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Phosphorus (P) is a non-renewable source, requires in large amount for maintaining better
crop growth and development. The excessive P fertilizer contributes to the accumulation of
P in the soil and results in increased soil total P and Olsen P. However, the spatio-temporal
variation of soil P remains unclear in pomelo orchard systems. Therefore, this study aimed
to assess the temporal and spatial variation of soil P in pomelo orchards and future to
predict P pool from 1985 to 2100, based on the dynamic P pool simulator (DPPS) model.
We found that an average of 282.23 kg P ha−1 yr−1 accumulated in pomelo orchard soil,
resulting in increased concentration of Olsen P (i.e., 5–212 mg kg−1) and total P
(i.e., 80–1883 mg kg−1) in the topsoil. It showed that Olsen P and total P pools
increased in topsoil about 42 and 25 folds, respectively from 1985 to 2015. Soil P
accumulation occurred not only in topsoil but also found in deeper soil horizon of pomelo
orchard. Compared with the natural forest, the concentration of Olsen P and fractions (Al-P
and Fe-P) in 20-year-old pomelo orchard increased signiﬁcantly in soil depth of 0–120 cm,
while Sol-P increased signiﬁcantly in 0–60 cm soil depth. Scenario analyses from 1985 to
2100 indicated that the P application rate at 31 kg P ha−1 could maintain pomelo yield at its
optimum level. These ﬁndings could provide the synthesized novel insight for
understanding the soil P status and its sustainable management in the pomelo orchard
systems.
Keywords: pomelo orchard, P budget, temporal and spatial variation, soil P management, DPPS

INTRODUCTION
Phosphorus (P) is one of the essential nutritional elements for plant growth and development (Smith
et al., 2011). It plays an important role in maintaining soils fertility and sustainable agricultural
production. However, it could be a future constraint for the agricultural system owing to the
depletion of P resources (Van Vuuren et al., 2010; Reijnders, 2014; Yan et al., 2020). The modern
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agricultural system is mainly dependent on P derived from
phosphate rock, a non-renewable resource, and current P
global reserves could be depleted in the next 50–100 years
(Cordell et al., 2009). Therefore, future sustainable agriculture
development is needed to exploit P legacy reserves in soil for
improving P use efﬁciency in various cropping systems.
The excess use of P fertilizer results in a large amount of P
accumulation (Sharma et al., 2017). Zhang et al. (2017)
investigated the global croplands and found the P pool
increased rapidly from 1900 to 2010 in soils of Europe
(+31%), South America (+2%), North America (+15%), Asia
(+17%), and Oceania (+17%). In China, the consumption of
chemical P fertilizers has been increased from 1.23 million metric
tonnes (Mt) (1980) to 5.54 Mt (2007), and only 15–20% of the P
applied was taken up by plants in the growing season (Zhang
et al., 2008). An average of 8.96 kg P ha−1 yr−1accumulated in soil
for ﬁeld crop production during 1980–2007, whereas soil Olsen P
increased from 7.4 to 24.7 mg kg−1 (Li et al., 2011). Besides, Chen
et al. (2017) found that the P budget per cropland area ranged
from 35 to 66 kg ha−1 yr−1 in the Yong’an watershed, eastern
China, and total P in surface soil (0–20 cm) signiﬁcantly
increased by 107–640 mg kg−1 from 1984 to 2009. To date, it
is well established that the level of P pools in ﬁeld cropland
soils increases with the increase of cropping history, but the status
of P pools in orchards of acidic soil regions, i.e., characterized by
high nutrient input, is far from being understood (Zhang et al.,
2011).
So far, P over-fertilization builds up P reserves in soils that
may remain accessible to plants (Roberts and Johnston, 2015).
Dynamic P pool simulator (DPPS) is a simple two P pool model
used to simulate the P transformations in soil and buildup of the
residual soil P pools (Sattari et al., 2012). As a widely used model,
DPPS has reported that the soil has a high P supply potential from
residual soil P pool due to the cumulative input of P grossly
exceeding the cumulative P uptake by crops in Europe (Sattari
et al., 2012). It is also suggested that 20% of P fertilizer could be
saved until 2050 by exploiting the residual P in China (Sattari
et al., 2014). Residual soil P pool could also supply for decades of
cultivation in Brazilian agriculture, which also can buffer the
impact of a sharp increase in the price of P fertilizer (Withers
et al., 2018). Nevertheless, the prediction of P pools by the DPPS
model should be implemented in the orchard systems (Lu et al.,
2012), so that dynamic changes of P pool could be predicted and
sensible P management strategies could be adopted for
agriculture sustainability.
Likewise, the deep soil P reserves may not be neglected for P
sustainable management in orchards system. The previous report
has found that high P reserves availability in deep soil layers
results in a higher P leaching rate (Khan et al., 2019). The
variation of soil P pools along the soil horizons is
preferentially inﬂuenced by agronomic management practices,
e.g., P fertilizer application rate (Damian et al., 2020). However,
the majority of studies on soil P pools have mainly focused
exclusively on the topsoil layer (0–20 cm) rather than deep
soils (García-Oliva et al., 2018; Jiménez et al., 2019).
Furthermore, unveiling the availability of P reservoirs for
plants requires detailed chemical speciation of abundant soil P
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components by sequential extraction schemes (Maranguit et al.,
2017). Two broad categories of soil P pools are inorganic P (Pi)
and organic P (Org–P). Inorganic P (Pi) is considered a major
source of available P in soils (Waqas et al., 2019). Most of the Pi is
accumulated in association with aluminum and iron compounds
in the acidic soils, whereas in calcareous soils, calcium phosphate
is the main form (Pizzeghello et al., 2011; Turner and Blackwell,
2013). Long-term excessive P application signiﬁcantly impacted
the soil P fractions in pomelo orchards (Chen et al., 2022).
However, most of the previous studies have focused on the
soil P pools in topsoil, and only limited studies have explicitly
focused on the P pools and their components in whole soil
proﬁles under long-term cultivation.
Citrus is the leading fruit crop globally. Over 140 countries
have been producing citrus fruits, and China is one of the
leading producers, with an annual citrus production of 5,121
× 104 tons in 2020 (NBS, 2021). Pomelo (Citrus grandis) is the
third major type of citrus after Citrus reticulata and Citrus
sinensis. The pomelo production in Pinghe County have
increased rapidly over the past three decades, and it is the
most famous and largest pomelo production county estimated
the output accounts for more than 80% of the domestic
production (Wei et al., 2020). Although pomelo industry has
become important source of ﬁnance, but it also faced a huge
challenge in P fertilizer management, e.g. most farmers are still
applying much more P fertilizer than recommended in the past
decades (Li et al., 2019; Chen et al., 2020). Therefore, this study
was designed to answer the following research questions: 1)
what is the difference of the P pools in surface soil (0–20 cm)
during 1985, 2005, 2010, and 2015 (temporal variation of P
pools) in Pinghe County? 2) What is the impact of the long-term
P fertilizer on P pools in the 20-year-old pomelo orchard
compared to the natural forest (spatial variation of P pools)
in soil proﬁles from 0 to 200 cm? 3) How could the P application
inﬂuence the P reservoirs? The key objectives of this study were
to 1) estimate the temporal and spatial variation of P pools in
pomelo production in Pinghe County 2) predict the P dynamics
during 2016–2100. We hypothesize that P fertilizer input in
pomelo production may increase the P accumulation from 1985
to 2015 and could affect the P distribution in the whole soil
proﬁle.

MATERIALS AND METHODS
Study Area
The study area is in Pinghe County (24°02′–24°35′ N,
116°54′–117°31′ E, and 10–1,545 m above sea level),
Zhangzhou City, Fujian Province, Southeast China (Figure 1).
It is characterized by a subtropical oceanic monsoon climate with
an annual average temperature of 17.5–21.3°C, annual
precipitation 1,600–2,000 mm, and the soil type is ferrallisols,
which is classiﬁed as the red soil in the Chinese soil classiﬁcation
(Smith, 2014). Low-elevation mountains and hills constitute the
main types of landforms in Pinghe County. These landforms are
mostly distributed in the valleys and intermountain regions of the
Huashanxi basin, accounting for 91.5% of the total area.
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FIGURE 1 | Geographical distribution of the Pinghe County in China.

was extracted using 0.5 mol L−1 NaHCO3 at pH 8.5 (Li Y. et al.,
2015), total P was extracted using aqua regia (HCl/HNO3 mix)
(Aainaa et al., 2018). Both these P forms were analyzed using the
molybdate blue procedure (Murphy and Riley, 1962). SOM was
determined using K2CrO7 oxidation with the heated oil bath
method (Li Y. et al., 2015). P fraction was measured according to
the method described by (Yan et al., 2020). Speciﬁcally, the soil Pi
was divided into easily soluble P (Sol-P; extracted with
ammonium chloride at 1 mol L−1 NH4Cl), aluminum P (Al–P;
extracted with ammonium ﬂuoride at 0.5 mol L−1 NH4F, pH =
8.2), iron P (Fe–P; extracted with sodium hydroxide at
0.1 mol L−1 NaOH), occluded P (O-P; extracted with sodium
citrate and dithionite at 0.3 mol L−1 Na3C6H5O7.2H2O and 1 g
Na2S2O4) and calcium P (Ca-P; extracted with sulfuric acid at
0.25 mol L−1 H2SO4), and Org-P was estimated by pyrolyzing in a
550°C mufﬂe furnace under ignition (Chen et al., 2022).

Soil Analysis and Data Collection
Data on P fertilizer input and pomelo yield from 1985 to 2015
were collected by interviewing the local farmer and Pinghe
Statistical Yearbook 1985–2015. The concentration of P in the
pomelo orchard system was collected from the published
literature (Xu, 2019). The value of P uptake was calculated by
multiplying the pomelo yield by its P concentration.
Soil samples were collected randomly from surface soil
(0–20 cm) in 4 years (i.e., 1985, 2005, 2010, and 2015). Each
soil sample was a composite of four sub-samples taken from a
single orchard. Finally, 3,040 composite samples (1985, 12; 2005,
2,386; 2010, 297; and 2015, 345) were collected for this study.
Besides, in early November 2019, soil samples from natural forest
and 20-year-old pomelo orchard were also collected. Three
sampling sites were selected for each treatment. Each soil
sample was a composite of ﬁve sub-samples, and soil samples
were collected from 10 soil layers (i.e., 0–200 cm, each at 20 cm
intervals). All soil sampling was performed away from the trunk
at the drip line of the plant, using a soil core sampler (3 cm
diameter) after removing plant biomass and litter. To avoid the
fertilization and edge effects, soil samples were collected from the
center of each orchard after harvesting.
All soil samples were air-dried, visible root segments and
organic debris were removed by shaking and with forcep. Airdried soil samples were sieved through a 2 mm sieve to determine
soil available phosphorus (Olsen P), representative sub-samples
were passed through a 0.25 mm sieve to determine soil organic
matter (SOM), total phosphorus, and phosphorus fraction (P
fraction). P fraction was determined only in soils collected from
natural forest and 20-year-old pomelo orchard. Brieﬂy, Olsen P
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Model Descriptions and Scenarios Analysis
The dynamic P pool simulator (DPPS) model, including two
dynamic P pools, was used to simulate the long-term historical
annual P uptake by plants for a time series of P inputs and to
estimate the future P inputs for a speciﬁc future target P uptake
(Wolf et al., 1987; Sattari et al., 2012). In general, the major inputs
of P for this model mainly included P fertilizer, weathering, and
atmospheric deposition, and output sources mainly included P
uptake and P loss. The P budget (the differences between inputs
and uptake) is allocated to the labile (80%) and stable (20%)
pools. These two P pools are mutually transformed every year. A
detailed description and application guide of this model can be
found in related references (Wolf et al., 1987; Sattari et al., 2012).
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FIGURE 2 | Historical P input, output, and surplus in pomelo production for the period 1985–2015.

Three different scenarios for the 2100 years were built in this study
to simulate P legacy changes in the DPPS model; 1) P application rate
would be constant at 413.63 kg ha−1 [S1], 2) P application rate would
maintain pomelo yield at 2015 level (28.14 t ha−1) [S2], 3) P
application rate would be constant at 0 kg ha−1 [S3].

Formula and Statistical Analysis
We calculated the P pool (Olsen P pool and total P pool) based on
Eq. 1
P pool kg ha−1  

BD × PC × 20 × 104
105

(1)

Where BD (g cm−3) is the soil bulk density, which was calculated
with Adams equation (Adams, 1973) (Eq. 2). SOM (g kg−1) is the
soil organic matter. PC (mg kg−1) represents the concentration of
P (Olsen P, total P) in soil. 20 cm was the surface soil depth. 104
square meters are equal to 1 ha.
BD g cm−3  

SOM
0.244

100
+ (100−SOM)
1.64

(2)

Data processing was performed using Microsoft Ofﬁce Excel
2016, and all statistical analyses were conducted using SPSS 21.0.
One-way analysis of variance (ANOVA) and Least Signiﬁcant
Difference (LSD) tests were used to check the differences in P
concentrations (Olsen P, total P) among each measurement year
and soil layers.

RESULT
Status of Excessive P Fertilization in the
Pomelo Orchard
The average amount of annual P input in Pinghe pomelo
production was 70.34 kg ha−1 in 1985, peaked at 463.86 kg ha−1
in 2007, and then slightly changed around 413.63–460.76 kg ha−1
from 2008 to 2015. The amount of P output was much lower than
those of P application. Average annual P output increased from
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FIGURE 3 | Temporal changes in the concentration of Olsen-P (A) and
Total-P (B) in Pinghe County over the 1985–2015 study period. Bars indicate
mean ± SD. Different letters on the bars indicate a signiﬁcant difference
between different years.
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Comparing the 20-year-old pomelo orchard with the natural
forest, the concentration of soil P and P pools signiﬁcantly
increased in 0–120 cm soil layers, but the increase rate
decreased gradually with the increase in soil depth and then
remained almost stable below 120 cm soil layers (Figures 5, 6).
The average of soil Olsen P concentration and pool in
0–200 cm soil proﬁle was 2.16 mg kg−1 (ranged from 0.29 to
5.80 mg kg−1) and 5.76 kg ha−1 (ranged from 0.66 to
15.66 kg ha−1) for the natural forest (Figure 5). By
comparison, the soil Olsen P concentration in 20-year-old
pomelo orchard under 0–20, 20–40, 40–60, 60–80, 80–100 and
100–120 cm was 338.66, 257.74, 212.37, 60.62, 63.06 and
30.39 mg kg−1, respectively, and the soil Olsen P concentration
ranged from 1.85 to 6.41 mg kg−1 under the soil depth of
120–200 cm (Figure 5). Correspondingly, in the 20-year-old
pomelo orchard, the Olsen P pool at 0–120 cm depth
decreased from 666.40 to 90.43 kg ha−1 with increase in soil
depth, and then stabilized below 120 cm soil depth (Figure 5).
The differences in different P components were very small
among diffeent soil layers of the natural forest. The average
concentration of Sol-P, Al-P, Fe-P, O-P, Ca-P, and Org-P along
with the 0–200 cm soil proﬁle for the natural forest was 0.64 (ranged
from 0.56 to 0.88), 0.97 (ranged from 0.45 to 1.47), 8.03 (ranged from
4.65 to 11.64), 12.27 (ranged from 5.01 to 19.15), 8.46 (ranged from
5.50 to 11.94), and 60.64 (ranged from 39.08 to 84.71) mg kg−1,
respectively (Figure 6). On contrary, a signiﬁcant increase in the
concentration of soil P fractions was found between 0 and 120 cm
soil layers of the 20-year-old pomelo orchard (Figure 6).
The total P pool in the natural forest was increased ﬁrst and
decreased later from 0 to 200 cm soil layer, but the variation was
minor. In a natural forest, Org-P was the dominant P fraction,
accounting for 55.2–76.6% of the sum of the P fractions, and
others in order as follow: O-P > Ca-P > Fe-P > Al-P > Sol-P
(Figure 7). For 20-year-old pomelo orchard soil, Al-P and Fe-P
were the dominant P fractions with the proportion ranging from
77.2 to 82.0% in the layer of 0–60 cm and 62.4–69.9% in the layer
of 60–120 cm, respectively. However, in the soil layer below
120 cm, Org-P and O-P were the dominant P fractions, which
was similar to that of natural forest (Figure 7).

FIGURE 4 | Temporal changes in the Olsen-P pool (A) and Total-P pool
(B) in Pinghe County over the 1985–2015 study period. Bars indicate mean ±
SD. Different letters on the bars indicate a signiﬁcant difference between
different years.

0.15 kg ha−1 in 1985 to 19.13 kg ha−1 in 2015. Therefore, annual P
surplus ranged from 70.19 to 449.12 kg ha−1 with an average of
282.23 kg ha−1 (Figure 2).

Scenario Analysis
Labile and stable P pools simulated by DPPS showed a continuous
increase from 1985 to 2015 with the annual P application. The labile
and stable P pools in 0–20 cm soil layer was increased from 67.49 to
2,235.70 kg ha−1 and 155.15–5,532.95 kg ha−1 from 1980 to 2015,
respectively (Figures 8, 9).
The scenario analysis also showed that the labile P pool would
increase from 2,235.70 to 6,892.56 kg ha−1 for the S1; In the S2, the
amount of P application decreased and remained relatively constant
at approximately 31 kg P ha−1 after 2015 (Figure 8). the labile P pool
would remain fairly constant around 2,233.56–2,353.00 kg ha−1 for
the S2; and the labile P pool would decrease grafually ﬁrstly and then
to equilibrium in S3. Meanwhile, the average size of a stable P pool
would continue to rise from 5,532.95 kg ha−1 in 2016–29,592.92,
11,423.81, and 6,104.48 kg ha−1 in 2100 for the S1, S2, and S3
scenarios, respectively (Figure 9).

Temporal Characteristic of Soil Phosphorus
Generally, the average soil P concentration and P pool showed an
increasing trend during the 30 years (Figures 3, 4). The results of
the analysis of variance showed that the concentration of soil P
was signiﬁcantly affected by years. Compared with 1985, Olsen P
concentration in 2015 increased by 41-fold, while total P
concentration increased by 24-fold (Figure 3). The
corresponding Olsen P pool and total P pool increased by 42
and 25-fold, which increased from 7 to 297 kg ha−1 and
105–2,675 kg ha−1, respectively (Figure 4).

Spatial Characteristic of Soil Phosphorus
Overall, the concentration of soil P and P pools in the natural
forest did not change signiﬁcantly with different soil layers.
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FIGURE 5 | Spatial variations of the concentration and pool of Olsen-P in different land-use treatments. Dots indicate mean ± SD (n = 3). Different letters on the dots
for the same land use indicate a signiﬁcant difference between different soil layers. ns indicates no signiﬁcant difference, *indicates signiﬁcant difference at p < 0.05
between natural forest and 20 years orchard.

DISCUSSION

et al., 2012; Chen and Graedel, 2016). In the present study, the
increased rate of Olsen P and total P was different, which was in
agreement with the observations of other authors Bai et al. (2013),
who also found that the relationship between total P and Olsen P can
be split into two straight lines with two different slopes by a change
point, when above the change point, Olsen P exhibited a quicker
increase with soil total P.
Typically, the red soils are ancient and highly weathered, and as
a result, they are abundant in duricrusts with low P content (Dent
et al., 2005). The primary source of soil P in mineral weathering
and atmospheric deposition to the natural forest is minimal (Yu
et al., 2018). Hence, a small range of variation in Olsen P and P
fractions among different soil layers was detected in the natural
forest (Figure 5). In contrast, the concentration of Olsen P and P
fractions of 20-year-old pomelo orchard increased quickly among
0–120 cm soil layers (Figures 5–7). The difference in soil P status
between natural forest and agricultural lands has been veriﬁed in
many studies, which was strongly inﬂuenced by high P fertilizer
application (Korai et al., 2018; Xu et al., 2019). Also, a higher level
of P input in long-term tea cultivation increased the concentration
of soil P signiﬁcantly at 0–90 cm soil depth (Yan et al., 2018).
Overall, the Org-P and O-P were the dominant fractions in natural
forest soil. However, the dominant P fractions in the soil layer of
0–120 cm in 20-year-old pomelo orchard were converted to Al-P
and Fe-P fraction. The proportion of P fraction changed was
closely associated with the size of total P pool, the proportion
of Al-P and Fe-P increased with total P increased and became the
predominant fractions. The previous study also demonstrated that

Temporal and Spatial Variations of Soil
Phosphorus Pools
P application was much higher than the uptake by pomelo orchards
(Figure 2), thereby, the P surplus in this study (282.23 kg P ha−1)
was much higher than the annual average P surplus for ﬁeld crops
production (8.96 kg P ha−1) from 1980 to 2007 in China (Li et al.,
2011). Due to study limited resources, it was not possible to quantify
the P stored in above ground biomass of the tree, hence, soil P
surplus was over-estimated. However, it could not affect the ﬁnal
results because we measured the P accumulation in the soil, and it is
generally accepted that soil P accumulation is much higher than tree
accumulation (Li G. et al., 2015; Chen et al., 2022). A previous study
reported that when the soil P surplus exceeds 4,128 kg P ha−1, there
would be a serious risk of P leaching (Chen et al., 2022). In the past
30 years, the soil P surplus exceeds 8,467 kg P ha−1, which was much
larger than the safe value. With the P accumulation in the soil, soil
Olsen P and total P concentration of surface soil in 2015 were 42 and
24-folds higher, respectively, in comparison with the year 1985
(Figures 3, 4). The increase rate of soil P in the current study was
much higher than previous ﬁndings (Khan et al., 2018). This
difference was mainly attributed to the higher P budget value.
There was no big difference in P uptake between pomelo
production and ﬁeld crops production (Macdonald et al., 2011;
Sattari et al., 2012; Chen and Graedel, 2016). However, the average
amount of P application in pomelo production was about 15-fold
higher than ﬁeld crop production (Macdonald et al., 2011; Sattari
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FIGURE 6 | Spatial variations of the concentration of P fraction in different land-use treatments. Dots indicate mean ± SD (n = 3). Different letters on the dots for the
same land use indicate a signiﬁcant difference between different soil layers. ns indicates no signiﬁcant difference, *indicates signiﬁcant difference at p < 0.05 between
natural forest and 20 years orchard.

Al-P presented the greatest liability as plant absorption occurred
(Wang et al., 2014). Therefore, the bioavailability of soil P was
increased with the net P accumulation in soil. On the other side, the
results in the study also implied that there was an increase
environmental risk of P leaching in soil layer 0–120 cm in the
current pomelo production system. Bai et al. (2013) reported that
the P losses via leaching and overland ﬂow greatly increases once
the critical Olsen-P values has surpassed 90 mg kg–1 in red soil.
Therefore, maximizing the P utilization and mitigation of its
environment by P leaching in fruit orchards should be
investigated on a priority basis. Hence, an integrated optimal P
management for the intensive pomelo production with the high
level of P fertilizer application in Pinghe County is urgently needed.

annual increase rate of soil labile and stable P pools in pomelo
orchards from 1985–2015 was almost 16-fold and 8-fold
(Figure 9) higher than those of the ﬁeld crop production
system in China (4.4 and 21.7 kg ha−1 yr−1 for labile and stable
P pools, respectively) (Yu et al., 2021), and around 43-fold and
20-fold higher than those of ﬁeld crop production system in the
United States (1.6 and 8.7 kg ha−1 yr−1 for labile and stable P
pools, respectively) (Zhang et al., 2017), respectively. So, a
signiﬁcant legacy P pool has accumulated in soils of the
pomelo orchards where it may be transformed to becoming a
vital P source for future agriculture development.
The effects of the different P application rates on the sizes of soil
labile and stable P pools during 2015–2100 were simulated by the
DPPS model in the study. P pools displayed a sharp rise in S1
compared to past 30-year (Figure 9), consequently, the P
management in S1 would have a more signiﬁcant risk impact on
the environment in the future. A recent study reported that the
increasing trend of P concentration in the river water would
continue in the foreseeable future (Chen et al., 2018). Such

Scenarios Simulations and Phosphorus
Management in Pomelo Orchard Systems
P pool plays a crucial role in sustaining the P uptake, and it has
been conﬁrmed by the conceptual model (Sattari et al., 2014). The
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FIGURE 7 | Spatial variations of total-P pool in different land-use treatments. Dots indicate mean ± SD (n = 3). Different letters on the dots for the same land use
indicate a signiﬁcant difference between different soil layers.

FIGURE 8 | Historical P and modeled P application/uptake (observed and simulated by DPPS model) in pomelo production for the period 1985–2015 and the
trends of annual P application in pomelo production for the period 2016–2100 according to different scenarios. Scenarios 1 to 3 means the P application rate would be
constant at 413.63 kg ha−1, the P application rate would maintain pomelo production at 2015 level (28.14 t ha−1), and the P application rate would be constant at
0 kg ha−1, respectively.

decrease gradually to 80% of the yield in 2015 until 2032, then
the yield simulated in 2100 would ﬁnally drop slowly to
approximately 75% of the yield in 2015 (Supplementary Figure
S1). However, the situation is not always so straightforward. On the
one hand, the agronomically-optimum critical level of Olsen P
concentration ranges from 15–80 mg kg−1 for pomelo grown (Liu
et al., 2021), but in the current soil Olsen-P is about 212 mg kg–1
(Figure 3). And continued agricultural innovations such as uncover
mechanisms by which soil legacy P is mobilized through root
physiological and morphological processes and through
arbuscular mycorrhizal fungi and P-solubilizing bacteria in
rhizosphere and hyphosphere are likely to improve the P use

increasing trends have also been observed in the United States
(Stackpoole et al., 2019). Hence, improved incentives and optimal
management strategies are necessary to reduce soil P leaching losses
and alleviate environmental water pollution. In the S2, P application
would decrease and remain relatively constant at approximately
31 kg ha−1 after 2015 (Figure 8). It was very close to 30–40 kg P ha−1
in United States (Obreza and Morgan, 2008) and 43 kg P ha−1 per
year at the yield of 28 t ha−1 for China’s citrus orchard (Li et al.,
2019). Even in the S3, the labile P pool ﬁrstly decreased gradually in
the ﬁrst 10 years, and then decrease very slowly to the same level as
in 2003 until 2100 (Figure 9). Correspondingly, the simulated
pomelo yield would be stable in the ﬁrst 6 years and would
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FIGURE 9 | The size of labile and stable P pools in 0–20 cm from 1985–2100 according to different scenarios. Scenarios 1 to 3 means the P application rate would
be constant at 413.63 kg ha−1, the P application rate would maintain pomelo production at 2015 level (28.14 t ha−1), and the P application rate would be constant at
0 kg ha−1, respectively.
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