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ARTICLE INFO ABSTRACT

Keywords: To ensure the sustainable use of phosphorus (P) fertilizers it is necessary to develop P management strategies that

Phosphorus maximize crop yield while minimizing P leaching. Current P management practices, based on single agronomic

Ehosphp;;s saturation degree soil P tests such as Olsen P (Porsgn), do not consider the P sorption capacity allowing one to predict soil P dy-
rop yie

namics in response to long-term P inputs and related impacts on crop yield, P uptake and P loss. The oxalate
extraction method, measuring contents of P, aluminium (Al) and iron (Fe), has been identified as a high-potential
agri-environmental P test as it measures the reversibly sorbed P pool. This test gives insights in the plant-
available P pool, the P sorption capacity and the degree of P Saturation (PSD). In this study, we evaluated the
performance of Porsgn and PSD in explaining crop yield and P leaching risks, using long-term field experiments
from China (n = 1) and Europe (n = 11), and we applied these insights to an inventory dataset (grid-sampling
based) of Qiyang county in China. The variations in crop yield and P leaching risk were better explained by PSD
(R?=0.5-0.95 for crop yield and 0.84-0.95 for P leaching risk) than by Porsgn (R?=0.68-0.93 for crop yield and
< 0.73 for P leaching risk). The PSD target level to achieve 90 % of the potential yield was higher than the critical
level to avoid enhanced P leaching for the Chinese but not for the European experiments. When applied on
regional scale, we showed that the use of Pporsgpy might underestimate P demand for crop production and
overestimate the potential leaching risk. Considering the theoretical advantages of PSD as a combined agri-
environmental soil P test, we discussed the implications of its use for regional P management and showed
that the « value, which is used to estimate PSD from oxalate extractable Al and Fe, needs to be adjusted for
regional pedogenic and related climate factors.

Leaching risk
Long-term experiment

1. Introduction for humanity regarding the phosphorus inputs to freshwaters and coastal
oceans (Rockstrom et al., 2023; Springmann et al., 2018; Steffen et al.,
2015). The concern of high agricultural P inputs and low P use efficiency

is particularly true in countries like Western Europe, India and China

Sustainable Phosphorus (P) management in agriculture strives to
grow crops without P limitations while preventing unacceptable P losses

to the environment. Such management is urgently needed since many
regions worldwide have transitioned from P deficiency to a state where
crop yield is no longer limited by P. Unfortunately, excessive P appli-
cation has led to serious adverse impacts on water quality and related
eutrophication of aquatic ecosystems (Zou et al., 2022). Accumulated P
losses from soils have been estimated to exceed the safe operating space

(Zou et al., 2022; McDowell et al., 2024). For example, P inputs in
Chinese croplands have increased 13-fold in the last four centuries (Liu
et al., 2016). Currently, China consumes 30 % of the global P fertilizer
use (Smit et al., 2009), resulting in an annual mean P surplus of more
than 90 kg P ha™! in cropland soils (Zhang et al., 2019). Given the
limited availability of phosphate rock resources (Cordell et al., 2009;
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Gilbert, 2009) and the increasing awareness of adverse environmental
impacts of P overuse, optimizing P management is key for sustainable
agronomic systems. Sustainable P use in agriculture implies therefore
finding a balance between crop yield and environmental impacts
induced by P losses.

In agronomy, the build-up and maintenance approach has been used
to develop fertilization guidelines for maximizing crop yield while
maintaining high P use efficiency and minimizing P losses in the field.
This approach aims to bring all soils to an optimum P status required for
achieving target crop yield. Once this optimum level is reached, only the
P removal by the crop needs to be replenished by P fertilizers. Tradi-
tional agronomic soil P tests, based on the extraction of the soil with
various extractants, are frequently used to define this optimum level by
calibrating the crop yield response to P inputs over soils varying in soil
test P levels (SPT) (Tandy et al., 2021). The different soil tests can be
categorized as P intensity and P quantity measures. The P intensity
measures are defined as proxies for the P concentration in soil solution,
while the P quantity measure the amount of P that will replenish the soil
solution and be taken up by the crop during the season (Van Rotterdam
et al.,, 2012). The buffer power is defined as the ability of the soil to
maintain the P intensity upon addition or removal of P, thereby
combining the soils P intensity and P quantity as it is directly related to
the slope of this isotherm (Barrow, 1967). Target values for Porsen
(extracted by sodium bicarbonate solution) to avoid yield losses have
been identified to range from 10 to 28 mg kg~', depending on soil
properties and crop species (Bai et al., 2013). Similarly, critical SPT
values have been established for soil tests using ammonium oxalate,
ammonium lactate, calcium chloride and water as extraction method
(Nawara et al., 2017; Siatwiinda et al., 2024). All the current SPTs may
be an indicator of either P intensity or P quantity, but they cannot be
used as indicator of the buffer power, leading to significant variations in
the target SPT values for the optimum soil P status (Amery et al., 2021).

Various soil properties, such as amorphous and crystalline iron and
aluminium oxides, pH and soil organic matter (SOM), govern desorption
and adsorption processes as well as the P sorption capacity (Mgller et al.,
2023) thereby determining the buffer power. This, in turn, regulates the
availability of P for crop growth and potential risk of P leaching (Amery
et al., 2021; Fischer et al., 2017; Lookman et al., 1996). Furthermore,
soil properties also affect the changes in soil P status resulting from P
inputs, thereby impacting P dynamics and long-term P availability in
response to P fertilization. Given the need to optimize fertilization
schemes to balance crop yield and environmental risks, there is an ur-
gent need for a more mechanistic underpinned SPT that can link soil P
status and soil P supply to crop demand and potential leaching risks.

The soil P saturation degree (PSD), which is generally defined as “the
fraction of surface coverage with phosphate” (Beauchemin and Simard,
1999), being determined via ammonium oxalate extractable P (Ppx)
divided by the phosphate sorption capacity (PSC), is the most common
SPT to assess the potential of P losses from soil to water. The PSD is
based on the 0.2 M acid ammonium oxalate extraction method of
Schwertmann (1964a). Amorphous Fe- and Al-(hydr)oxides and P
reversibly bound to those oxides are simultaneously extracted from soil.
Subsequently, the PSC is derived as the sum of Fe- and Al-(hydr)oxides
(estimated by ammonium oxalate extractable iron and aluminium, i.e.
Fepx and Alpx) multiplied with an empirical maximal saturation factor
(the o value). The PSD therefore incorporates both a measure of the PSC,
which affects the potential leaching risks, and the total pool of reversibly
bound P (Ppy) acting as a reserve for plant-available P (Schoumans and
Chardon, 2015).

Unlike existing agronomic SPTs correlating P pools in soil to crop P
response, such as Pcacr2 and Poysgn, PSD serves as a soil P indicator, that
accounts for the P buffer capacity, thus allowing one to predict the
changes in soil P availability and the potential leaching risk in response
to P inputs. Most P sorption in non-calcareous soils occurs at the surfaces
of amorphous iron and aluminium oxides (Mgller et al., 2023) implying
that the P in soil solution is controlled by both a sorption maximum as
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well the sorption affinity, often described via Langmuir sorption
isotherm. The PSD has been introduced as a soil P indicator in the 1990s
(Van der Zee et al., 1987) given its potential to assess P leaching losses
from agricultural systems. High PSD soils, where most of the soil’s
adsorbed sites have been occupied by phosphate, are vulnerable to P
losses, making PSD relevant for assessing P management implications on
water quality (Fischer et al., 2017; Nair et al., 2004). Additionally, PSD
allows for estimating the changes in P availability as a function of P
inputs, as changes in Pox linearly reflects the changes in P accumulation
over time (Gu et al., 2023), showing less dependancy on soil properties
and smaller temporal variation compared to Porspn or Pcacre (Zheng,
2024). Therefore, the PSD can be considered as a key factor regulating P
in soil solution and might also be used as agronomic soil P test deter-
mining the optimum soil P status for crop yields thereby guiding the
fertilizer application. However, limited studies have evaluated the per-
formance of PSD in predicting crop responses. While critical values for
other SPTs, such as Poiggn, have been derived at (long-term) experi-
mental sites for specific crops, their use in fertilizer applications at re-
gion level is hampered since soil properties might differ from those at
the experimental sites (Lemaire et al., 2021; Hirte et al., 2021). The use
of PSD might avoid or minimize this dependency on soil properties.

Given the potential advantages of the PSD for characterizing current
and long-term P availability and environmental risk (Van Doorn et al.,
2024), this study aims to evaluate its performance to assess the crop
response and potential P leaching risks simultaneously. The perfor-
mance is compared to that of Porsgny being the SPT currently used in
China. To compare the performance, we (a) evaluated the relationship
between PSD and Poysgn with both the relative crop yield and the con-
centration of Pcacra (extracted by calcium chloride solution), using
long-term experimental observations in subtropical China (n = 1) and
Europe (n = 11); (b) assessed the difference in the spatial variation in
risks for crop P limitation and enhanced P losses at the regional level in
Qiyang county when using PSD or to Poisgn. Finally, we discuss the
applicability of PSD for regional P management.

2. Materials and methods

A long-term field experiment and regional soil datasets from China
were used to evaluate the potential of PSD for agronomic applications at
the field and regional level. In addition, published results from 11 long-
term field studies in Europe were further evaluated to underpin the
results.

2.1. Field experiment in China

A long-term field experiment was set up in 1990 at the Qiyang
Experimental Station experiment station (26°45°12’", 111°52’32"") of
the Chinese Academy of Agricultural Sciences, Qiyang, Hunan Province,
China. The field is located on a non-calcareous upland red soil, Ferralic
Cambisol, in the FAO classification system (Cai et al., 2014). The crop-
ping system is a continuous rotation of winter wheat and summer maize.
The field experiment was designed as a randomized complete block
design with three replicates. For this study, six fertilization treatments
were chosen with various combinations of fertilizer nitrogen (N), P, and
potassium (K) inputs in organic and/or inorganic form. More details of
the agri-ecosystem properties and the treatments applied are given by
Gu et al. (2023). In brief, these include an unfertilized control (CK),
applications of N-P-K fertilizers (NPK), and combinations of N-P-K fer-
tilizers with typical doses of manure (NPKM) or high amounts of manure
(HNPKM). The total P input ranged from 52 to 320 kg P ha~! yr!, with
inorganic P inputs ranging from 52 to 79 kg P ha~! yr!. Inorganic N and
K fertilizers were applied at a dose of 90 — 300 kg N ha~! and 100 kg K
ha~! per year. Although K and N input fluctuated in different treatments,
impacts on P dynamics were small (Gu et al., 2023).

In total, 17 soil samples were collected annually from the plough
layer (0-20 cm), and various P pools were determined, including of
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PCACLZ: POLSEN; POX and PTOTAL~ Both POLSEN and PTOTAL were determined
in the year of sampling for each soil sample. Poispny was determined
through soil extraction with 0.5 M NaHCOj3 adjusting pH to 8.5 (2.5 g
soil, 50 mL solution, 25 °C, shaken for 30 minutes) followed by colori-
metric measurement (Thermo Fisher 3020, Finland) of P by molybdate-
ascorbic acid method (Murphy and Riley, 1962). Next, Prorar was
analyzed using the colorimetric and molybdate-ascorbic acid method
(Murphy and Riley, 1962) after oxidative digestion of the samples with a
mixture of concentrated H;SO4 and HNO3 (Bao, 2000). The P pools
extracted with 0.01 M CaCl, (being a proxy for the P pool in soil solu-
tion) and ammonium oxalate (being a reactive P pool) and the amount of
Fepx and Alpx were measured in 2020 for all the historical samples
collected. The Pcacr2 content was determined by 0.01 M CaCl, extrac-
tion (soil: solution is 1:5, 25 °C), shaken for 15 mins, followed colori-
metric analysis as described for Proray. Finally, Pox, Alpx and Fegx were
extracted by 0.175 M oxalate-ammonium oxalate buffer (McKeague and
Day, 1966) and further determined by Inductive Coupled Plasma
Emission Spectrometer (ICP-OES) (radial ICAP 6300 series, Thermo
Scientific). The acid-oxalate extraction was done following McKeague
and Day (1966) thereby ignoring the potential impact of carbonates on
the release of Fe, Al and P in calcareous soils since most of the soils are
non-calcareous (Xu et al., 2022).Data on annual crop production, maize
and wheat (including straw) were collected from a historical database.
Crop products and residues were manually harvested, dried, weighed,
and grinded for total P analysis (Bao, 2000). After digestion by
concentrated nitric acid, the P concentration was measured by
molybdate-ascorbic acid (Bao, 2000).

2.2. Field Experiments in Europe

To get more insight into the performance of PSD in predicting both
crop response and potential leaching risk, we evaluated the value of PSD
for application in China using critical values derived from European
experiments as published by Nawara et al. (2017). A total of 218 soil
samples were collected between 1980 and 2015 for 11 long-term ex-
periments in five European counties (Table S1). The detailed study site,
soil types, fertilizer history, and crop rotation are described by Nawara
et al. (2017). Other nutrients (e.g., N and K) had been applied in suffi-
cient amounts. Only data from wheat and maize crops were selected.
Soil samples were collected and analysed for Pcacr2, Porsen, Pox, Feox
and Alpx based on the same methods being applied in the field experi-
ment in China, with slightly differences in extraction conditions for
Pcacre and Poy, which impacts will be discussed later.

2.3. Regional sampling dataset in Qiyang county

In 2014, a grid-based soil sampling campaign (2.7 km e 2.7 km) was
carried out across Qiyang (Zhou, 2017). Qiyang county (26°02'N-
26°51'N, 110°35'E-112°14'E) locates in Hubei province, the central
south of China. The climate in the county is mild and humid subtropical.
The soils, including calcareous and non-calcareous soils, in Qiyang
county are covered for 45 % with agricultural crops, including upland
crops (24 %) and rice (21 %), while the remaining other land use types
(55 %) mainly include forest and municipal land (Figure S1). The mean
annual temperature is 18 °C and the annual rainfall is 1325 mm (Cai
et al., 2015). A total of 123 soil samples in cropland were collected from
the topsoil of 0-20 cm in each grid (Xu et al., 2022). The concentrations
of PCACLZ; POLSEN; Pox, PTOTAL, Feox and Alox in each soil Sample were
determined via the methods described in Section 2.1.

2.4. Data analysis

2.4.1. Calculation of the phosphorus saturation degree
The P saturation degree (PSD) was calculated as:

European Journal of Agronomy 161 (2024) 127347

POX

PSD=— —"——
ax* [Feoy + Alox]

€8]

where Py, Fepx and Alpx are oxalate extractable contents of P, Al and Fe
(mmol kg™1), and the scaling factor « represents the fraction of available
oxides (Fepx and Alpx) contributing to P sorption (Sharpley et al., 2020).
The value of o varies mostly between 0.3 and 0.7 with a value of 0.5
being most commonly used for non-calcareous sandy soils (Van der Zee
et al., 1987; Lookman et al., 1996; Schoumans and Chardon, 2015).
However, it can vary much more when weathering rates greatly differ
due to variation in pedogenesis history induced by climate, vegetation
and geographical position. For example, in Brazil soils with a range of
chemical, physical and mineralogical features, o values varied from 0.29
to values even exceeding 1.0 when using sorption experiments to
determine the fraction of the potential retention capacity that can be
occupied by P (De Campos et al., 2018) implying that under certain
conditions other processes than sorption to metal(hydr)oxides might
play a role in retaining P. In the long-term experiments in China and
Europe, the majority of the soils were non-calcareous with a sandy to
loamy texture and hence o was first assumed to be 0.5, implying that
halve of the total aluminium and iron oxides contribute to the PSC. To
account for the influence of pedogenesis factors in the subtropical
climate, the o value was adjusted for the Qiyang experiment to 0.8 based
on incubation trials from tropical soils published in literature (Table S2)
in order to avoid extreme high optimum P levels for both Po;sgny and PSD
(Wu et al., 2020).

2.4.2. Calculation of P thresholds in view of crop production and leaching
risk

To minimize the effect of crop types and sites conditions (e.g.,
climate, soil types) on the relationship between soil P pools and crop
yield in the European and Chinese long-term experiment, the relative
yield (Yg) was calculated (Zhu et al., 2020) as:

Yr

Yo = —L
R Yo

(2

where Yt is the treatment yield (kg ha™!) and Yy is the maximum yield
(kg ha 1) among all treatment means per year, being the treatment with
the highest P fertilization in the majority of the years.

An asymptotic regression model was subsequently applied to
examine the relationship between relative crop yields and soil P test
(SPT) values for the Qiyang experiment in China, for four European
experiments (having sufficient observations (Table 3) and for all Euro-
pean experiments together via:

Yr = Yru +B e exp(— C e SPT) 3)

where Ygy represents the maximum relative yield (%), and B and C are
regression coefficients describing the response of the crop yield to the P
availability in soil as being measured via the soil P tests, i.e. Porsgny (g
kg’l) or PSD (unitless fraction). The calibrated model coefficients and
the explained variance for each SPT were evaluated to unravel the crop
response to changes in soil P levels. A SPT value is considered more
generic applicable when the coefficient of variation across multiple sites
and crops is relatively small. We skipped observations where the pH was
lower than five being observations with extremely low crop yield levels
due to acidification. We excluded Pcacr from this analysis since it only
reflects the direct availability of P, being controlled by P inputs and the P
buffer capacity, and it cannot be used as a proxy for the P buffer power,
being the ability of the soil to maintain the P concentration in soil so-
lution upon addition or removal of P. All statistical analyses were per-
formed in R (version 4.2.2).

To determine the sensitivity of soils to P leaching, we used the Pcacra
concentration as a proxy of the P concentration in soil solution. Higher
concentrations of Pcacrs will evidently lead to higher P leaching losses
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in situations with a precipitation surplus (Bai et al., 2013). Considering
that adsorption decreases at higher adsorbed P concentration, Pcacra is
expected to increase exponentially with the size of reactive P pools like
Porsen or with the PSD (Bai et al., 2013; Schoumans and Chardon,
2015). In this study, we evaluated the non-linear relationship between
Pcacre on the one hand, and PSD and Ppispy on the other using a
split-line model, to derive environmental thresholds where the Pcacra
starts to deviate from a linear response to a change in PSD or Pgorgen
(change points, also referred to as critical levels):

Pcacio = D+ E o STP when SPT < SPT ihreshold (43)
Pcpcito =D+Ee (E — F) © SPT +F o SPT when SPT > SPT yreshoid (4b)

where SPTreshold iS the threshold value for the soil P test regarding the
potential leaching risk and SPT represents the selected soil P test used
(PoLsen or PSD); E and F are the slopes of the lines below and above
SPTihreshold, respectively; and D is the intercept of the lines below
SPThreshold-

2.4.3. Upscaling of the risk of limiting crop yields and enhanced P leaching

To evaluate the potential of Porggy and PSD in defining the occur-
rence of P deficiencies for crop uptake or enhanced P leaching risks for
Qiyang county, the regional sampling data for both soil P indicators
were interpolated at a 1 km x 1 km resolution using inverse distance
weighting while accounting for differences in land use (including upland
soils, paddy soils, and other land use types). The measured Porspn and
PSD values were used to classify the soil nutrient supply determining the
crop response to P fertilization, according to the classic build-up-and-
maintenance approach. This approach uses the categories such as
“low”, “sufficient” and “high” where soils in the low status receive more
P than the crop P uptake (enhancing the soil P levels) and soils in the
high status receive less P than the crop P uptake (mining the soil P
levels). For this study we only distinguished three classes, including
“low” “medium” and “sufficient” given the present variation in Porsgn-.
Class Frow encompasses all situations where low P availability would
lead to crop yields smaller than 80 % of the maximum crop yield. Class
Fueprum represents situations where crop yields vary between 80 % and
90 % of the maximum yield. Class FsypricienT represents all cases with
relative crop yields exceeds 90 % of the maximum crop yield, considered
the threshold where P is not limiting crop yield. Similarly, we classified
the soils given their potential for P leaching into three classes using the
environmental critical levels from long-term experiments in China and
Europe for both Ppispn and PSD, resulting in the classes Epow, Emepium
and Epjgy representing soils with a low, moderate and high potential
leaching risk, respectively. These environmental class boundaries were
based on the critical levels derived from the long-term experiments
where Ejow includes all cases where SPT was lower than 0.5 *SPTpyes.
hold> Enrga all the cases where SPT exceeds SPTihreshold, and the Eyeprum
all cases in between.

3. Results

3.1. Relationships between phosphorus indicators, crop yield and
phosphorous leaching risk

The averaged Porsgny Was almost five times higher in Qiyang exper-
iment (112 mgkg™1) than in the European long-term experiments
(26 mg kg_l), and showed a higher variation among the fertilization
treatments applied (Table 1). Concentrations for Pgorsgy in the Qiyang
experiment ranged from 3.8 to 249 mg kg™! while Porspy for Europe
experiments ranged from 3.3 to 99 mg kg™ _. In contrast, Pcacr2 showed
the opposite pattern, with a broad range in European experiments
(2.6 mg kg™! on average) and a small range in the Qiyang experiment
(2.3 mg kg ™! on average). Porgpy explained up to 93 % of the variation
inrelative crop yields in the Qiyang experiment, while it was 68 % in the
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Table 1
Overview of selected soil properties for the long-term experiments in Qiyang and
Europe.

Qiyang Europe
Pindicator  unit Min Max Mean Min Max Mean
Porsen mg kg~! 3.8 249 112 3.3 99 26
PcacLz mg kg ™! 0.001 5.6 2.3 0.4 19 2.6
[Fe+Al]ox mmol 92 149 118 11 108 63
kg™!
PSD / 0.02 0.78 022 0.02 043 0.13
(x=0.5)
PSD / 0.01 0.49 0.14 / / /
(«=0.8)

European experiments (Fig. 1). No significant relationship was found
between Pcacr2 and Porsen in the Qiyang experiment, while a strong
relationship (R2: 0.73, p < 0.05) was found in the European experi-
ments. From the perspective of P leaching risks, a strong increase of
PcacL2 was observed when Porgpn exceeded the 39 mg kg’1 in Europe
experiments. However, no change point could be detected for Pojggy in
Qiyang field experiment (Fig. 1).

All long-term experiments in Europe and Qiyang showed strong and
positive crop yields responses to the variation in PSD. The range in PSD
was evidently larger in the Qiyang experiment when the o value was set
at 0.5 compared to 0.8, varying from less than 5% to 78% (Table 1). The
PSD explained 95 % of the variation in relative crop yields in the Qiyang
experiment, but it provided a less reliable estimate for the relative crop
yield in European experiments (R? = 0.51) when compared with Porgen
(Fig. 2). While the crop response gradually increased over the full PSD
range in Qiyang, there was a clear change point for PSD in the European
experiments, allowing to derive an evident target level for the PSD
(14 %) in view of crop yield. In the Qiyang experiment, crop yield
reached 90 % of the maximum when the PSD reached 31 %, with « set to
0.8 (Fig. 2). Adjusting the a value from 0.5 to 0.8 reduced the difference
in critical and target levels for PSD between the Qiyang and European
experiments (Fig. 2) and avoided unrealistic high SPT values found in
the Qiyang experiment at an a value of 0.5 (Figs. 1 and 2). Note that the
higher PSD and lower Pcacyo values in Qiyang can partly originate from
differences in extraction methodology, but these differences likely do
not affect the correlation between PSD and crop yield on the one hand,
and the correlation between PSD and Pcacr2 on the other (see Section
4.1). The variation in PSD was highly correlated with the variation in
PcacLe, explaining 84-95 % of its variation in both experiments (Fig. 2).
The change in Pcacr2 per unit PSD increased two to three times faster in
the European than in the Qiyang experiments. Potentially high P
leaching risks occurred in the European experiments when PSD excee-
ded 33 %, corresponding to a Pcacr2 concentration above 2.2 mg kg_1
(Table 2). The change points in PSD and Pgrsgny occurred at similar
Pcacr2 concentrations (2.2 and 2.5 mg kg’l) in the European experi-
ments. For the Qiyang experiment, high P loss risks occurred when PSD
reaches 20 % (Fig. 2).

The agronomic target levels for Porspn and PSD were substantially
higher in the Qiyang experiment than in the European experiments
(Table 2). However, the difference in target levels between the two
datasets was smaller for PSD than for Porggn. The PSD target levels were
three to four times higher for achieving 80 % and 90 % of the maximum
yield in Qiyang (0.35 and 0.5 respectively) compared to Europe (0.11
and 0.14 respectively), while the Pgorspn target levels were more than
five times higher in Qiyang (44 mg kg™ ! and 63 mg kg ™! for 80 % and
90 % of the maximum yield) compared to Europe (7.6 mgkg™! and
10 mg kg’1 respectively). When tested for five experiments separately,
the coefficient of variation was 1.14 for Porsgy and 0.38 for PSD
(Table 3). The critical levels of PSD and Porsgy for P leaching risks in the
European experiments were more than two times higher than the target
levels for crop yields (Table 2). When o = 0.8 is used in the Qiyang
experiment, however, the PSD target levels for target crop yields (0.22 at
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Fig. 1. Relationships between relative Porspny and crop yield (left) and Pcacro (right) for the Qiyang experiment (red QY) and European experiments (blue EU). Data
points in grey were skipped from calibration because of severe crop yield reduction due to low pH values caused by acidification in response to N addition in the
Qiyang experiment. TL represent target Posen (mg kg™ 1) level for crop yield (90 % maximum relative yield) and CL represent critical Porsgny (mg kg™1) level for
potential P leaching losses.
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Fig. 2. Relationships between PSD and the relative crop yield (left) and Pcacpz (right) for both Qiyang (red for a = 0.5, yellow for « = 0.8) and European experiments
(blue). Note: data points in grey were skipped from calibration (see Fig. 1). TL represent target PSD level for crop yield (90 % maximum relative yield) and CL
represent critical PSD level for potential P leaching losses.

Table 2
Crop response parameters and target levels for crop yield derived for Porspn and PSD to achieve 80 % or 90 % of the maximum yields and for critical levels for P losses
derived from the Qiyang and European experiments.

Crop response parameters Target levels for yield Critical levels for P losses Corresponding Pcacre [mg/kgl®
Site P indicator Yeum” B c 80 % 90 %
Qiyang Porsen (mg kg™) 89 -88 0.04 44 63 - -
PSD (a = 0.5) 97 —-102 4.95 0.35 0.50 0.32 0.87
PSD (o = 0.8) 97 —102 7.39 0.22 0.31 0.20 0.87
Europe Porsen (mg kg™) 93 —155 0.27 7.6 10 39 2.55
PSD (a = 0.5) 94 —146 20.1 0.11 0.14 0.33 2.24

2 the corresponding Pcacyo for the critical levels of the P indicators Popsgy and PSD.
" the maximum relative yield (%)

¢ the difference in the response when input is zero and the maximum relative yield
d rate constant for asymptotic regression model (see Eq. 3)
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Table 3

Crop response parameters and target levels for crop yield derived for P sy and
PSD to achieve 80 % or 90 % of the maximum yields for five experiments (four in
Europe and one in China, i.e. Qiyang) with the coefficient of variation in derived
target levels.

Site Crop response Target levels
parameters for crop yield
Y B° ct 80%  90%
Porsen(mg kg’l) Saxmundham 96 —62 -1.3 7.4 9.8
Rothamsted 100 —-116 -1.3 8.7 11.2
Toulouse 100 —150 -0.8 5.4 6.9
Pierroton 99 24 -1.8 8.3 12.7
Qiyang 89 —88  0.04 44 63
Coefficient of - - - - 1.11 1.14
variation
PSD (-) Saxmundham 98 —-327 3.0 0.16 0.19
Rothamsted 102 —-432 33 0.12 0.15
Toulouse 96 -368 3.1 0.14 0.17
Pierroton 93 -0.5 3.0 0.08 0.12
Qiyang 97 -102  7.39 0.22 0.31
Coefficient of - - - - 0.36 0.38

variation

? the maximum relative yield (%)

b the difference in the response when input is zero and the maximum relative
yield

¢ rate constant for asymptotic regression model (see Eq. 3)

80 % and 0.31 at 90 % of the maximum yield) were approximately two
times higher than the corresponding target levels for the European ex-
periments (0.11 and 0.14). The PSD for a target crop yield at 80 % of the
maximum yield was for Qiyang close to the critical level for P leaching
risk.

3.2. Spatial variation of phosphorus status in view of crop yield and
leaching risks at Qiyang county

Table 4 gives the summary statistics of soil properties related to the
availability of P for the 123 sampling points in Qiyang county. The soil
texture is heterogenous, with a range in clay contents varying from less
than 1 % up to 55 %, pH varies from 4.3 to 8.4 and SOM from 3.4 to
35¢g kg’l. Most sampled soils (77 from the 123) were non-calcareous
(pH<7), with Fepx levels ranging from 10 to 136 mmol kg’1 and Alpx
levels from 18 to 104 mmol kg’l. There was substantial variation in
Pcacr2, Porsen Pox and Proray, levels across the county. For example,
Pcacr2, varied between 0.03 and 4.1 mg kg™! with an average of

Table 4
Overview of soil properties of the grid sampling points in Qiyang county (123
sampling points).

Properties Min Max Mean Coefficient of Median
variation (CV)

pH 4.3 8.4 6.5 0.16 6.6

SOM (g kg™1) 3.4 35.3 16.4 0.43 14.8

Clay (%) 0.2 55 8 0.87 7

Feox (mmol 10 136 50 0.51 42
kg™h)

Alpx (mmol 18 104 48 0.33 44
kg™

Pcaciz (ng 0.03 4.1 0.43 1.3 0.2
kg’l)

Posen (g 0.5 124 17.3 1.12 12
kg™

Pox (g 17 465 180 0.59 156
kg—l)u

Prorar (g 189 897 473 0.35 471
kg ")

PSD* (o = 0.5) 0.02 0.52 0.13 0.63 0.11

PSD? (a = 0.8) 0.01 0.32 0.08 0.63 0.07

@ Note that PSD is Pox /(a *(Al+Fe)ox) with Pox in mmol/kg, thus dividing the
values in mg/kg by 31 (molar weight of P).
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0.43 mg kg~ !. The distribution was skewed, with 70 % of the sampling
points having P levels below the average. Similar skewed distributions
were observed for Porsgn, with an average of 17.3 mg kg’l. The relative
variations in Pcacro, and Porsgn across the county were comparable
(Table 4). The spatial distribution in Porggn, PSD (0=0.5), and PSD
(x=0.8) is shown in Figure S2. Most of the area of Qiyang county had
Porsen values lower than 35 mg kg’l, with sites with Poigpy values
above 35 mg kg~! mainly found in the middle-west and northern areas
(Figure S2).

The variation in soil P fertility status and the hotspots for P leaching
are illustrated in Fig. 3, where the target levels for relative crop yield and
the critical levels for the potential leaching risk were derived from either
Qiyang or European experiments. Considering that the target Porsen
level for crop yields in the experiment in Qiyang was very high
(63 mg kg~ 1) compared to literature data for China, the use of European
derived target levels and critical values causes a lower area of P deficient
soils and a higher area being sensitive to P leaching (Table 5). Where
97 % of the soils were classified as being P deficient when the target
level for Porgpn Was set at 63 mg kg_l, this area declined to 7 % when
the European target level was used (Fig. 3a and c). Similarly, the per-
centage being classified as P deficient declined from 100 down to 44 %
when the soil P status was determined via the PSD (Table 5; Fig. 3b and
d.

Considering the strong relationship of PSD with both crop yield and
Pcacre in the Qiyang experiments (Fig. 2), we also used the associated
target and critical levels to analyse the regional variation in soil P status
as well the leaching risks (Figs. 3b and 3f). As with Poggn, the majority
of the county was dominated by low or moderate P levels (classes Frow
and Fygprum) for crop production with less than 1 % of the area classi-
fied as soils without P deficiency risk (class Fsyppicent, Table 5). In
contrast, using the more realistic European-derived target levels resulted
in much more spatial variation in soil P fertility (Fig. 3d) where 44 % of
the county was classified into the class Fj,ow and 18 % in class Fsypricent
(Table 5).

Less than 5 % of the county demonstrated a high potential risk (class
Enigu) based on critical levels for both Poiggy and PSD from either
Qiyang (Figs. 3e and 3f) or European experiments (Fig. 3g and h) and
showed a similar spatial pattern for PSD across the county independent
of the critical value set (Figs. 3f and 3h). When using an « value of 0.5
instead of 0.8 for the Qiyang-based evaluation, the moderate and high-
risk areas (classes Eygprum and Egigr) increased by 58 %, i.e. from 12 %
to 70 % (not shown). The central area of Qiyang county was identified
with high-risk leaching risk by PSD critical levels from the Qiyang
experiment (Fig. 3G). Compared to the risk assessment done with Pg.
sEN, the PSD-based classification expanded the area for class Frow, and
deceased the high P leaching risk area (Table 5). About 37-85 % more
area was recognized into class Fiow when PSD target levels for crop
yield were reached compared to the situation when targets (EU-based)
for Porspn were reached (Table 5). Similar spatial patterns for Porsen
and PSD were found when only Qiyang targets and limits were used.

4. Discussion

4.1. Use of Porsen and P saturation degree to predict crop yield and
leaching risks

Both Porsey and PSD effectively predicted crop yield and can be used
in fertilizer recommendations following the build-up and maintenance
approach. They explained 51-95 % of the variation in crop yield with
slightly higher values for Porggny in the European experiments and
slightly higher values for PSD in the Qiyang experiment (Figs. 1 and 2).
Similar findings have been found for various crops (Chakraborty and
Prasad, 2021; Nair et al., 2004; Renneson et al., 2015). When comparing
both soil P tests, Porsgny limits the optimization of agronomic and
environmental aspects since it largely ignores the impact of soil prop-
erties on soil P adsorption and soil P buffer capacity driving the spatial



Y. Gu et al.

European Journal of Agronomy 161 (2024) 127347

26.8°N

26.6°N

26.4°N

Olsen P Status Classification for | Olsen P Status Classification for *
Classification for Crop Yield Classification for Crop Yield
Crop Yield a =0.8 Crop Yield a =05
[QY Base] [QY Base] [EU Base] [EU Base]
26.2°N 1
. Flow . Flow . Flow . Flow
Freoium Fuepium Fueoium Freoium
Fsurricient Fsurricient Fsurricient Fsurricient
26.0°N

7 PSD Status

(d)

PSD Status

26.8°N

26.6°N

26.4°N

26.2°N

(e)

Olsen P Status
Classification for
Potential Leaching
[QY Base]
Elow
Ewmepium
Enicn

(f)

PSD Status ¢
Classification for
Potential Leaching
a =08

[QY Base]

ELow
EMEDIUM
Epicn

(8)

Olsen P Status
Classification for
Potential Leaching
[EU Base]
Elow
Ewmepium
Epign

(h)

PSD Status c
Classification for °
Potential Leaching
a =05

[EU Base]

ELOW
Emepium
Evicn

26.0°N

111.6°E111.7°E 111.8°E 111.9°E112.0°E112.1°E112.2°E

111.6°E 111.7°E 111.8°E 111.9°E112.0°E 112.1°E112.2°E

111.6°E111.7°E111.8°E111.9°E112.0°E112.1°E112.2°E  111.6°E 111.7°E 111.8°E 111.9°E 112.0°E112.1°E 112.2°E

Fig. 3. Spatial variation in soil P status classifications for crop yield (a-d) and potential leaching (e-h) for the Qiyang county: classifications based on Poysgn or PSD
targets for crop yield and critical levels for P losses, derived from the Qiyang experiment (a, b, e and f) and from the European experiments (c, d, g and h)

(see Table 2).

Table 5

Soil P status classification (% sites per class) of Qiyang county based on agro-
nomic thresholds (Fiow, Fmepium, Fsurricient) and environmental thresholds
(ELow, Emepium, Enign) derived from both Qiyang and Europe experiments.

Qiyang Europe

Class** PoLsen PSD* (a=0.8) Porsn PSD (a=0.5)
Frow 97 100 7 44

Fuepium 2.2 0 8.7 39
Fsurricient 0.6 <1 84 18

Erow - 88 65 89

Emeprum - 12 31 10

Enign - 0.4 4.2 0.4

* if « =0.5 was used to estimate the PSD, then Frow is 98, Fyeprum is 1.8,
FSHFFIUENT is 0.5, Erow is 30, Eyeprum is 66 and Egigy = 4.

" Class Frow encompasses all sites where low P availability would lead to a
yield smaller than 80 % of the maximum crop yield. Class Fygpum represents
situations where the crop yield varies between 80 % and 90 % of the maximum
yield. Class Fsypricient represents all cases where P is not limiting crop yield.
Class Ejow includes all cases where Pg;spy or PSD were lower than 0.5 times a
critical threshold (see Table 2), Eygy all the cases where Poy sy or PSD exceeds a
critical threshold, and the Eyprym class all cases in between.

variation in the actual soil P supply for crops (Jordan-Meille et al.,
2012).

The Porspn target level in the Qiyang experiment needed to reach
90 % of the maximum relative yield (63 mgkg ') was higher than
earlier reported target levels in other Chinese as well European soils,
varying mostly between 10 and 25 mg kg~ ! (Bai et al., 2013; Tang et al.,
2009; Van Doorn et al., 2024). The soils in Qiyang are acidic but the pH

values are not that low that the NaHCO3 extraction method would lose it
efficiency to determine the plant available reactie P pool (Olsen and
Watanabe, 1957). Abundant Alpx and Fepy in the Qiyang experiment
increasing soil P adsorption and decreasing P use efficiency might have
contributed to the high target Porsen level (Wu et al., 2020). Since the
relationship between crop response and P addition have been shown to
greatly vary between soils for Porggn since it ignores the variation in P
sorption capacity (Tandy et al., 2021; Zheng, 2024), the use of PSD is
often advocated as a valuable replacement.Using the a value of 0.8 for
the Qiyang experiment reduces the difference between the target levels
for crop yield of the European and Chinese experiments, suggesting that
pedogenetic factors, such as parent material, topography and climate,
requires a correction for the actual P retention capacity when using PSD
at regional scale. Soils with higher effective PSC requires more fertilizer
P for crop uptake than soils with lower PSC, which is consistent with
previous findings (Wang et al., 2015). For the comparison of the target
levels of PSD in different studies as well the derivation of the a value, it is
crucial to consider the influence of different extraction methodologies
used. In the Qiyang long-term field experiment, the Pox was determined
via a soil extraction with 0.175 M ammonium oxalate (McKeague and
Day, 1966), while 0.2 M ammonium oxalate was used in the European
field experiments (Schwertmann, 1964) whereas in both cases the P
concentration was determined via ICP-OES. Given the slightly acidic soil
in Qiyang (pH of 5.7), this small difference in molarity is not likely to
bridge the differences in target levels between Qiyang and the European
field experiments. In addition, the soil extraction with oxalate might
include some organic P, in particular in the treatments fertilized with
manure. This may have contributed to the variation in Pox and PSD at
the higher end but it has limited impact on the target P value. The target
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levels for both PSD as Posgy found in the Qiyang site are much higher
than those in European experiments and also higher than other studies
done in China, suggesting that this site is not representative for Chinese
soils. Through regional sampling, Renneson et al. (2015)reported that a
PSD of 0.2-0.3 is required for optimal crop yields, while extrapolating
one-point short-term isotherm studies in the laboratory to the field sit-
uation, being similar to the threshold range for the Chinese experiments
after calibrating o (Table 2). However, the range reported in target
values by Renneson et al. (2015) may have been affected by the
extrapolation of lab-based research to the field situation (Siatwiinda,
2023). Given the similar patterns observed for PSD in predicting crop
yields in Chinese and European experiments after calibrating o (Fig. 2),
the target value for PSD might well vary somewhere between 0.1 and
0.3. More insight in target PSD values could be gained from a series of
lab and field experiment for various soil and cropping systems. The
methodology used to measure P content in the extract, such as colori-
metric analysis or ICP-OES, may partially contribute to this discrepancy.

As long as a broad range of soils with various soil properties is
included in deriving the underlying relationship with Pcacra, both Poy.
sen and PSD can be used as indicators to classify soils as being sensitive
to leaching concerning potential losses of P. When only data from
Qiyang were used, there was no significant relationship between Porsen
and Pcacre. In addition, focusing on the European experiments, sub-
stantially higher uncertainty is found in the lower ranges of the
measured Porgeny than PSD. In addition, considering the impact of PSC
on P leaching, applying the European relationship of Pcacra vs. Porsen to
soils with higher PSC soils in Qiyang (Tables 1 and 3) might over-
estimate the leaching risk of P, This may explain why the relationship
between Pcacr2 and Porggy in the Qiyang experiment was insignificant
(Fig. 2).

A critical value of 20 % PSD has been identified for the P leaching
risks in sandy soils, where low levels of Fegx and Algx (Nair et al., 2004)
makes the soil sentitive to leaching. The critical value found in this study
shows a comparable range varying between 20 % and 33 %. Given the
influence of PSC on dissolved P in soil P solution and similar critical
Pcacrz values found for Porsgy and PSD (2.24 vs 2.55 mg P kg’l), PSD
seems a valid soil P test to assess the potential leaching risk. In addition,
Pizzeghello et al. (2011) showed that PSD can better reflect the changes
in dissolved P concentration than a single agronomic SPT in lab exper-
iments. Note that the detected increase rate in Pcacro beyond the PSD
change point was higher in European sites compared to the Qiyang site.
The higher increase in Pcacr2 per unit PSD above the change point
suggests that the risk of P losses by leaching increases much faster in
European soils once the change point of PSD has surpassed, though part
of this difference might be due to the shorter extraction time, lower
solution-soil ratio and the molybdate reactive fraction being measured
in the extraction method (Fisher et al., 1998; Wiinscher et al., 2013)
applied in the Chinese experiment.

Similar to the measurement of Ppy, differences in methodology affect
the differences observed in Pcacrs and its correlation with other P in-
dicators. In the Qiyang experiment, Pcacr2 was determined using a soil-
to-solution ratio of 1:5 and shaking for 15 minutes (followed by a P
analysis using Murphy-Riley) whereas Pcacr2 in the European field ex-
periments was determined using a soil-to-solution ratio of 1:10 and a
shaking time of 120 minutes (followed by a P analysis using ICP). The
longer shaking time and wider soil-to-solution ratio might have led to
higher Pcacrz concentrations (Barrow and Shaw, 1979; Chapman et al.,
2008; Fuhrman et al., 2005) though this impact for extraction time was
not found by Sanchez-Alcala et al. (2014). The difference due to P
analysis method is small for Pcacrz (a bias of 1% and offset of
0.16 mg kg’l, Wiincher, 2013) but can be substantial for Po;sgy (a bias
of 7 % and offset of 4.2 mg kg™!, Wiincher, 2013). These differences,
however, are not expected to significantly change the overall patterns
observed when relating PSD and Poigspny to the variation in Pcacra
(Figs. 1 and 2), considering that the changes induced by the analysis
method linearly affect Pcacro, Porsen, and PSD. Note that all soils from
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the long-term experiments have been stored multiple years before
analysis. Storage conditions (such as temperature and humidity) and
durations may influence P transformations, and subsequently the size of
the extracted P pools, in particular when the storage temperature ex-
ceeds 20 degrees (Houba and Novozamsky, 1998). When tested for
air-dried soils, Ehlert et al. (2019) showed, however, that storage did not
cause a change in soil P test values for soil samples taken from 1958 to
2008.

An ideal soil P test can assess soil P status for both agricultural
benefits and the risk of potential P losses. However, environmental
critical levels for these SPT are not necessarily higher than the target
levels for maximizing crop yield (Bai et al., 2013; Withers et al., 2017),
suggesting that agronomic and environmental benefits cannot be ach-
ieved simultaneously in all cases. In the current study, the critical level
for European soils was higher than the agronomic target value showing
that fertilizer practices guided by the PSD would be beneficial for the
aquatic environment as well. In contrast, the critical level from the
Qiyang experiment was lower than the agronomic target level for crop
yield. This could be due to the binding capacity of the soil, where even at
high Ppx levels, only a limited amount of P is available in the soil so-
lution, leading to higher target levels desired for crop yield. Given the
uncertainty on the critical limit as being derived via the split line al-
gorithm, additional data from long-term studies or regional soil assess-
ments are needed to underpin this for soils having high PSC. Specifically,
using the critical Pcacr2 concentration found in European datasets with
substantial variation in soil properties, being estimated at 2.24 mg kg’l,
critical values for Qiyang would be around 30 % for PSD (a = 0.8) being
almost equal to the agronomic target value. The fact that environmental
critical levels might be reached before reaching the agronomic target has
been indicated earlier by Withers et al. (2017), who noted that if a
demanding P concentration were established for the environment (e.g.,
30-35 ug L! to prevent algal growth), agricultural target levels would
not be achieved. In that case, the estimated environmental Pcacr2 levels
at critical PSD (0.87 mg P kg™! being equal to about 0.087 mg P L™}) are
substantially lower than the Environmental quality standards for surface
water in China (type V, 0.4 mg P L™}, irrigation water). Recalculating
backwards, a critical Pcacro level of 4 mg kg™ would imply a critical
PSD for water quality around 60 % when using the observations from
Qiyang experiment and a critical PSD around 40 % when observations
from European experiments were used (Fig. 2). In that case, the agro-
nomic target values remain below the critical values for water quality,
implying that no substantial P risk losses occur when soils are fertilized
given a build-up and maintenance approach (Bai et al., 2013;
Jordan-Meille et al., 2012).

4.2. Implications of using P saturation degree instead of Porsen for
regional P fertilization

The use of Pgrsgn in fertilizer recommendation systems might over-
estimate the soil P supply Considering the agronomic Porsgny and PSD
targets based on the multiple European experiments, the cropland area
in Qiyang was classified as being sufficient in 84 % of the cases when
Porsen was used whereas 83 % was classified as low and medium when
PSD was used (Table 5). This implies that the required P dose to sustain
high crop yields might be underestimated by Porsgn, in particular for
areas with high Porspy and low PSD, assuming the same target level
should be achieved. Assuming that the required P dose is equally allo-
cated over the three P fertility classes used for both soil P tests, and using
the recommended P rates from Li et al. (2011) for the classes FsyrpicienT
(17.5kg P ha™Y), Fugpium (35 kg P ha™!), and Fiow (48 kg P ha™)), a
shift from Porspn to PSD would increase the averaged P requirement
over the county from 21 to 38 kg P ha™?, implying an annual increase in
P inputs of 45 %. Additional field observations in Qiyang are needed to
delineate zones with contrasting insights regarding the soil P availability
as being determined with both soil P tests. Additionally, the lower
variation in target PSD levels derived from five experiments compared to
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Porsen (-33 %, Table 3) suggested that PSD is more generally applicable
for defining target P levels for optimum crop yield at regional level.
Given the natural variability in soil properties as well the fact that the
PSD also provides mechanistic insights in the fate of P in soil, the clas-
sification of the soil P status following the PSD assessment is more likely
to guide sustainable P use in agriculture. Unlike the European-based
evaluation, the use of Porsgny or PSD did not distinctly affect soil P
classifications if target levels from the Qiyang experiment were applied
(Table 5), mainly due to the unrealistic high target values observed in
this single field experiment.

Using PSD to classify the risk for P leaching instead of Porspn
decreased the area with moderate and high risk (classes Eygprum and
Enigu) by 25 % (Table 5). This demonstrated that high Porsgn levels do
not always induce P loss, and that variation in PSC should be taken into
account when managing P for environmental protection at the regional
level. Soils with high P sen but low PSD levels can pose a lower risk due
to higher P retention via sorption of P on Fegyx and Algy (Blomback et al.,
2021). While the PSD has mainly been used for environmental risk
assessment due to its relationship with P intensity methods like Pcacra or
PoLsen, this study showed that the PSD also underpins the actual crop
response to P fertilization. Since PSD provides insights in the total
reversible bound P by both the maximum P sorption capacity and the
extent to which the sorption sites are loaded with P it indirectly corrects
for impacts of site conditions controlling the fate of P in soil (De Campos
et al., 2018; Fischer et al., 2017). Earlier studies also showed that soils
with the same soil test P level but with different mineralogy or pH levels
can show varying P concentrations in soil solution (Pizzeghello et al.,
2011). The inclusion of maximum P sorption capacity in PSD is partic-
ularly relevant since it allows to predict long terms response of revers-
ibly bound P to P inputs with related impacts on crop P uptake and P
losses to groundwater and surface water (Van Doorn et al., 2024).
Instead of using single soil P test, many countries, including the
Netherlands, Germany, and Canada, therefore already assess potential P
loss risks by PSD rather than an agronomic soil P tests at a regional level
(Fischer et al., 2017; Schoumans and Chardon, 2015; Wang et al., 2016).
Soils with high PSD levels should therefore be mined to avoid high P
leaching to surface waters.

4.3. Uncertainties in the regional dependent a value

Even though PSD is frequently employed for managing regional
environmental P (Fischer et al., 2017), the PSC as well as the fraction of
these oxides that can adsorb P have impacts on the classification of the
soil P fertility status. Adjusting the a value from 0.5 to 0.8 decreased the
total area with high and moderate leaching risks by 48 % (Table 5),
corresponding to a slight increase in P deficiencies for crop yields
(Fig. 3c). As a consequence, more P input is needed to sustain crop
production. This suggests that regional dependent a values might be
needed to define sustainable regional P strategies, since regions show
differences in pedogenetic factors regulating the binding capacity of
PSC. Different o values have been found for different climate zones in
literature (being summarized in Table S1), decreasing from 0.8 in
tropical regions, 0.5 in subtropical regions down to 0.4 in temperate
regions (Figure S3) confirming that substantial variation in P sorption
occur across regions that differ in pedogenesis factors. This finding is
consistent with the hypothesis that highly weathered soils in tropical
regions induce the formation of crystalline oxides or other minerals that
contribute to PSC (De Campos et al., 2018). This can be explained by
increased weathering in tropical and subtropical locations, which re-
duces soil particle size and raises the soil specific surface area (Wang
et al., 2013). In addition, both incubation experiments and model cal-
culations in Chinese soils showed that clay minerals including goethite,
kaolinite, and illite, are as important as amorphous Fe and Al oxides in
subtropical soils regarding the retention of P, which can also partly
explain the higher a being applied in Qiyang (Xiong et al., 2022).
Therefore, parameterizing o value based on region-specific weathering,
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climate conditions, and other factors related to pedogenesis is relevant
to enhance the use of PSD across various regions globally.

4.4. Research outlook

Applying a PSD-based soil P classification for crop yield and potential
leaching risks has important implications for sustainable regional P
management. The implicit assumption of the build-up and maintenance
approach is that adjusting the P inputs to the soil P status ensures sus-
tainable P use and thereby improves P use efficiency. In line with the
published critical soil P values, the target levels for PSD in the current
analysis of European experiments are lower than the critical levels
desired to minimize the risk of P leaching (Bai et al., 2013). The
acceptability of P leaching losses at a target level for crop yield depends
on its contribution to P inputs into surface water. In most cases, other
sources—such as erosion, surface runoff from agricultural soils, inputs
from non-agricultural soils, aquaculture, and wastewater point sour-
ces—dominate P inputs to surface water (Beusen et al., 2022). This
suggests that fertilization up to a change point, and possibly even
beyond, may not significantly affect P delivery to surface waters.
However, locally, the contribution of P leaching can be substantial, and
even fertilization below the change point for P leaching can pose risks,
suggesting that the optimal P amount for target yield and low environ-
mental risk can be achieved simultaneously. However, the target levels
for crop yield may exceed the critical levels for P leaching, as shown in
the Qiyang experiment, indicating a trade-off between crop production
and environmental protection, particularly in regions with strict envi-
ronmental limits (Withers et al., 2017). Additional experimental P data
from soils of similar agroecosystems may be necessary to confirm this
finding, as the Qiyang results are from a single site, while the European
target and critical levels include multiple experiments. In addition to soil
test P level (e.g., Porsen), P index (e.g., PSD) and soil properties, the
precipitation surplus and hydrological connectivity can also increase the
quantities of P leached from soils (Xue et al., 2013). Therefore, sus-
tainable P management should not rely only on optimizing required P
input alone but also evaluating the impacts of other factors, including
climate and hydrologic factors, which affect the transport of P from the
soil to surrounding water body (Wang et al., 2022).

To expand the applicability of PSD for regional P management across
various climatic regions and soil pedogenesis conditions, it would be
highly beneficial to develop a pedotransfer function that relates the o
value to commonly used soil properties related to P dynamics, especially
for heterogeneous soils (Beck et al., 2004). In addition, existing spatially
explicit datasets for basic soil properties and P levels determined using
classic soil P tests such as Porsgn or Pyenricas could be leveraged by
using empirical relationships to translate the soil P value to Pox and
converting soil mineralogy to levels of Fegx and Alpx determining the P
retention capacity (Khaledian et al., 2018). PSD provides an advantage
over classic soil P tests because it also provides insight into the effect of
fertilization on the change in soil P and the time at which target levels
are met. Special attention is required when applying PSD at the regional
level, as the presence of carbonates in calcareous soils can affect the
measurement of Alpx, Fepox and Poy, thereby affecting PSD. Theoreti-
cally, simple mass balance approaches can be used with the measured
values for Poy, Alpx and Fepy to estimate the time span required to meet
agri-environmental targets given a certain P balance, assuming instan-
taneous equilibrium between soil P pools and P fertilizers added.
However, it is worth noting that PSD and other P indicators reach their
maximum levels when soil P surplus is around 3200 kg P ha! (Guetal.,
2023), meaning that continually excessive P input may not elevate soil P
levels once soils are P saturated.

In addition, although many countries or regions apply Pcacr2 as an
indicator to characterize environmental risk, it should be noted that
actual P losses also occur via erosion and subsurface runoff, which
further depend on hydrology and topography conditions (Schoumans
and Chardon, 2015). Therefore, regional insights on the predominant



Y. Gu et al.

pathways are required to achieve more accurate P management at the
regional level to avoid unnecessary P export to groundwater and surface
water (Goyette et al., 2018).

5. Conclusions

Long-term field experiments conducted in Qiyang and Europe
showed that the variation in crop yield and potential P leaching losses is
comparably explained by PSD and Pgsgn. Considering the benefits of
PSD above Pgorggn; i.e. inclusion of the total pool of reversibly bound P
acting as a reserve for plant-available P and of the maximum soil P
sorption capacity, the PSD thus outcompetes Porsgy as a soil P test to
optimize P management. More research is, however, is needed on the
location of target levels and critical levels for PSD in view of crop yields
and P leaching risk, especially with respect to the factors controlling the
a value, which strongly affects the derived PSD.

We found that the critical level of PSD to minimize P leaching risks
was higher than the target level required for crop yield in the European
experiments, implying that P fertilizer management up to a target level
for crop yields will not lead to strongly enhanced P leaching losses. The
target level for crop yields when using a cut-off point at 90 % of the
maximum relative yield and an a value of 0.8 (0.31), was higher than the
critical PSD level to avoid substantial P leaching (0.20) in the Qiyang
experiment. However, the target PSD level is likely not representative
for Chinese soils, considering that the target Porsgn level for crop yields
in the experiment was very high (63 mg kg™!) compared to literature
data for China. Instead, the European experiments seem more repre-
sentative, considering that the target Porspn level for crop yields
(10 mg kg™!) compares much better with literature data for China.
When using the results for the European experiments, the target PSD
levels for crop yield were always lower than those for the risk of P
leaching. Applying the European derived target levels and critical for
Porsen on Qiyang county thus causes a lower area of P deficient soils and
a higher area being sensitive to P leaching losses as compared to the use
of target and critical PSD levels. Applying a regional dependent a value
for PSC allows the derivation of comparable critical target levels of PSD
for crop yield across European and Chinese experiments. As such, the
PSD can improve P management on local and regional scales. However,
the experimental data challenge the assumption that P fertilizer man-
agement up to a target level for crop yields will always lead to situations
with low P leaching losses, suggesting that both agronomy and envi-
ronment can be conflicting in view of P strategies.
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