying and quantifying the transformations and
pools of soil P can provide insight into the abiotic and biotic controls on the availability of this essential
nutrient [Cross and Schlesinger, 2001; Delgado-Baquerizo et al., 2013].

The amount and chemical composition of soil P are related to pedogenesis [Walker, 1965; Walker and Syers,
1976; Lajtha and Schlesinger, 1988; Turner et al., 2007; Yang and Post, 2011]. Based on four soil chronose-
quences developed in contrasting climates and ecosystems in New Zealand, Walker and Syers [1976]
proposed a general model to predict the dynamics of P during long-term pedogenesis. Phosphorus released
from primary minerals by weathering can become sorbed to soil particles, lost from the soil profile in lea-
chate, or assimilated by biomass and enter the organic P (P,) pool. Over longer timescales, P can become
associated with secondary minerals such as aluminum (Al) and iron (Fe) oxides and transformed into stable
forms known collectively as occluded P. In old soils on stable land surfaces, a “terminal steady state” is
reached, whereby primary mineral P is exhausted, the total P concentration is low, P input from dust deposi-
tion is of similar magnitude to P export in runoff, and the remaining soil P is predominantly in organic and
occluded inorganic forms [Walker and Syers, 1976].
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Compared to soils in more humid regions, arid soils typically contain little SOM, and carbonate minerals are
the predominant reservoir of P [Lajtha and Schlesinger, 1988; Cross and Schlesinger, 1995]. This is due mainly to
reduced water inputs in arid environments, which limits leaching and allows calcium (Ca) minerals to
accumulate [Lajtha and Schlesinger, 1988; Ippolito et al., 2010]. In addition, little P is incorporated into biomass
because of water limitation, leading to a small P, pool in arid soils [Lajtha and Schlesinger, 1988; Delgado-
Baquerizo et al., 2013]. Weathering of primary minerals is thus more important than biological mineralization
of P, in supplying P to plants in arid soils [Delgado-Baquerizo et al., 2013]. In humid soils, however, a greater
proportion of the P occurs in organic compounds or bound to secondary Al and Fe oxides, which can reduce
P availability to plants and microbes [Walker and Syers, 1976; Cross and Schlesinger, 1995; McGroddy et al.,
2008]. Biological mineralization of P, is therefore essential to maintain the bioavailable P pool in humid sites
[Walker and Syers, 1976; Crews et al, 1995; Izquierdo et al, 2013]. These differences could cause the
biogeochemical transformations and availability of P to differ fundamentally between arid and humid soils
[Cross and Schlesinger, 1995; Ippolito et al., 2010].

Walker and Syers [1976] suggested that compared to humid sites, it would take longer for soil P transforma-
tions to occur in arid sites with low leaching intensity. They were therefore careful to predict that their model
would apply only to soils formed under humid ecosystems on stable land surfaces [Walker and Syers, 1976;
Turner and Condron, 2013]. The Walker and Syers model has since been validated along a number of
chronosequences in humid ecosystems [Tiessen et al, 1984; Crews et al, 1995; Vitousek and Farrington,
1997; Richardson et al., 2004; Izquierdo et al., 2013], yet only a few studies have been conducted in more arid
ecosystems [Lajtha and Schlesinger, 1988; Selmants and Hart, 2010; Turner and Laliberté, 2015]. Lajtha and
Schlesinger [1988] observed little transformation of P from Ca-bound forms to Fe- and Al-bound forms even
in the oldest soils of an arid chronososequence (25,660 years B.P.), which they attributed to the low weather-
ing intensity. However, Selmants and Hart [2010] observed decreasing primary mineral P and increasing P,
across a 3 million year volcanic chronosequence in northern Arizona, USA, demonstrating that the Walker
and Syers model can also apply to soils under (modern) arid climates. These results highlight the uncertainty
in applying the Walker and Syers model to ecosystem development under arid and semiarid climates.

Walker and Syers [1976] proposed that soil development sequences consisted of soils arranged in order of
enhanced development (weathering) brought about by greater age, greater precipitation, or decreasing
slope. They suggested that pedogenesis was determined by the quantity of water leached through the soil
profile, irrespective of whether this was driven by increasing soil age at constant precipitation, or by increas-
ing precipitation in soils of the same age [Walker and Syers, 1976]. They observed substantial transformations
of soil P with pedogenesis across several soil sequences in New Zealand, including chronosequences,
toposequences, and hydrosequences [Walker and Syers, 1976]. Although particular emphasis has been placed
subsequently on P transformations along soil chronosequences [Crews et al., 1995; Turner et al., 2007;
Selmants and Hart, 2010; Turner and Condron, 2013; Chen et al., 2015; Turner and Laliberté, 2015], relatively
few studies have examined climosequences [Ippolito et al., 2010; Emadi et al., 2012] or toposequences
[Roberts et al., 1985; Agbenin and Tiessen, 1995].

In drier ecosystems, water availability is the critical determinant of the rate of weathering and pedogenesis
and often drives substantial changes in soil physical and chemical characteristics [Ippolito et al., 2010;
Khormali and Kehl, 2011; Quénard et al., 2011]. Delgado-Baquerizo et al. [2013] argued that C, N, and P cycles
became decoupled with increasing aridity (manifested as decreases in soil C:P and N:P ratios), which they
attributed to differences in the response of P to increasing aridity compared to the responses of C and N.
Wardle [2013] commented that these decoupled nutrient cycles with increasing aridity operated in the
opposite direction of ecosystem development. It could be argued therefore that climate might have similar
effects on soil genesis and P cycling as time, with wetter soils equating to older soils in terms of greater P loss,
wider C:P ratios, and stronger P limitation of biological processes [Walker and Syers, 1976; Crews et al., 1995;
Selmants and Hart, 2010; Chen et al., 2015; Turner and Laliberté, 2015]. Consistent with this, Ippolito et al. [2010]
observed a distinct decrease in Ca-bound P and an increase in occluded P with increasing precipitation across
the central Great Plains in the USA, indicating the strong effect of precipitation on pedogenesis and P
transformations in drier ecosystems.

We collected soil from 52 sites along a 3700 km grassland transect in northern China. The transect is consid-
ered to represent a climate gradient and has been used to study how climate influences aboveground and
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0 240 480 Gansu Pr
T — T
Aridity range Vegetation type Soil type
e 0.9<Aridity<1.0 Desert shrub Hapic Calcisols
« 0.8<Aridity<0.9 Desert steppe Calcic calcisols

e 0.6<Aridity<0.8 Typical steppe Calcic kastanozem
*  0.4<Aridity<0.6 Meadow steppe Calcic kastanozem

Figure 1. Geographic distribution of sample sites. Fifty-two sites were selected along a 3700 km aridity gradient in northern
China. Aridity ranged from 0.97 in the west to 0.43 in the east.

belowground ecological processes and predict their responses to global climate change [Zhou et al., 2002;
Wang et al., 2014; Luo et al., 2015]. The transect provides an opportunity to investigate large-scale climate-
driven P transformations in drylands. Increased aridity is predicted in global drylands [Gao and Giorgi,
2008; Feng and Fu, 2013], so patterns of P chemistry along the climosequence can inform our understanding
and ultimately our ability to predict how biogeochemical P cycling will be affected by climate change.

We aimed to (1) identify and quantify soil P fractions in arid and semiarid ecosystems across the climosequence, (2)
assess the relative importance of abiotic and biotic controls on P availability in these drylands, and (3) test whether
soil P transformations along the climosequence are consistent with the predictions of the Walker and Syers [1976]
model and are comparable to the patterns of soil P transformations along humid soil chronosequences.

2. Materials and Methods
2.1. Study Sites

The study was conducted along a 3700 km west-to-east transect across Xinjiang, Gansu province, and Inner
Mongolia, primarily on the Inner Mongolian Plateau (Figure 1). Elevation declines from about 1200 m in the
west to approximately 600 m in the east. However, the topography is muted, with tablelands and gently roll-
ing hills [Luo et al., 2016], allowing us to eliminate this soil-forming factor as a major driver of pedogenesis
along the climate gradient. The mean annual precipitation (MAP) increased from 34mm in the west to
436 mm in the east, with 77%-98% (mean 88%) of the precipitation occurring between June and
September. The mean annual temperature (MAT) varied from about 10°C in the western sites to —3°C in
the eastern sites. The monthly mean temperature was below 0°C in winter and early spring (between
November and March) at all sites along the transect. The highest temperature occurred between June and
August, with monthly mean temperature between 25°C and 15°C (mean 20°C) from west to east along the
transect. Annual potential evapotranspiration (PET) declined from about 1200 mm in the west to about
710mm in the east. MAT was negatively correlated with MAP along the transect (R?=0.889, P < 0.001,
Figure S1 in the supporting information). By including both MAP and MAT, the aridity measure provides an
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integrated index of variation of climate (equation (1)) [Arora, 2002], with aridity correlating negatively with
MAP (R?=0.992, P < 0.001) and positively with MAT (R?=0.898, P < 0.001, Figure S1).

L MAP

Aridity =1 — PET (M
In the western sites, high temperature (high PET) coupled with low precipitation results in an extremely arid
climate. In the eastern sites, low temperature (low PET) and high precipitation together alleviate the aridity.
From west to east, aridity declines from 0.97 to 0.43 along the transect, indicating decreasing aridity and
increasing humidity. Following this aridity gradient from dry (west; low precipitation, high temperature,
and PET) to wet (east; high precipitation, low temperature, and PET), ecosystem type shifts gradually from arid
grassland to semiarid grassland, and the dominant vegetation types are desert shrub, desert steppe, and
typical steppe followed by meadow steppe (Figure 1).

Soils along the transect began forming during the Holocene [Liangwu and Angjiang, 2001; Feng et al., 2006]
and are therefore relatively weakly developed, with high concentrations of calcareous sediments close to the
soil surface [Irwin-Williams and Haynes, 1970; Feng et al., 2006]. The soils are formed primarily from loess
deposits, although some have formed in diluvial and alluvial deposits, and desert soils in the western sites
can also receive eolian sands. Soils varied with decreasing aridity from Haplic Calcisols in the drier sites, to
Calcic Cambisols at intermediate rainfall, and then Calcic Kastanozems at the wetter sites (Figure 1). Haplic
Calcisols are characterized by calcium carbonate accumulation at the soil surface and lack a calcic horizon
(Bk) and are therefore in an initial stage of soil formation. Calcic Cambisols have minimal B horizon develop-
ment and are considered to be in an intermediate stage of development [Food and Agriculture Organization
(FAO), 1993]. Calcic Kastanozems are relatively mature soils with well-developed soil profiles, with secondary
(pedogenic) carbonate accumulation at depth (i.e., with calcic horizons) [FAO, 1993]. Thus, the CaO content of
surface soils along the transect declines from about 7% in Haplic Calcisols, to 3% in Calcic Cambisols, and
then 1% in Calcic Kastanozems [Lei et al., 1990; Shi et al., 1990] but has accumulated in subsurface horizons
in Calcic Cambisols (20-50 cm) and Calcic Kastanozems (>40 cm deep) [Lei et al., 1990; Shi et al., 1990].

All surface soils across the transect are sands or sandy loams, with >60% sand and a strong acid reaction
(Figure S2) [Wang et al., 2014, 2016]. The elemental composition of surface soil is similar in all three soil
classes, with composition after ignition dominated by SiO, (70-76%), with smaller amounts of Al,O3
(11-12%) and Fe,03 (3-4%) [Lei et al., 1990; Shi et al.,, 1990]. This limited range in elemental composition
suggests that the parent loess is relatively homogenous across the transect.

Fifty-two sites were sampled at 50-100 km intervals along the climosequence during July-August 2012. The
geographical location and elevation of each site were recorded by Global Positioning Satellite device (eTrex
Venture, Garmin, USA). At each site, five 1 m x 1 m subplots were selected within a 50 m x 50 m plot. In each
subplot, all grasses were harvested for calculation of aboveground primary production (ANPP).Ina5mx5m
subplot with shrubby vegetation, one fourth of annual branches were clipped to measure ANPP (expressed
as per square meter). Three soil samples were collected using a 100 cm? cylinder (5cm heightx 5 cm dia-
meter) to determine soil bulk density, and then 20 soil cores (0-10 cm depth, 2.5 cm diameter) were collected
at random and homogenized. Stones and visible roots were removed in situ; soils were sieved (<2 mm) and
stored in plastic bags. A subsample was stored at 4°C in the field and then frozen at —20°C upon return to the
laboratory for biological analyses. A second subsample was immediately air-dried after sampling for the
determination of abiotic properties. More detailed descriptions of the study region and sampling protocol
can be found in Wang et al. [2014] and Luo et al. [2015].

2.2. Determination of Soil Total, Inorganic, and Organic Phosphorus

Total P (P,) was determined by igniting soil in a muffle furnace at 550°C for 1 h [Aspila et al., 1976]. A second
subsample of unignited soil was used to determine the total inorganic P (P;) concentration. Both ignited and
unignited samples were shaken in 1M H,SO,4 for 16 h at 25°C in a 1:30 soil to solution ratio and filtered
through a 30-50 um cellulose-nitrate membrane filter (ASTME832-81). Phosphate was determined at
880 nm by molybdate colorimetry on a spectrophotometer (Carry 500, Varian Company, USA). Soil P, was
estimated as the difference in P in ignited and unignited samples. This procedure can underestimate Py in
strongly weathered soils but is generally appropriate for weakly and moderately weathered soils such as
those along our climosequence [Hance and Anderson, 1962; Williams et al., 1970].
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ted by a modified sequential
Hedley fractionation  scheme
[Tiessen and Moir, 1993]. First,
resin-P  was determined by
200 - shaking 1.000g soil (dry weight)
with 30mL of deionized water

0 . . ' . . and a clean anion-exchange
resin strip (2.5%1cm, 551642S,

1.0 05 08 07 06 05 04 BDH-Prolabo, VWR International,

3 Lutterworth, UK) in a 50 mL plastic
(b) R™=0.668 P<0.001 centrifuge tube for 16 h at 25°C in
80041 = an overhead shaker. Phosphorus
retained on the resin strip was
600 eluted by shaking the resin strip
with 10mL 0.25M H,SO,4 for 1h.
The soil sample was centrifuged
at 8180 x g for 10 min, the superna-
tant decanted, and the remaining
soil was shaken with 30ml of

400

Total P (mg P kg)

1000

400 -

200 -
TE R
I T . . . 0.5M NaHCO; (pH=8.5) for 16h
0 09 08 07 06 05 04 at 25°C (NaHCOsP). Using the
same procedure, the remaining
2 sample was then sequentially
(C) R'=0.753 P<0.001 extracted with 0.1M NaOH and
1M HCl to extract NaOH-P and
HCI-P, respectively. The hot HCI
extraction step, introduced by
Tiessen and Moir [1993] for strongly
weathered tropical soils, was not
included because the calcic soils
in this study do not contain signifi-
cant proportions of recalcitrant P
0 - T T T T T associated with secondary miner-
1.0 09 08 0.7 06 05 04 als. Finally, the residue was ignited
Aridity in a muffle furnace at 550°C for
Th to determine residual P.
Figure 2. Soil total phosphorus, inorganic phosphorus, and organic phos- Aliquots of the NaHCOs;, NaOH,
phorus concentrations. and HCl extracts were digested
with K,S5,05-H,S04 to determine
P; in the extracts, with P, calculated as the difference between P, and P;. All extracts were determined by
molybdate colorimetry at 880 nm on a spectrophotometer (Carry 500, Varian Company, USA). Available-P;
was the sum of resin-P and NaHCOs-P;; total P; was the sum of resin-P, NaHCOs-P;, NaOH-P;, and HCI-P;; total
extracted P, was the sum of NaHCOs-P,, NaOH-P,, and HCI-P,; P, was the sum of P; and P,. For comparison
with the Walker and Syers [1976] model, the sequential P fractions were grouped into Pc, (HCI-P;), occluded P
(residual P), nonoccluded P (sum of resin-P, NaHCOs-P;, and NaOH-P;), and P, (sum of NaHCO3-P,, NaOH-P,,
and HCI-P,).

Inorganic P (mg P kg'l)

(5

Organic P (mg P kg")

2.4. Climate Data

Mean annual temperature, MAP and PET for each sampling site was extracted from the WorldClim data set
using ArcGiIS version 9.3 (Esri, Redlands, CA).
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Figure 3. Soil elemental ratios (soil organic carbon, SOG; total nitrogen, N; total phosphorus, Pi; and organic phosphorus,
Po) across the aridity gradient.
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Figure 4. Changes in nonoccluded P (sum of resin-P, NaHCOs3-P;, and NaOH-P;, mg P kgq), Pca (primary mineral P, i.e., HCI-
P;, mgP kg”), extracted P, (sum of NaHCO3-P,, NaOH-P,, and HCI-P,, mg P kgq), and occluded P (residual P, mg P kgq).
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Figure 5. Panels of P fractions along the climosequence in arid and semiarid
ecosystems in northern China: the comparison to Walker and Syers diagram.
(a) The amount of absolute P fraction and (b) the percentage of P fraction in
total P (%). Curves were obtained by polynomial fitting between aridity and P
fractions based on 52 sample sites. P, represents calcium phosphates in
primary minerals extracted by HCI-P;. Occluded P represents residual P.
Nonoccluded P; is the sum of resin-P, NaHCO3-P;, and NaOH-P;. P is the sum
of NaHCO3-P,, NaOH-P,, and HCI-P,,.

2.5, Statistical Analysis

Pearson correlation analysis was
carried out to quantify relation-
ships between key soil chemical
properties and concentrations of
P fractions (SPSS 16.0, Benelux
BV, Gorinchem, Netherlands).
Regression analyses were used to
fit linear and polynomial data using
Origin 9.0 software (OriginLab
Corp., Northampton, MA, USA).
Ordinary least squares polynomial
fitting was used to examine the
relationships of aridity with soil Py,
P., and P;, and with soil P fractions
as well. Ordinary least squares lin-
ear fitting was used to analyze the
relationships between aridity and
elemental ratios of soil C, N, and P.

3. Results

3.1. Soil Phosphorus Fractions
and Soil Elemental Ratios Across
the Aridity Gradient

Soil P, decreased from about
500mgPkg™’ to about
300mgPkg™" in drier sites
(aridity > 0.70), followed by an
increase to around 600 mg P kg™
in  wetter sites (aridity <0.70;
Figure 2a). Soil P; declined, while P,
increased continuously along the
climosequence from dry to wet
(Figures 2b and 2c). Soil P, was
correlated negatively with MAT
(R*=0.659, P<0.001, Figure S3),
but positively with MAP (R? = 0.805,
P < 0.001, Figure S3). Soil organic C
(SOQ):P,, N:P,, SOC:P, and N:P;
ratios were all correlated negatively
with aridity (Figure 3).

Nonoccluded P; (sum of resin-P, NaHCOs-P;, and NaOH-P;) accounted for < 14% of P, (average 7%, 6 to
70mg P kg™") (Figures 4a and 54). This pool decreased initially and then increased across the aridity gradient
from dry to wet, with the minimum value at aridity of approximately 0.70 (Figure 4a). The P, (HCI-P;) varied
between 23 and 562 mg P kg_1 and accounted for the largest proportion of P, (18-87%, mean 60%). The Pc,
concentration generally declined across the aridity gradient from dry to wet (Figure 4b). Soil-extracted P,, (the
sum of NaHCOs-P,, NaOH-P,, and HCI-P,) varied between 17 and 165 mgP kg’1 (4-55% of P, mean 19%)
and increased progressively across the aridity gradient from dry to wet, with a slight increase in drier sites
but a marked accumulation in wetter sites (Figure 4c). The concentration of NaOH-P, ranged from 2 to
130mgPkg™" (33mgPkg™' on average) and constituted on average 73% of total extractable P,
NaHCOs-P, (0-20mg P kg™") and HCI-P, (0-45 mg Pkg™") accounted for 12% and 15% of total extractable
P, on average, respectively (Figure S4). Occluded P (residual P, the most tightly bound P pool) accounted
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Table 1. Pearson Correlation Coefficients Among Key Soil Chemical Properties and Concentrations (mg Pkg_1) of Phosphorus Fractions in Soils Along the

Grassland Transect in Northern China®

Pt Pi Extracted P Available-P; NaOH-P; HCI-P; NaHCO3-P, NaOH-P, HCI-P, Residual P
pH ns 0.535* —0.834** ns —0.787** 0.575%* ns —0.861** ns —0.631%*
Ca®* 0.537** 0.641** —0.348* ns —0.337* 0.651** ns —0.340* ns ns
Fe?t ns ns 0.770%* 0.487** 0.855** ns ns 0.823** ns 0.663**
Mn* ns ns 0.822** 0.488** 0.905%* —0.295* ns 0.847** ns 0.750**

@Available-P;: sum of resin-P and NaHCO5-P;. P;: sum of available-P;, NaOH-P;, and HCI-P;. Extracted P,: sum of NaHCO3-Po, NaOH-P,, and HCI-P,,. Py sum of P;, P,

and residual P.
*p < 0.05.

**p < 0.01 (n=52); ns, not significant.

for 14% of P, on average (0 to 129mgP kg™, 0 to 34% of Py), and progressively increased across the aridity
gradient from dry to wet (Figure 4d).

Changes in soil P pools along the climosequence are plotted in the same manner as the original Walker and
Syers [1976] diagram of P transformations with time (Figure 5). The concentration and proportion of Pc,
declined, while that of occluded P and extracted P, increased with soil development (i.e., as a function of
declining aridity) (Figure 5). Soil Py, calculated by the sum of all fractions (112-684 mg P kg™ "), did not decline
significantly across the climosequence. There was an initial decrease in P, in drier sites followed by an almost
equal increase in wetter sites (Figure 5a).

3.2. Relationship Between Soil Total Phosphorus Determined by Different Methods

Soil P; determined by sequential extraction (i.e., the sum of extracted P;, P, and residual P, Figure 5) was cor-
related strongly with an independent measure of P, determined by the ignition procedure (R*=0.775,
P < 0.01, n=52). Generally, P; by sequential extraction was approximately 18% + 8% less than P, determined
by ignition. This is likely due to systematic errors in the sequential fractionation method [Tiessen and Moir,
1993]. Overall, the values of P, by different methods were comparable in these arid and semiarid
grassland ecosystems.

3.3. Relationships Between Soil Chemical Properties and Phosphorus Fractions

Extracted P; and the dominant P; fraction (HCI-P;) were correlated positively with soil pH and soil exchangeable
Ca, with Pearson product-moment correlation coefficients (r) between 0.535 and 0.651 (p < 0.05, Table 1).
Conversely, total extracted P,, NaOH-P;, and NaOH-P,, were correlated negatively with soil pH (r from —0.631
to —0.861, p < 0.01) and soil exchangeable Ca (r from —0.337 to —0.348, p < 0.05). Soil available-P;, NaOH-P;,
NaOH-P,, and residual P were correlated positively with both soil exchangeable Fe (r from 0.487 to 0.855,
p <0.01) and Mn (r from 0.488 to 0.905, p < 0.01).

4. Discussion

Changes in the concentrations and proportions of P, P,, and occluded P along our climosequence are con-
sistent with expectations of changes in soil P fractions during pedogenesis [Walker and Syers, 1976]. Based on
a series of soil sequences in New Zealand, Walker and Syers suggested that pedogenesis depended
predominantly on the volume of water leached through soil, irrespective of whether this occurred through
increasing soil age at constant water availability or by increasing water availability in soils of the same age
[Walker and Syers, 1976]. The strong redistribution of P from primary minerals to P, and occluded P pools
along our climosequence supports the application of the Walker and Syers [1976] model to arid and semiarid
ecosystems, not just across chronosequences but also along climosequences.

The concentration of P, generally declined with decreasing aridity, except for three relatively higher values
in the wettest sites, which may be outliers due to their relatively low sand contents (Figure S2). The general
decline of the P, pool with decreasing aridity agrees with the prediction of the Walker and Syers [1976]
model and the findings of many previous studies that examined the primary stages of soil genesis [e.g.,
Syers and Walker, 1969a; Ippolito et al., 2010; Selmants and Hart, 2010]. The decline of P, corresponds with
a marked decline in soil exchangeable Ca in our climosequence [Luo, 2015], suggesting enhanced leaching
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of Pc, along with weatherable cations. This is consistent with results from previous studies along chronose-
quences in humid and Mediterranean ecosystems, in which P¢, declined rapidly during the initial stages of
soil development [Syers and Walker, 1969a; Walker and Syers, 1976; Richardson et al., 2004; Turner and
Laliberté, 2015]. However, Pc, still constituted about 30% of the P; in the wettest soils along our climose-
quence, in contrast to similar-aged soils in humid ecosystems, such as tropical forests in New Zealand and
Hawaii, where P, is exhausted after approximately 10,000 years of pedogenesis [Walker and Syers, 1976;
Crews et al., 1995]. This reflects the fact that the wettest sites in our study receive only about 400 mm of
annual precipitation, which has been insufficient to completely deplete the soil of Pc,. The pattern of P,
along the climosequence supports the prediction of Walker and Syers [1976] that P transformation are slower
in arid sites with low leaching intensity and suggests that soils along our climosequence are still pedogeni-
cally immature.

Occluded P and P, that is mostly associated with Al and Fe oxides (NaOH-P,, the main P, fraction, Figure S2)
gradually increased along the climosequence, both in absolute terms and as a fraction of P, (Figures 4c, 4d,
and 5), as has been widely demonstrated by chronosequence studies of the early stages of soil development
[Syers and Walker, 1969b; Walker and Syers, 1976; Lajtha and Schlesinger, 1988; Ippolito et al., 2010]. Along our
climosequence, greater P, concentrations are associated with increasing biomass production (i.e., ANPP and
microbial biomass carbon (MBQ)) [Wang et al., 2014] and greater associated P inputs as organic residues along
the climosequence [Cross and Schlesinger, 1995, 2001; Ippolito et al., 2010]. Moreover, we observed significant
positive correlations between extracted P, and exchangeable Fe and Mn (Table 1), suggesting that the high
specific surface areas are of these metal oxides [Luo, 2015] sorb and stabilize P, in the soil [Celi et al., 1999;
Turner et al., 2002]. Further, P, and MAT were negatively correlated along the transect (Figure S3), suggesting
that low temperatures might also contribute to the accumulation of P, in wetter sites through reduced micro-
bial activity [Post et al., 1985; Zheng et al., 2009; Wang et al., 2014]. In weakly and moderately weathered soils,
occluded P is mostly recalcitrant P, [Williams et al., 1967; Walker and Syers, 1976], suggesting that the increase
in occluded P with pedogenesis might be related to the increase in total P, with decreasing aridity.

A notable difference between our results and the Walker and Syers [1976] model is the behavior of P, which
should decrease continuously with increasing pedogenesis [Walker and Syers, 1976]. Along the climose-
quence in this study, however, P, decreased initially and then increased with decreasing aridity, with the
minimum concentrations at an aridity of approximately 0.70 (Figures 2a, 4a, and 5a).

We do not consider variation in parent material to be a major driver of the pattern in total P concentrations
across the climosequence. In a transect of the magnitude of that studied here, there will inevitably be some
variation in parent material and, therefore, in its P content. Although we do not have detailed information on
parent material, soils across the entire 3700 km transect were mostly derived from loess and were of similar
elemental composition [Lei et al., 1990; Shi et al., 1990]. Moreover, data from China’s second national soil sur-
vey [National Soil Survey Office, 1998] shows that P, concentrations in C horizons (i.e., horizons unaffected by
carbonate leaching) of Haplic Calcisols, Calcic Cambisols, and Calcic Kastanozems in northern China (from
three typical soil profiles) were relatively similar: 590-689mgPkg ™', 480-630mgPkg™', and 550-
790 mg P kg™, respectively. Collectively, these results suggest that parent material is well-constrained given
the spatial extent of the transect.

Instead, we interpret the pattern of P, along the climosequence as reflecting our focus on the surface 10 cm of
soil. Surface soil should reflect patterns of P transformations during pedogenesis, as shown along chronose-
quences [Richardson et al., 2004; Turner et al., 2007; Izquierdo et al., 2013]. However, in humid sites along our
climoseqeunce, greater plant productivity [Wang et al, 2014] will concentrate P at the surface via litter
returns, counteracting the depletion of P; from the surface by leaching [Porder and Chadwick, 2009]. Thus,
in drier sites (aridity > 0.7), P, concentrations are small due to water limitation of plant growth [Wang
et al., 2014] and P occurs mainly as Pc,, resulting in decline of P; along with P, as aridity declines. In contrast,
Pca is weathered and leached at wetter sites, but P is concentrated at the soil surface as P, and occluded P,
leading to an increase in P, with decreasing aridity (Figure 5a). This not only offers an explanation for the pat-
tern of P, observed here along the climosequence but also suggests a potential shift in the P cycle from geo-
chemically dominated to biologically dominated. This shift occurs at an aridity value of 0.7—the approximate
point at which the ecosystem shifts from arid to semiarid [United Nations Environment Programme, 1992].
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The pattern of nonoccluded P; along the climosequence also contrasts with results from chronosequence stu-
dies, in which labile P increased continuously in the early stages of soil development [Walker and Syers, 1976;
Selmants and Hart, 2010; Chen et al., 2015]. In drier sites, the decline of nonoccluded P; along the climose-
quence in this study might reflect decreasing concentrations of Pc,, which exert a strong control on P avail-
ability in the upper horizons of calcareous soils [Ippolito et al., 2010; Emadi et al., 2012]. In addition, the
dominant vegetation types in our drier sites are desert shrub and desert steppe, which typically support little
aboveground biomass [Pei et al., 2008]. Delgado-Baquerizo et al. [2013] stated that enhanced geological
processes (i.e.,, wind erosion and photodegradation) due to low vegetation coverage in the most arid sites
can promote the release of P from primary minerals, leading to a declining trend of labile P with decreasing
aridity. In wetter sites, however, the increased nonoccluded P; might reflect increasing P, mineralization,
because both P, and biological activity (i.e.,, ANPP and MBC) increased along the climosequence (Figure 5a)
[Wang et al., 2014]. Schlesinger [1991] observed faster P cycling through P, mineralization than through rock
weathering in tropical ecosystems and indicated that P, recycling is essential to the availability of soil P.
Overall, nonoccluded P; appears to decline initially in parallel with the decline in P, in drier sites and then
increase in parallel with the increase in P, in wetter sites, suggesting a gradual transition of P cycling from geo-
chemical to biological processes with soil genesis of the surface soil in these arid and semiarid ecosystems.

The transition of abiotic to biotic control of P cycling is consistent with the results of Delgado-Baquerizo et al.
[2013] across an aridity gradient in drylands at global scale. They stated that a difference in the response to
aridity of the P cycle compared with that of C and N leads to the decoupling of C, N, and P cycles (manifested
as decreases of C:P and N:P) with increasing aridity. However, Wardle [2013] commented that there was no
“decoupling” of nutrient cycles and that the decreases of C:P and N:P with increasing aridity appear to oper-
ate in the opposite direction to pedogenesis. Our results reconcile this issue by providing evidence for a shift
in pedogenic weathering status across the aridity gradient. Specifically, the decoupling of nutrient cycles
appears to simply reflect the influence of climate on pedogenesis. Arid conditions slow the rate of weather-
ing, yielding pedogenically young soils with low C:P and N:P ratios (i.e., the decoupling of nutrient cycles)
[Walker and Syers, 1976; Crews et al., 1995; Turner and Laliberté, 2015]. The increasing C:P and N:P ratios along
the climosequence in this study agree with the results of long-term chronosequence studies, in which P
becomes increasingly limiting compared to C and N due to the accumulation of C and N in SOM and the
increasing loss of P through leaching with pedogenesis [Walker and Syers, 1976; Crews et al., 1995; Selmants
and Hart, 2010; Chen et al., 2015; Turner and Laliberté, 2015]. Here we find a shift of pedogenic weathering
status across the aridity gradient from dry to wet, associated with a potential switch in the dominant P turn-
over pathway from P; to P, along the climosequence. Should the climate become drier in these arid and semi-
arid grasslands [Gao and Giorgi, 2008; Feng and Fu, 2013], shifting a site back towards an aridity < 0.7, the
dominant control of P cycling would shift to geochemical processes and the P cycle may become decoupled
from the C and N cycles [Delgado-Baquerizo et al., 2013; Wardle, 2013]. These results therefore provide evi-
dence for the importance of pedogenic process in regulating the biogeochemical cycling of P and its inter-
action with C and N cycling in drylands [Delgado-Baquerizo et al., 2013; Wardle, 2013] and have significant
implications for predictive models of biogeochemical cycling of nutrients in drylands under global
change scenarios.

5. Conclusion

The general decline in P, and increases in P, and occluded P in soils along this dryland climosequence are
consistent with the predictions of the Walker and Syers [1976] model of soil P transformations during pedo-
genesis. These results indicate a progressive switch from geochemical to biological control of the P cycle as
aridity declines across an aridity value of about 0.7. The changes in P composition occur concurrently with
increasing C:P, and N:P,, ratios, indicating declining abundance of P relative to N along the climosequence.
Overall, these results suggest that the Walker and Syers [1976] model can be applied to climosequences in
arid and semiarid ecosystems.
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