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Legacy phosphorus (P) in agricultural soils has become a predominate source
contributing to P loadings to Lake Erie since the mid-90s. The use of legacy P in soils
can be an ultimate and effective way to mitigate the risk of agricultural P loss and to
circumvent potential P rock reserve shortage, while sustaining crop production. A field
experiment was conducted to assess the impacts of P draw-down (PDD) (i.e., use of
legacy P in soils) on crop yields, P uptake and removal, and soil test P (Olsen P, an
agronomic P calibration and environmental soil P risk indicator in the region) under a
corn–soybean rotation in a clay loam soil of the Lake Erie Basin, southwestern Ontario,
Canada, from 2008 to 2018. Corn and soybean grain yields with PDD were identical to
those with continuous P addition (CPA), averaged at 7.7 Mg ha−1 for corn and 3.7 Mg
ha−1 for soybean, over 11 years. Similarly, no significant differences in crop P uptake
and removal were found between PDD and CPA. Compared to CPA, PDD increased net
farming income by Canadian dollar (CAD) 104–125 ha−1 year−1 (i.e., USD 78.5–94.4
ha−1 year−1), with savings on P fertilizer materials and associated application costs.
Soil P loss risks with PDD reduced, as indicated by soil test P that, in the top layer
(0–15 cm), decreased linearly with crop production year at 3.27 mg P kg−1 year−1 or
16.2 mg P kg−1 per 100 kg crop P removal per hectare, while in the lower soil layers,
15–90 cm, it remained unchanged. In comparison, CPA of 50 kg P ha−1 sustained
soil test P in the entire soil profile, 0–90 cm, over the 11-year period. PDD can be a
beneficial management practice utilizing legacy P in soils to achieve both agronomic
and economic goals in an environmentally sustainable manner.

Keywords: soil test phosphorus, legacy phosphorus, crop yield, economic analysis, surface water quality,
Lake Erie

INTRODUCTION

Chemical fertilizer phosphorus (P) application often exceeds plant requirements, resulting in P
accumulation in soils where it shows a strong affinity for the solid phase (Menezes-Blackburn
et al., 2018). Manure application, commonly based on the N requirements for crop growth, also
frequently results in the over-application of P due to the discrepancy in the N/P ratio between
manure and field crop biomass. Across the world, long-term continuous applications of P have
led to an agronomic surplus of 11.5 Tg P year−1, most of which accumulates in agricultural soils
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as legacy P, leading to high soil test P (STP) and contributing
to accelerated P losses and the eutrophication of surface water
(MacDonald et al., 2011; Sharpley et al., 2013). Such a large
amount of legacy P has become one of the major reasons causing
the failure of conservation measures to deliver improvements in
water quality in the last few decades (Sharpley et al., 2013). To
address soil legacy P, one simple practice is to draw-down soil
P concentration by halting P application until the potential for P
loss decreases to an environmentally acceptable level (Dodd et al.,
2012). However, two questions remain to be answered before
adopting the P draw-down (PDD) approach to manage high-P
soils. One is whether halting P applications impairs crop yield and
farmers’ profitability. The other is whether an environmentally
acceptable soil test P level will be achieved in a reasonable or
desired time frame (Dodd et al., 2012).

Applied P in soils, if not used by crops, is predominately
in labile forms physically absorbing to soil particles and/or in
moderately labile forms chemically absorbing to Fe and Al oxides,
which are reversible through desorption and can be bioavailable
to crops (Zhang and Mackenzie, 1997a,b; Zhang et al., 2004).
For high-STP soils, legacy P can generally support adequate crop
yields without further P application on certain soils for periods of
10 years or more (Rowe et al., 2016). For example, legacy P from
a 28-year buildup was sufficient for 15 years of wheat cultivation
without a significant decline in crop yield (Liu et al., 2015). Syers
et al. (2008) further pointed out that up to 90% of P applied as
fertilizer and manure can eventually be accessed by crops as stable
forms of P break down into labile forms. These findings would
confirm the agronomic feasibility of using legacy P to support
crop growth in a way of reducing or ceasing P fertilization.

The risk of soil P loss is positively related to STP concentration
(Wang et al., 2010). Under Ontario conditions, for example,
soils with Olsen P < 30 mg kg−1 had an insignificant risk
of soluble soil P loss in runoff water, while the P loss risk
potential of those soils having Olsen P > 30 mg kg−1 increased
quickly with increasing Olsen P concentrations (Wang et al.,
2012, 2015). Halting P application often results in a decline in
STP due to the removal of P by crops and through loss by runoff
or erosion (Zhang et al., 2004; McDowell et al., 2016; Cade-
Menun et al., 2017; Fiorellino et al., 2017). However, this decline
is often slow, and it may be on the order of decades before
environmentally acceptable STP levels are reached (Sharpley
et al., 2013). McCollum (1991) found that without P application,
it took 16–18 years to decrease STP (Mehlich-1 P) from 99
to 20 mg kg−1 under corn and soybean production. In North
Central Iowa, Webb et al. (1992) reported that corn and soybean
P removal decreased STP (Bray-1 P) from 75 to 10–15 mg P kg−1

after 15 years of zero P application. Zhang et al. (2004) noted that,
for a field with an initial STP (Mehlich-3) of 55 mg P kg−1, no
significant reduction in STP occurred in the 4 years after halting P
application; however, for a soil with an initial STP of up to 130 mg
kg−1, corn removal decreased the STP concentration at the rate
of 3.9 mg P kg−1 year−1. Generally, the rate of STP decline is
related to farming P output, soil mineralogy, and the initial STP
concentration (Dodd et al., 2012).

Elevated legacy P in surface soils contributes to the recently
increased dissolved P loss and harmful algal blooms observed

in Lake Eire (Daloğlu et al., 2012; King et al., 2017). In
Ontario, calculated based on IPNI (2015), over 60% of
agricultural soils have Olsen P > 30 mg kg−1, where soil
P loss may pose an environmental concern (Wang et al.,
2012; Reid et al., 2019). Unfortunately, PDD is rarely studied
in the Lake Erie drainage basin, and thus, its potential
as a beneficial management practice (BMP) for managing
high-P soils is unknown. The objectives of this study were
to investigate the effects of long-term PDD on (1) crop
yields and farmers’ production profitability and (2) the risk
potential of soil P loss in runoff water, indicated by the
STP concentration, in comparison with continuous inorganic
fertilizer P application (CPA).

MATERIALS AND METHODS

Experimental Site and Design
The experiment was conducted at the Honorable Eugene F.
Whelan Experimental Farm, Woodslee, Ontario, Canada (42◦13′
N, 82◦44′ W), from 2008 to 2018. The soil at the site is a
Brookston clay loam, classified as a fine-loamy, mixed, mesic,
Typic Argiaquoll (Soil Survey Staff, 1999) or as Orthic Humic
Gleysol (Soil Classification Working Group, 1998). The soil
contained 280 g kg−1 sand, 350 g kg−1 silt, and 370 g
kg−1 clay in the Ap horizon. The climate is humid and
temperate, with a mean annual precipitation of 838 mm (Zhang
et al., 2015). In the study, two tested treatments included a
continuous P application (CPA) and a P draw-down (PDD),
which were arranged in a randomized complete block design
with two replicates. Each plot was 15 m wide by 67 m
long, 0.1005 ha.

Treatment Implementation and
Agronomic Management
The cropping system at the field site was a corn–soybean
rotation, with fertilizer application occurring only in the corn
years (i.e., 2008, 2010, 2012, 2014, 2016, and 2018). At the
beginning of the study, soil Olsen P (i.e., an agronomic P
calibration and environmental soil P risk indicator in the
region) was greater in the soil of the PDD plots than that
in the CPA plots (Figure 4). For the CPA treatment, triple
super phosphate was applied at 50 kg P ha−1, while fertilizer
N as NH4NO3 and K as KCl were applied to both CPA
and PDD treatments at 200 kg N ha−1 and 100 kg K
ha−1, respectively. Pesticides and herbicides were applied in
consequence of the season’s prevalent pests at rates which
were determined based on local recommendations. Where
applicable, the nutrients (i.e., N, K, and/or P) were pre-
planting broadcast to the corn phase of the rotation in the
spring and incorporated immediately or once weather conditions
were permissible by disking, triple-K, and packing. Shortly
after harvest in the fall, the plots were harrowed to about
15-cm depth with a chisel plow. The dates for performing
fertilizer application, seed planting, and crop harvesting are
presented in Table 1. Corn and soybean were seeded at
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TABLE 1 | Agronomic practices of the study site, 2008–2018.

Cropping year Crop Surface broadcast of fertilizer Fertilizer incorporation Crop seeding Crop harvesting

2008 Corn June 2–3 June 17 June 18 November 12

2009 Soybean – – May 12 October 20

2010 Corn June 25–26 June 26 June 26 November 8

2011 Soybean – – June 15 December 13

2012 Corn May 24 May 24–25 May 25 November 5

2013 Soybean – – May 16 October 9

2014 Corn June 30 June 30 June 30 November 28

2015 Soybean – – May 25 October 7

2016 Corn May 20 May 24 May 25 November 8

2017 Soybean – – May 30 September 28

2018 Corn May 9 May 9 May 28 October 25

the local recommended rates of 76,800 and 486,700 seeds
ha−1, respectively.

Sample Collection and Analysis
The grain yields of corn and soybean were determined by
harvesting the central 12 and 36 rows, respectively, from
a total of 20 and 40 rows in each plot. The grain moisture
content was determined using a Grain Analyzer (GAC2100,
Dickey-John, Crop., Cornwall, ON, Canada). Stover biomass
yields of corn were determined by randomly harvesting
the aboveground portion of 16 plants in each plot, while
soybean biomass yields were determined by randomly
harvesting the aboveground portion of soybean plants of
six 35-cm-long sections of row in each plot. The grain
and stover samples were dried at 55◦C, and then ground
to pass through a 1-mm sieve. The ground plant samples
were digested using the H2SO4–H2O2 procedure (Thomas
et al., 1967), with the P concentrations determined using a
flow injection autoanalyzer (QuikChem FIA + 8000 series,
Lachat Instruments, Loveland, CO, United States) with the
ammonium molybdate ascorbic acid reduction method of
Murphy and Riley (1962). Grain P removal was calculated
by multiplying the grain yield with the P concentration.
Crop total P uptake was the P contained in all aboveground
biomass and grains.

Composite soil samples were collected at 0- to 15-cm soil
depth shortly after harvest each year from 2008 to 2018 to
determine the temporal patterns of soil test P. In order to
evaluate the treatment effects on the downward movement of
P in the soil profile over the study period, soils were also
sampled at depths of 0–15, 15–30, 3–50, 50–70, and 70–90 cm
in 2009 and 2016, respectively. All soil samples were air-dried
and passed through a 2-mm sieve for chemical analysis. Soil
test P was determined using the Olsen method, which has been
the test regionally recommended for both agronomic calibration
and environmental soil P loss risk indication (OMAFRA,
2017). Soil Olsen P concentration was measured by shaking
2.5 g soil in 50 ml of 0.5M NaHCO3 (pH 8.5) solution for
30 min (Schoenau and O’Halloran, 2008). The determinations
for P were conducted using a Flow Injection Auto-Analyzer
(QuikChemFIA + 8000 series, Lachat Instruments, Loveland,

CO, United States) with the ammonium molybdate ascorbic acid
reduction method of Murphy and Riley (1962).

Economic Analysis
In the study, corn and soybean grain yields were largely identical
between PDD and CPA, as discussed in Section “Results.”
Compared to CPA, therefore, the economic benefit of PDD was
gained by saving on fertilizer P and the associated application
costs. The annual economic benefit (Y) of PDD was calculated
as follows:

Y =
∑6

i=1(Application rate× fertilizer price + application cost)i/2
6

(1)
where i represents corn crop year (i.e., 2008, 2010, 2012, 2014,

2016, and 2018), when fertilizer applications occurred in the
current study. Because no fertilizer was applied in the soybean
year of the rotation, the annual economic benefit of PDD was
calculated by dividing the summed P fertilizer and associated
application costs saved for the PDD treatment in each corn year
by 2. In the CPA plots, fertilizer P was applied at the rate of
50 kg ha−1 in the corn year. The prices for inorganic P fertilizer
(i.e., triple superphosphate in the current study) were CAD 1,072,
670, 849, 758, 811, and 833 in 2008, 2010, 2012, 2014, 2016, and
2018, respectively, which were collected by Ridgetown Campus
(2008–2018), University of Guelph, in the survey conducted for
“Ontario Farm Input Monitoring Project.” Based on the Survey
for the Ontario Custom Farmwork Rates charged in 2015 and
2018 (OMAFRA, 2016, 2019b) and 2019 Field Crop Budgets
(OMAFRA, 2019a), the associated fertilizer application costs
were CAD 8, 9, 10, and 11 per acre in 2012, 2015, 2018, and
2019, respectively. According to the temporal trend of fertilizer
application costs, we assumed that the fertilizer application costs
were CAD 7.0, 7.5, 8.0, 9.0, 9.5, and 10.0 in 2008, 2010, 2012,
2014, 2016, and 2018, respectively. In Ontario, some farmers may
apply fertilizer in a band beside and below the seed in the case of
row crops or with the seed of cereals. Banding requires fertilizer
boxes and metering systems on the planter or drill and an extra
opener on planters to place the fertilizer into the soil. In this case,
we assume that there is no extra cost for fertilizer application
in addition to the planting cost. In the study, therefore, we
calculated the economic benefit of PDD under two scenarios. One

Frontiers in Earth Science | www.frontiersin.org 3 May 2020 | Volume 8 | Article 115

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00115 May 1, 2020 Time: 19:58 # 4

Zhang et al. Soil Legacy P Use

is that the economic benefit is gained by saving on both the P
fertilizer and associated fertilizer application costs when fertilizer
application and planting are performed separately. The other is
that the economic benefit is gained by saving on P fertilizer only
when the fertilizer is applied together with planting.

Data Analyses
Under PDD conditions, P uptake by crops not only comes from
the plant-available P pool, which is Olsen solution extractable, in
the soil but also may come from the biogeochemical conversion of
soil P originally not plant available to plant-available P (Fiorellino
et al., 2017). In the current study, the percentage (Y) of crop
P removal deriving from the conversion of soil P originally not
plant available extracted by the Olsen P extractant to the total
crop P removal will be calculated as follows:

Y(%) =
(Total P removal −Olsen P decline over time× 0− 15 cm soil weight)

Total P removal
× 100

(2)

where total P removal is the amount of P removed out of the field
by the harvested crop grain between 2008 and 2018 under PDD;
Olsen P decline is the difference in the soil Olsen P concentration
between 2008 (i.e., the start of PDD) and 2018 (i.e., the end of
PDD) under PDD; 0–15 cm soil weight is the total soil mass in the
depth in a 1-ha area, where the soil bulk density was 1.2 g cm−3.

All statistical analyses were performed using SAS (SAS
Institute, 2009). Significances of the differences in crop yield
and P removal and uptake between PDD and CPA were tested
with analysis of variance using the general linear model (GLM)
procedure. Linear regression analysis between the soil Olsen
P concentration and the cropping year was performed using
the REG procedure.

RESULTS

Crop Yield and P Uptake and Removal
Corn grain yields with PDD were largely identical to those with
CPA over the 11-year period from 2008 to 2018, with an average
yield of 7.7 Mg ha−1 (Figure 1). Similarly, soybean grain yields
were also similar between PDD and CPA, with the exception of
2009 and 2011, in which PDD treatment had a slightly lower
(i.e., 6% in 2009 and 8% in 2011) grain yield compared to CPA.
From 2008 through 2018, the average soybean grain yield was
3.7 Mg ha−1 across both CPA and PDD treatments (Figure 1).
Regarding crop stover yields, they were similar between PDD and
CPA treatments from 2008 through 2018 (Table 2).

Crop P uptake and removal were also similar between the CPA
and PDD treatments in the study (Table 2). From 2008 through
2018, the average P uptakes of corn and soybean were 21.7 and
23.9 kg ha−1, respectively, with average P removals of 17.6 and
18.3 kg ha−1, respectively.

Economical Benefit of PDD
Because corn and soybean grain yields were largely similar
between PDD and CPA, PDD practice obviously generated more
economic benefits than did CPA by saving on fertilizer P and the

FIGURE 1 | Corn (2008, 2010, 2012, 2014, 2016, and 2018) and soybean
(2009, 2011, 2013, 2015, and 2017) grain yields with continuous fertilizer P
addition and soil P draw-down. Bars (means) labeled with the same
lowercase letter above each year are not significantly different at P ≤ 0.05
levels. The vertical T-bars are standard errors (n = 2).

TABLE 2 | Corn (2008, 2010, 2012, 2014, 2016, and 2018) and soybean (2009,
2011, 2013, 2015, and 2017) stover yields, P removal (i.e., P contained in grain),
and uptake (i.e., P contained in all aboveground biomass and grains) with
continuous fertilizer P addition (CPA) and soil P draw-down (PDD).

Stover yield (kg ha−1) P removal (kg ha−1) P uptake (kg ha−1)

PDD CPA PDD CPA PDD CPA

2008 3,714 a 4,138 a 5.4 a 6.4 a 6.78 a 7.92 a

2009 18.5 a 18.3 a

2010 3,521 a 3,632 a 25.3 a 16.8 a

2011 4,091 a 4,674 a 20.5 a 21.2 a

2012 8,173 a 8,364 a 21.9 a 20.0 a 28.5 a 26.2 a

2013 6,939 a 6,698 a 20.7 a 18.6 a 27.0 a 25.5 a

2014 5,218 a 5,440 a 12.4 a 10.3 a 17.0 a 14.9 a

2015 7,285 a 7,746 a 16.5 a 14.3 a 21.7 a 22.2 a

2016 7,342 a 7,261 a 26.9 a 23.9 a 33.8 a 29.0 a

2017 5,514 a 5,233 a 17.8 a 16.1 a 24.3 a 23.0 a

2018 6,343 a 5,018 a 24.0 a 18.6 a 29.2 a 23.3 a

Means followed by the same letter are not significantly different at P ≤ 0.05
between PDD and CPA.

associated application costs. Compared to CPA, PDD increased
the net farming income by CAD 104 (i.e., USD 78.5) per hectare
per year by saving on fertilizer P only, or up to CAD 125 (i.e., USD
94.4) per hectare per year by saving on both fertilizer P and the
associated application costs from 2008 through 2018 (Figure 2).

Soil Profile Distribution of Soil Test P
For both treatments of PDD and CPA, the soil Olsen P
concentrations decreased with depth up to 50 cm below the
ground and remained very low below 50 cm (Figure 3). The
differences between PDD and CPA were obvious: at 0- to 15-
cm soil, Olsen P concentrations were significantly lower in 2016
than those in 2009 under PDD, while under CPA, no significant

Frontiers in Earth Science | www.frontiersin.org 4 May 2020 | Volume 8 | Article 115

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00115 May 1, 2020 Time: 19:58 # 5

Zhang et al. Soil Legacy P Use

FIGURE 2 | Estimated annual economic benefit with continuous P
draw-down under two scenarios: (1) economic benefit was gained by saving
on P fertilizer only when the fertilizer was applied together with planting, and
(2) economic benefit was gained by saving on both P fertilizer and associated
fertilizer application costs when the fertilizer application and planting were
separately performed. The vertical T-bars are standard errors (n = 6).

FIGURE 3 | Soil Olsen P concentrations in the profile of the soil managed
under continuous fertilizer P additions (CPA) and soil P draw-down (PDD)
between 2009 and 2016. The horizontal T-bars are standard errors (n = 2).

differences in Olsen P concentrations were observed between
2009 and 2016. For the soil depths below 15 cm, Olsen P
concentrations were similar between 2009 and 2016 for both
tested treatments.

Temporal Change of Soil Test P
In order to quantify temporal changes in soil test P under
PDD and CPA, regression analyses were conducted for Olsen
P in the surface 0- to 15-cm soil layer against the cropping
years (Figure 4A). Between 2008 and 2018, the soil Olsen P
concentration with PDD decreased linearly with crop production
year at a rate of 3.27 mg kg−1 year−1. Overall, soil PDD caused
a soil Olsen P decline of 32.7 mg kg−1 between 2008 and 2018

in the current study. Meanwhile, the soil Olsen P concentration
of the 0- to 15-cm soil was also linearly related to cumulative
crop P removal, with 6.2 kg P removal per hectare required to
decrease soil Olsen P by 1 mg kg−1 (Figure 4B). In the current
study, 50 kg P ha−1 application maintained soil Olsen P over the
11-year period (Figure 4A).

DISCUSSION

Legacy P on Agronomic and Economic
Benefits
In Ontario, fertilizer P is not recommended for corn and
soybean if the Olsen P is above 30 and 15 mg kg−1, respectively
(OMAFRA, 2017). In the current study, therefore, P application
at 50 kg ha−1 was able to provide sufficient available P to ensure
optimum crop production in the CPA plots, where the soil
Olsen P remained consistently around 36 mg kg−1. Obviously,
similar yield values between the PDD and CPA treatments are
overall consistent with previous reports that soil legacy P were
potentially plant available and could support adequate crop yields
without further P application for up to 10 years or more (Liu
et al., 2015; Rowe et al., 2016). The soil Olsen P concentrations
were around 60 mg kg−1 in 2009 and 2011 in the PDD-
treated plots. Thus, the decreased soybean yields of PDD in 2009
and 2011 may indicate that, under some conditions, soybeans
with small and shallow rooting systems may need a booster
of P to compromise the temporal shortage of soil-available P,
especially in early spring. This needs to be further tested under
field conditions. In Ontario, there is approximately 2.0 million
hectares of crop land having soil Olsen P > 30 mg kg−1, above
which fertilizer P is not recommended for corn and soybean
grain, and meanwhile runoff-soluble P losses may become an
environmental concern (Wang et al., 2012, 2015; OMAFRA,
2017; Reid et al., 2019). Assuming that our PDD results apply to
all these high-P soils and PDD can be properly adopted, Ontario
farmers would receive a total net income of CAD 208–250 million
(i.e., USD 157–189 million) each year based on our economic
benefit analysis (Figure 2).

Legacy P on Soil Test P and P Availability
to Crop Uptake and Runoff Loss
Our results indicated that the impact of PDD on soil Olsen P
was restricted to 0- to 15-cm soil. Liu et al. (2015) had a similar
finding that P fertilization and cessation did not impact the soil
P of subsurface soils. Regarding the soil Olsen P declining rate of
PDD, our result (i.e., 3.27 mg kg−1 year−1) agreed with previous
reports that soil test P decreased at rates of 3.3–3.9 mg kg−1

year−1 after halting P application (Randall et al., 1997; Zhang
et al., 2004). Kamprath (1999) and Zhang et al. (2004) reported
that 4.2–7.9 kg P removal per hectare in harvested corn and
soybean was required to decrease Mehlich-3 P by 1 mg kg−1,
which was comparable to our finding that 6.2 kg P removal per
hectare was required to decrease the soil Olsen P by 1 mg kg−1.

In the current study, PDD reduced the soil Olsen P
concentration by 32.7 mg kg−1 between 2008 and 2018, which
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FIGURE 4 | (A) Temporal changes of the soil Olsen P concentration in the 0- to 15-cm soil layer with continuous fertilizer P addition (CPA) and soil P draw-down
(PDD). (B) Relationship between cumulative crop P removal and soil Olsen P concentration (0–15 cm) under PDD. ***Significant at the P ≤ 0.01 level. NS, not
significant at the P ≤ 0.05 level.

was equivalent to a reduction of 58.9 kg P ha−1 in soil Olsen
P stored in the 0- to 15-cm soil depth (soil bulk density = 1.2 g
cm−3). In comparison, the harvested corn and soybean removed
a total of 210 kg P ha−1 from the PDD-treated soil between 2008
and 2018 (Table 2). As mentioned above, soil PDD operations
only impacted the P concentrations of 0- to 15-cm soil, indicating
that the P removed by the crops did not come from the soil
depths below 15 cm. Therefore, soil plant-available P measured
by the Olsen P extractant only contributed 58.9 kg P ha−1 to
the amount of P removed by the crops, leaving the rest of
151 kg P ha−1 unaccounted for. Regarding the sources of such
a large amount of unaccounted P removal, Kamprath (1999)
and Rowe et al. (2016) suggested that soil moderately labile
P (e.g., NaOH-extractable P) and/or non-labile stable P could
become plant available through a biogeochemical conversion
when the available P was depleted due to crop uptake. Meanwhile,

Zhang et al. (2004) pointed out that soil residual P and 0.1M
NaOH-extractable organic P, both of which are not directly
available to plants, could provide available P for crop uptake by
mineralization when the soil-available P levels were low. Liu et al.
(2015) reported that when P fertilization was discontinued, Ca–
P species [i.e., hydroxyapatite and Ca3(PO4)2] can be chemically
converted to plant-available P for crop uptake. Based on Equation
2, we calculated that up to 72% of the P removed by the harvested
grain was derived from the conversion of soil P originally not
plant available to plant-available P in the PDD-treated plots.

In order to understand the non-changes of soil Olsen P over
time in the CPA plots, a P budget was calculated by subtracting
crop P removal from the amount of P applied. A total of 300 kg
P ha−1 was added in the study period from 2008 to 2018,
during which an amount of 185 kg P ha−1 was removed by the
crops (Table 2). This resulted in an amount of 115 kg P ha−1
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appearing as legacy P in soil over the 11-year period. In reality,
the actual amount of legacy P accumulated in the soil would have
been less than the 115 kg P ha−1 due to the occurrence of soil
P losses in surface runoff and tile drainage water. Zhang et al.
(2015) reported that P losses were up to 1.1 kg ha−1 year−1 in tile
drainage water from the field adjacent to the current experimental
site. Based on long-term field experiments ranging from 3 to
32 years, it was indicated that a positive P budget of 100 kg
ha−1 increased the Olsen P concentration by 2.0–5.8 mg kg−1

(Messiga et al., 2010). However, the cumulative P budget values
cited by Messiga et al. (2010) fell within a wider range of values
than those in the current study. For example, the cumulative
P budget ranged from −369 to 1,058 kg ha−1 in the study of
Gallet et al. (2003). Consequently, it would be reasonable to
believe that the insignificant changes in soil Olsen P with CPA
might have been due to the increase in soil Olsen P that was
too small to be detectable in the current study. In addition, soil-
extractable P is often convertible to non-extractable forms over
time after P additions, particularly when the soil P levels are
high (Kamprath, 1999; Dodd and Mallarino, 2005). Phosphorus
application greater than crop removal is often required to
maintain the initial values of the soil test P in soils with
higher levels of P. Zhang et al. (2004) observed that increasing
the P application rates favored the soil P transformation from
NaHCO3–Pi (i.e., Olsen P) to NaOH–Pi, which is not extractable
with the Olsen P procedure.

Implications on Legacy P Management
Biogeochemical conversion of soil P less solubility to plant-
available P makes it scientifically sound to adopt the soil PDD
approach in order to manage high-P soils for agricultural
production. It not only increases the farmers’ net income by
saving on fertilizer and the associated application and transport
costs but also helps to circumvent potential P rock reserve
shortage by recycling the legacy P stock in soils (Gilbert,
2009). Meanwhile, biogeochemical transformation of soil P less
solubility to available P would encourage our efforts to reduce
agricultural P loss and improve surface water quality. Growing
evidence indicates that the chronic release of soil legacy P is
one of the major factors causing the failure of many agricultural
conservation and nutrient management programs to reduce soil
P loss and achieve improved water quality within timescales
predicted originally (Sharpley et al., 2013). Soil P loss risk
potentials are positively related to the soil P levels (Wang et al.,
2010). Vadas et al. (2018) reported that reducing high soil
P levels in all agricultural soils across the state of Maryland,
United States, to optimum agronomic levels could reduce P
loss to Chesapeake Bay by 40%. In our current study, it took
11 years to reduce the soil Olsen P concentration to 32 mg kg−1

from 65 mg kg−1. For high-P soils, it can be on the order of
decades before reaching environmentally acceptable P loss levels
(Sharpley et al., 2013).

In Ontario, fertilizer P is not recommended for corn and
soybean if the Olsen P is above 30 and 15 mg kg−1, respectively
(OMAFRA, 2017). Wang et al. (2012, 2015) suggested that soil

test P greater than 30 mg Olsen P kg−1 may cause a significantly
increased runoff-soluble P loss. In the current study, the overall
Olsen P concentration was reduced to 32 mg kg−1 after 11 years
of PDD operation. It is expected to see some reductions in crop
yields and soil P losses without further P additions in the next
few years. Subsequently an excellent opportunity would likely
appear to determine a critical soil Olsen P concentration for P
re-application that ensures maximum crop economic yields, with
minimized P loss.

CONCLUSION

Legacy P in soils was at least partially plant available and could
support adequate crop yields without further P application for
up to 11 years. This led to an increased net farming income of
CAD 104–125 (i.e., USD 78.5–94.4) per hectare per year and a
decreased soil test P in the top layer of 0–15 cm at a declining
rate of 3.27 mg kg−1 year−1. The latter would indicate a reduced
soil P loss from high-P agricultural lands to water resources, such
as the Lake Erie, as it is closely related to soil P losses in both
surface runoff and tile drainage water. Considering its significant
agronomic and economic benefits, as well as the potentials
for alleviating the adverse effects of agricultural production on
water quality and for circumventing P rock reserve shortage, the
utilization of legacy P in soils appears a promising BMP, although
its efficacy on soil P loss needs to be confirmed with quantification
in future studies.
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