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Carine Bineng

Agassiz Research and Development Centre, Agriculture and Agri-Food Canada, Agassiz, BC, Canada

Phosphorus (P) management using mineral and manure P in excess of plant needs
contributes to legacy soil P in coastal British Columbia, Canada. The objectives of this
study were (a) to assess the effects of starter P at early growth stages and their carryover
through corn maturity, and (b) to determine how corn yields relate to soil P saturation
indicators. Eleven 1-year experiments were conducted on sites with contrasting legacy
soil P in 2018 (three sites) and 2019 (eight sites). Six combinations of starter and manure
P rates (T1: 0Pstarter + 0Pmanure; T2: 0Pstarter + 35Pmanure; T3: 5Pstarter + 30Pmanure;
T4: 10Pstarter + 25Pmanure; T5: 15Pstarter + 20Pmanure; T6: 20Pstarter + 15Pmanure) were
assigned to a RCBD with four replicates. In 2018, corn dry matter weight (DMY) at
the 6-leaf stage was affected by starter P in all sites, and the response curve was
described by a linear-plus-plateau model with critical starter P of 5.0 and 7.5 kg ha−1.
In 2019, corn DMY at early growth stages was not affected by starter P. Corn DMY
at harvest varied between 15.2 Mg ha−1 in sites with low initial soil P and 27.2 Mg
ha−1 in sites with excess P. Four sites exhibited a trend of high DMY with treatment
comprising low starter P and high side-dressed manure P additions. The degree of
P saturation (DPS, 14.0 to 38.0%) and P saturation index (PSI, 3.0 to 14.0%) were
related to corn DMY by quadratic functions (R2 = 0.76–0.94). From these results, we can
conclude that the effect of starter P on young corn plants varies with year, but does not
carryover through harvest. Moreover, current starter P (30–40 kg ha−1) recommended
for corn can be reduced by up to 75% (5.0–7.5 kg ha−1) without affecting yield, thus
reducing annual P inputs and farmers’ production costs. Finally, PSI as a proxy of DPS
is a possible agro-environmental indicator that, coupled with reduced starter P fertilizer,
can further contribute to reducing the risk of P transfer from agricultural soils in coastal
British Columbia.

Keywords: starter P fertilizer, manure P, silage corn yield, 3- and 6-leaf stage, legacy soil P, P saturation index

INTRODUCTION

In coastal British Columbia (BC), Canada, agricultural soils receive large annual phosphorus (P)
inputs including dairy and poultry manures as well as chemical fertilizers to support a diverse and
intensive peri-urban agricultural sector. A provincial soil survey conducted in 2007 showed that
89% of fields have soil test P concentrations varying between 100 and 350 mg Mehlich-3 P (PM3)
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kg−1, which increases the risk of P transport by runoff
(Kowalenko et al., 2007). A national study using the indicator
of risk of water contamination by P showed that 35 to 75% of
croplands in Abbotsford (largest city in Fraser Valley) have P
source concentrations above the environmental threshold of 4 mg
P kg−1 (van Bochove et al., 2012). Heavy rainfalls in these areas,
mostly during the non-growing season, and the relatively dry
summers also increase the risk of P loss by preferential flow.
Reports have shown that the Fraser and Sumas Rivers fit in
the Eutrophic class with total P concentrations between 30 and
100 mg L−1 (British Columbia Ministry of Environment, 2006).
It is crucial to disentangle the mechanisms controlling P cycling
(input, transformation, and output) in these soils with high legacy
P concentrations.

Silage corn (8500 ha) and forage grass (13,670 ha) rotation is
the main cropping system providing feed for dairy cows in BC.
Phosphorus fertilization recommendations for the silage corn
phase of the rotation averaged 90 kg P ha−1, including 50 kg P
ha−1 as dairy manure and 40 kg P ha−1 as starter fertilizer P
for a crop that exports on average 35 kg P ha−1 (Bittman et al.,
2006; Zhang et al., 2018). The annual P surplus for forage grass
and silage corn rotation systems is 3030 Mg (50 kg P ha−1)
(Bittman et al., 2017), which contributes to buildup of legacy
soil P. A better match of P applications to silage corn needs is
necessary to maintain or drawdown legacy soil P.

Starter P is a small amount of P fertilizer placed in close
proximity to the seed at planting to promote young plants’ growth
until the root system develops. Starter P fertilizer rates are 5 to
15 kg P ha−1 in Ontario and Quebec (Preston et al., 2019), and
5 to 13 kg P ha−1 in the US (Jokela, 1992). The placement or
banding of P fertilizer near the seed reduces P fixation because
soil-fertilizer contact is limited, making more P available to young
plants soon after germination (Jokela, 1992). The benefits of
starter fertilizer P on early growth of corn are well-recognized,
particularly in low-P soils (Wolkowski, 2000; Vetsch and Randall,
2002; Preston et al., 2019). In areas where cool soil temperatures
prevail early in the growing season, starter P can be beneficial
even in high-P soils (Bittman et al., 2006). While some studies
show the lasting effects of starter P through harvest (Bordoli and
Mallarino, 1998; Malhi et al., 2001; Preston et al., 2019), other
have highlighted the fact that early growth and nutrient uptake
responses to starter P do not always translate into higher yield
(Randall and Hoeft, 1988; Mallarino et al., 1999). The carryover
of starter P effects through maturity was also observed primarily
on a low-P soil (Bordoli and Mallarino, 1998). In Wisconsin, corn
yield response to starter P was not observed on an excessively
high-testing silt loam soil (Wolkowski, 2000).

Over the past two decades, extensive research has been
conducted to develop or adapt agri-environmental P risk
indicators to assess the risk of P loss from agricultural soils
(Renneson et al., 2015). The P saturation index (PSI) as
adaptation of the degree of P saturation (DPS) using routine
agronomic soil test was developed in several agricultural regions
of Canada and the United States. A PSI was adapted for the acidic
soils of eastern Canada (Khiari et al., 2000; Pellerin et al., 2006;
Benjannet et al., 2018) and the mid-Atlantic regions of the US
(Sims et al., 2002) using P and Aluminum (Al) extracted by the

Mehlich-3 method because P retention is correlated with Al in
these soils. Benjannet et al. (2018) identified two critical values
of PSI for Atlantic Canada above which P fertilization should
be limited to crop requirements: 19.2% for very to extremely
acidic soils (pH < 5.5) and 14.2% for slightly to moderately acidic
soils (pH > 5.5). Pellerin et al. (2006) reported two critical PSI
values for Quebec of 13.1 and 7.6% for coarse- and fine-textured
soils, respectively. Given the differences observed on PSI values
across areas and the influence of factors such as pH and soil
textures, it is crucial to understand how these indicators of P
risk relate to classical agronomic parameters before suggesting
its use for the high legacy P soils of BC. The objectives of this
study were (a) to assess the effects of starter fertilizers P at
early growth stages (3- and 6-leaf stages) and their carryover
through silage corn maturity, and (b) to determine how silage
corn yields relate to soil P saturation indicators in high legacy
soil P environments.

MATERIALS AND METHODS

Site Description
A 2-year study was conducted in 2018 and 2019 in Agassiz and
Rosedale, located in south coastal BC, Canada. Three sites were
selected in 2018 and eight sites in 2019, for a total of 11 1-year
corn trials (site1–site11). Soils in the area include the Monroe
series, characterized by a feeble profile development and coarse
texture (Typic Dystroxerepts under the U.S. Soil Taxonomy; Soil
Survey Staff, 2014). The minimum and maximum general soil
properties across all sites were: soil pH: 4.9 and 6.0; total carbon:
0.94 and 11.35%; total nitrogen: 0.07 and 0.82%; and Mehlich-3
extractable P: 3.42 and 195.32 mg kg−1 (Table 1). The average
daily temperature ranges from 3.2◦C in December to 18.8◦C in
August. The local climate is moderate oceanic, characterized by
warm, rainy winters and relatively cool, dry summers with annual
rainfall of 1689 mm, 261.9 mm of which falls between May and
July (Table 2).

TABLE 1 | Minimum and maximum values of general properties of soils (0–15 cm
depth) at 11 studied sites in 2018 and 2019.

2018 2019

Minimum Maximum Minimum Maximum

Number of samples 12 12 28 28

pHH2O 5.3 5.7 4.9 6.0

Total Carbon (%) 0.94 3.42 1.44 11.35

Total Nitrogen (%) 0.07 0.31 0.16 0.82

C to N ratio 9.65 13.10 8.84 14.28

Mehlich-3 P (mg kg−1) 51.47 204.09 10.09 172.68

Mehlich-3 Al (mg kg−1) 1413.93 1505.90 1103.66 3079.34

Mehlich-3 Fe (mg kg−1) 139.85 281.51 172.76 424.54

Oxalate P (mg L−1) 26.42 82.14 11.10 69.08

Oxalate Al (mg L−1) 132.53 294.19 116.62 562.08

Oxalate Fe (mg L−1) 132.35 281.76 129.27 823.77

Kelowna P (mg kg−1) 36.70 195.32 3.75 73.07
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TABLE 2 | Monthly total precipitations and mean monthly air and soil temperatures at Agassiz – Rosedale, BC, in 2018 and 2019 in comparison with the 30-year
(1981–2010) average.

Soil temperature at

Precipitation (mm) Air temperature (◦C) 0–20 cm depth (◦C)

2018 2019 30-year average 2018 2019 30-year average 2018 2019

May 23.3 41.0 103.0 16.5 16.0 13.6 19.9 18.2

June 89.4 72.4 92.3 16.3 17.1 16.2 19.6 20.7

July 30.3 64.4 66.6 20.7 18.8 18.5 23.8 22.8

August 18.5 55.2 58.2 19.5 19.6 18.7 22.2 22.7

September 134.9 172.2 87.6 15.4 16.0 15.9 17.7 17.6

Total 296.4 405.2 407.7

Average 17.7 17.5 16.6 20.6 20.4

TABLE 3 | Description of the six combination of starter P and manure P treatments.

Starter P Manure available P at Total available P Total N applied

Treatment combinations (kg ha−1) 6-leaf stage (kg ha−1)a (kg ha−1) (kg ha−1)b

0Pstarter + 0Pmanure 0 0 0 150

0Pstarter + 35Pmanure 0 35 35 150

5Pstarter + 30Pmanure 5 30 35 150

10Pstarter + 25Pmanure 10 25 35 150

15Pstarter + 20Pmanure 15 20 35 150

20Pstarter + 15Pmanure 20 15 35 150

aAssumption: 35% of P is available during the year of application. b30 kg N ha−1 as urea at seeding and the rest was assigned at the 6-leaf stage using manure and urea.

Experimental Design and Treatments
The 11 1-year corn experiments consisted of six treatments
of combined starter fertilizer P and manure P rates. The six
treatments were assigned to a randomized complete block design
with four replicates for a total of 24 experimental units (10 m
long and 4.5 m wide). Starter fertilizer P rates were 0, 0, 5, 10, 15,
and 20 kg P ha−1 as triple super phosphate (TSP), and manure
P rates were 0, 15, 20, 25, 30, and 35 kg available P ha−1. The
six combinations of starter P (mineral fertilizer) and manure P
treatments were arranged to meet a total available P input of
35 kg P ha−1 as follows: T0: 0Pstarter + 0Pmanure, T1: 0Pstarter +

35Pmanure, T2: 5Pstarter + 30Pmanure, T3: 10Pstarter + 25Pmanure,
T4: 15Pstarter + 20Pmanure, T5: 20Pstarter + 15Pmanure (Table 3).

The fields selected for the trials were sprayed with Roundup
[glyphosate (N)-(phosphonomethyl)glycine, 1000 g ha−1] to
terminate the grass stand in early April. The soil was plowed
to a depth of 30 cm, followed by disking and harrowing to
10 cm, and marked with flags to delineate the experimental
plots before seeding in early to mid-May. There were six
rows by plot unit, and corn was sown at 81 × 103 plants
ha−1. Starter fertilizer N (30 kg N ha−1) as urea (46% N) was
band-applied (5 cm from the seeding row) using a disk opener
(5 cm deep). Starter fertilizer P as TSP was band-applied by
hand (5 cm from the seeding row) and buried (5 cm deep)
with a rake the day following planting. Additions of manure
P (0, 35; 30; 25; 20; and 15 kg available P ha−1) to reach the
target of 35 kg available P ha−1 (we assumed that 35% of
manure P is available during the year of application) and a
supplement of N fertilizer as ammonium nitrate to meet the

local recommendation of 150 kg N ha−1 (including manure
N) were side dressed at the 6-leaf stage to supply P and N
for the rest of the growing season. The volume of manure for
each combination treatment was measured in 11-L buckets
and hand applied closed to the corn rows. Manure used in
the corn experiments was collected in three dairy farms in
the Frazer valley and their general chemical characteristics
are presented in Table 4. At the 3-leaf stage, a mixture of
post-emergence herbicides atrazine (1353 g ha−1) and related
triazines (87 g ha−1) [2-chloro-4-ethylamino-6-isopropylamino-
1,3,5-trithemazine; 2-chloro-N-(2-ethyl-6-methylphenyl)-N-
(2-methoxy-1-methyl-ethyl)-(S)] and glyphosate (1000 g
ha−1) was sprayed to control weeds according to provincial
recommendations (BC MA, 2012).

TABLE 4 | Average chemical characteristics of manure from three sources used in
the corn experiments.

Source1 Source2 Source3b

Dry matter (%) 2.75 (0.24)a 11.85 (0.18) 3.2

Total nitrogen (%) 0.12 (0.01) 0.48 (0.01) 0.21

NH4-N (ppm) 665 (80.73) 1957.75 (44.26) 955

Total phosphorus (%) 0.03 (0.00) 0.10 (0.01) 0.04

Phosphate (%P as P2O5) 0.06 (0.01) 0.24 (0.01) 0.10

Total potassium (%) 0.13 (0.02) 0.33 (0.02) 0.18

Potash (%K as K2O) 0.16 (0.02) 0.40 (0.03) 0.22

aValues in parenthesis are standard deviations of the mean (n = 4). bManure from
source3 was analyzed without replicates.
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Plant Sampling and Measurements
Corn plants were harvested at the 3-leaf stage (early-June),
the 6-leaf stage (early-July), and maturity (mid-September)
in a staggered pattern on the four innermost rows of each
experimental plot. For the 3- and 6-leaf stages, 10 young corn
plants were harvested, while for mature corn, 20 plants were
harvested at 10 cm above the soil surface using a machete. Fresh
weight was recorded in the field, and plants were chopped and a
sub-sample of approximately 500 g from each plot was scooped
and dried at 60◦C in a forced-draft oven for 3–5 days and ground
(2-mm screen). Dried and ground samples of 0.1 g were digested
using a fluxer (M4 Fluxer, Claisse) and analyzed as described by
Kowalenko and Babuin (2014). Phosphorus concentrations were
assessed with an Inductively Coupled Plasma Optical Emission
Spectrometer (ICAP 7000 series, Thermo Scientific). The P
offtake at each harvest was calculated by multiplying corn P
concentration by dry matter weight (DMY).

Soil Analyses
Soils were analyzed for general properties. Briefly, pH was
measured in distilled water with a 1:2 soil: water ratio
(Hendershot et al., 1993). Total C and N were determined by dry
combustion with a LECO CNS-1000 (LECO, Corp., St. Joseph,
MI, United States). Mehlich-3 extractable P (PM3), aluminum
(AlM3) and iron (FeM3) were determined by shaking 2.5 g of
soil with a 25 mL of Mehlich-3 solution (pH 2.3) for 5 min
(Mehlich, 1984). Acid ammonium oxalate extractable P (POx),
aluminum (AlOx) and iron (FeOx) were determined according
to Ross and Wang (1993). The concentrations of PM3, AlM3,
FeM3, POx, AlOx, and FeOx were assessed with an Inductively
Coupled Plasma Optical Emission Spectrometer (ICAP 7000
series, Thermo Scientific).

The PSI was related to Mehlich-3 extracts as follows (Sims
et al., 2002; Messiga et al., 2013):

PSI = (P/Al)M3 (1)

where PM3 and AlM3 are quantified in Mehlich-3 extracts
(mg kg−1).

The DPS was related to acid ammonium oxalate extracts as
follows (Breeuwsma and Silva, 1992; Messiga et al., 2013):

DPS = POx/(Al+ Fe)Ox (2)

where POx, AlOx, and FeOx are quantified in acid ammonium
oxalate extracts (mmol kg−1).

Statistical Analyses
Data were tested for normality using SAS univariate procedure.
Analysis of variance (ANOVA) for DMY and P uptake for corn
at the 3- and 6-leaf stages was performed separately for each
site using the PROC MIXED of SAS version 9.3 (SAS Institute,
2010) with blocks as random effects and P rate as fixed effects.
When P rate was significant, contrast analysis was used to assess
if the effect was linear or quadratic. Model selection was based on
graphical and numerical methods by comparing R2, lack of fit F
tests (Cerrato et al., 1990), and residual sum of squares.

The linear model was described as follows:

Y = a+ bx (3)

Where Y is the corn DMY (Mg ha−1) or P uptake (kg P ha−1),
a is the intercept, b is the linear coefficient, and x is the starter P
rate (kg P ha−1).

The linear-plus-plateau model is described as follows:

Y = a+ bx if x < x0 (4)

Y = P if x > x0 (5)

where Y is the corn DMY (Mg ha−1) or P uptake (kg P ha−1), a is
the intercept, b is the linear coefficient, x is the starter P rate (kg P
ha−1), C is the critical starter rate of fertilization, which occurs at
the intersection of the linear response and the plateau lines, and
P is the plateau corn DMY (Mg ha−1) or P uptake (kg P ha−1), a
constant obtained by fitting the model to the data.

ANOVA for DMY and P uptake for corn at maturity was
performed separately for each site using the PROC MIXED
with blocks as random effects and P combination treatment as
fixed effects. When P combination treatment was significant,
differences among least square means (LSMEANS) for all
treatment pairs were tested at a significance level of P = 0.05. In
addition, standard errors of mean (SEM) were calculated.

RESULTS

Weather Conditions
In 2018, the growing season, from May to September, received
111.3 mm less rainfall than the 30-year normal of 407.7 mm
(Table 2). More specifically, May with 23.3 mm, July with
30.3 mm and August with 18.5 mm rainfall were respectively
at least 4, 2 and 3 times drier than the 30-year normal. In
2019, May with 41.0 mm and June with 72.4 mm rainfall were
respectively 2.5 and 1.3 times drier than the 30-year normal. The
mean growing season air temperatures of 17.7◦C for 2018 and
17.5◦C for 2019 were higher than the 30-year normal of 16.6◦C.
In 2018, the mean air temperature in June was similar to the 30-
year normal of 16.2◦C, but June 2019 was warmer. The warm
air temperatures of June 2019 were translated into warmer soil
temperatures compare with June 2018. In particular, during the
periods May 26 and June 26, there were 13 successive days with
soil temperatures below 19◦C in 2018 (Figure 1A), compared
with only 5 days in 2019 (Figure 1B). In addition, there were
8 days with soil temperatures below 18◦C in 2018, but only 1 day
in 2019. In brief, mean soil temperature between May 26 and June
26 was 1◦C cooler in 2018 with 19.6◦C than 2019 with 20.6◦C.

Corn Dry Matter Yield
Corn DMY at the 3-leaf stage was not affected by starter P
fertilization in all 11 sites in 2018 and 2019 (Figure 2). Corn
DMY at the 3-leaf stage was on average 0.070 Mg ha−1 in site1,
site2, and site3 (Figure 2A); 0.17 Mg ha−1 in site4, site7, and
site9 (Figure 2B); 0.28 Mg ha−1 in site10 and site11 (Figure 2B);
0.41 Mg ha−1 in site8 (Figure 2B); and 0.78 Mg ha−1 in site5 and
site6 (Figure 2B).
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FIGURE 1 | Average soil temperature during the periods (A) May 26, 2018 and (B) May 26, 2019.

Corn DMY at the 6-leaf stage was affected by starter
P fertilization in all three sites in 2018 (Figure 3A): site1
(P value = 0.014), site2 (P value = 0.033), and site3
(P value = 0.032). The trend of corn DMY response across the
three sites was described by a linear-plus-plateau model. The
critical starter P rates were 5 kg ha−1 for site1 and site3 and 7.5 kg
ha−1 for site2. The plateau DMY were 0.39 and 0.37 Mg ha−1 for
site1 and site3 and 0.66 Mg ha−1 for site2 (Table 5). In 2019, only
six out of the eight sites were sampled at the 6-leaf stage due to
workload and asynchrony with farmer’s activities and planning.
Corn DMY was not affected by starter P fertilization in the six
sampled sites (Figure 3B). Corn DMY at the 6-leaf stage was on
average 0.62 Mg ha−1 in site9; 0.91 Mg ha−1 in site10 and site11;
and 1.48 Mg ha−1 in site5, site6, and site8 (Figure 3B).

Corn DMY at harvest varied with starter and manure P
additions in the three sites (site1, site2, site3) in 2018 and
only one site (site11) in 2019 for a total of 4 out of 11
sites. Among the four sites, the highest corn DMY were
obtained with treatment combinations comprising low banded
starter P rates at planting and high side-dressed manure
P additions at the 6-leaf stage. In site1, corn DMY was
18.60 Mg ha−1 with T2 (5Pstarter + 30PManure) and 15.15 Mg
ha−1 with T5 (20Pstarter + 15PManure), representing a change
of 22.75% (Figure 4A); in site2, corn DMY was 27.20 Mg
ha−1 with T1 (0Pstarter + 35PManure) and 22.75 Mg ha−1

with T5 (20Pstarter + 15PManure), representing a change of
19.48% (Figure 4A); in site3, corn DMY was 28.47 Mg ha−1

with T2 (5Pstarter + 30PManure) and 24.78 Mg ha−1 with
T4 (15Pstarter + 20PManure) and T0 (0Pstarter + 0PManure),
representing a change of 14.95% (Figure 4A).

Corn P Uptake
Corn P uptake at the 3-leaf stage was affected by starter
P fertilization in all three sites in 2018 (Figure 5A): site1
(P value = 0.001), site2 (P value = 0.003), and site3
(P value = 0.021). The trend of corn P uptake response across
the three sites was described by a linear-plus-plateau model.
The critical starter P rates were 15 kg ha−1 for site1 and site2
and 10 kg ha−1 for site3. The plateau P uptake was 0.33 kg
ha−1 for site1 and site2 and 0.21 kg ha−1 for site3 (Table 5).
Corn P uptake at the 3-leaf stage was affected by starter P
fertilization in only one site (site6) in 2019 (Figure 5B). Corn P
uptake at the 3-leaf stage was on average 0.57 kg ha−1 in site4,
site7, and site10 (Figure 1B); 0.83 kg ha−1 in site9 and site11
(Figure 1B); 1.53 kg ha−1 in site8 (Figure 1B); and 3.44 kg ha−1

in site6 (Figure 1B).
Corn P uptake at the 6-leaf stage was affected by starter

P fertilization in all three sites in 2018 (Figure 6A): site1
(P value = 0.001), site2 (P value = 0.022), and site3
(P value = 0.014). The trend of corn P uptake response across
the three sites was described by a linear-plus-plateau model. The
critical starter P rates were 7.5 kg ha−1 for site1 and 5.0 kg
ha−1 for site2 and site3. The plateau P uptakes were 1.63 kg
ha−1 for site1, 2.05 kg ha−1 for site2 and 1.06 kg ha−1 for site3
(Table 5). Corn P uptake at the 6-leaf stage was affected by starter
P fertilization in only one site (site5) in 2019 (Figure 6B). Corn P
uptake was on average 2.20 kg ha−1 in site9 (Figure 6B); 3.67 kg
ha−1 in site10 (Figure 6B); 4.22 kg ha−1 in site11 (Figure 6B)
and 5.12 kg ha−1 in site5, site6, and site8 (Figure 6B).

Corn P uptake at harvest varied with starter and manure P
additions in two sites (site1 and site2) out of three in 2018 and
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FIGURE 2 | Corn dry matter yield (DMY) at 3-leaf stage with application of
starter P rates across 11 sites [2018 (A) and 2019 (B)] in the Fraser Valley,
BC. Error bars represent standard deviations of the means.

seven sites out of eight in 2019 (Figure 7). Corn P uptake varied
between 19.66 and 29.79 kg ha−1 in site1 (Figure 7A); 26.82 and
35.90 kg ha−1 in site9 (Figure 7B); 28.17 and 37.24 kg ha−1 in
site7 (Figure 7B); 29.10 and 38.43 kg ha−1 in site4 (Figure 7B);
55.67 and 63.54 kg ha−1 in site3 (Figure 7A); 56.67 and 73.46 kg
ha−1 in site2 (Figure 7A); 57.00 and 68.63 kg ha−1 in site11
(Figure 7B); 59.68 and 69.00 kg ha−1 in site5 (Figure 7B); 61.18
and 70.29 kg ha−1 in site8 (Figure 7B); 61.76 and 70.08 kg ha−1

in site10 (Figure 7B); and 67.14 and 74.72 kg ha−1 in site6
(Figure 7B). There was a trend of high corn P uptakes with
treatment combinations comprising low banded starter P rates at
planting and high side-dressed manure P additions at the 6-leaf
stage, but low P uptake with treatment combinations comprising

FIGURE 3 | Corn dry matter yield (DMY) at 6-leaf stage with application of
starter P rates across 11 sites [2018 (A) and 2019 (B)] in the Fraser Valley,
BC. Error bars represent standard deviations of the means.

high banded starter P rates at planting and low side-dressed
manure P additions at the 6-leaf stage (Figure 7).

Phosphorus Budget
Phosphorus budget was significantly lower under control
compared with the other starter and manure P combinations
in all 11 sites in 2018 and 2019 (Figure 8). Phosphorus
budget was on average −31.26 kg ha−1 in site1, site4,
site7, and site9 (Figures 8A,B) and −65.20 kg ha−1 in the
other sites (Figures 8A,B) with 0 P addition. In contrast,
phosphorus budget was on average 4.2 kg ha−1 in site1,
site4, site7 and site9 (Figures 8A,B) and −29.73 kg ha−1 in
the other sites (Figures 8A,B) with the different starter and
manure P combinations.
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TABLE 5 | Parameters of the linear-plus-plateau response curves (Y = bx + a) to
P fertilization of corn dry weight at the 6-leaf stage, corn P uptake at the 3- and
6-leaf stages in 2018.

b a C P P-value MSE

Dry weight (6-leaf stage)

Site1 0.016 (0.006) 0.313 (0.026) 5.0 0.39 0.014 0.011

Site2 0.019 (0.008) 0.514 (0.052) 7.5 0.66 0.033 0.024

Site3 0.011 (0.005) 0.310 (0.021) 5.0 0.37 0.032 0.009

P uptake 3-leaf stage

Site1 0.0067 (0.001) 0.239 (0.016) 15.0 0.339 0.001 0.008

Site2 0.0052 (0.002) 0.248 (0.016) 15.0 0.326 0.003 0.008

Site3 0.003 (0.001) 0.179 (0.011) 10.0 0.214 0.021 0.005

P uptake 6-leaf stage

Site1 0.079 (0.019) 1.031 (0.119) 7.5 1.630 0.001 0.054

Site2 0.105 (0.042) 1.520 (0.187) 5.0 2.050 0.022 0.082

Site3 0.044 (0.016) 0.838 (0.072) 5.0 1.057 0.014 0.031

b is the linear coefficient, a is the intercept, C is the critical P rate of fertilization
that occurs at the intersection of the linear response curve and the plateau lines,
P represents plateau dry weight at the 6-leaf stage and plateau P uptake at the
3- and 6-leaf stages, R2 is the coefficient of determination, and MSE represents the
mean square error. Values in parenthesis represent standard error of the estimates.

Mehlich-3 P and P Saturation Indicators
vs. Dry Matter Weight and P Uptake at
Harvest
The 11 sites selected for the 2-year study represented a wide
range of PM3, Pox, AlM3, AlOx, FeM3, and FeOx values (Table 1).
The relationships between PM3, DPS, PSI and corn DMY and
P uptake were described by a quadratic relationship (Figure 9).
The quadratic relationships obtained in this study are significant,
with R2 values varying between 0.65 and 0.94 (Figures 9A,C).
These relationships encompassed a range of PM3 between 60
and 200 mg kg−1, which is representative of high testing P soils
of the coastal BC (Figures 9A,B), DPS between 14 and 38%
(Figures 9C,D), and PSI between 3 and 14% (Figures 9E,F).
However, site5 and site6 were not fitted by the functions. In
addition, for the relationship between PM3 and P uptake, site4
and site7 were not fitted by the quadratic function (Figure 9B).

DISCUSSION

The Effect of Starter P Fertilization on
Growth of Young Silage Corn
The linear-plus-plateau response models of DMY and P uptake to
starter P obtained in 2018 confirm the well-established negative
effects of low soil temperatures on performances of corn plants
at early growth stages (3- and 6-leaf stages). In 2018, starter P
was beneficial for corn growth early in the growing season in
the three study sites. This positive effect coincided with low soil
temperatures that prevailed early in the growing season between
emergence and the 6-leaf stage (May 26 and June 26, 2018). Daily
soil temperatures were below 19◦C for 13 successive days, and

FIGURE 4 | Corn dry matter yield (DMY) at harvest with application of starter
P rates and dairy manure across 11 sites [2018 (A) and 2019 (B)] in the
Fraser Valley, BC. Dairy manure was applied at 6-leaf stage. Error bars
represent standard deviations of the means.

soil temperatures as low as 17◦C were recorded (Figure 1A). In
contrast, in 2019, starter P had no significant effect on the 3- and
6-leaf stage corn plants in all eight study sites, probably because
soil temperatures during the same period dropped below 19◦C
for only 5 successive days with a minimum of 18◦C (Figure 1B).
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FIGURE 5 | Corn P uptake at 3-leaf stage with application of starter P rates
and dairy manure across 11 sites [2018 (A) and 2019 (B)] in the Fraser Valley,
BC. Dairy manure was applied at 6-leaf stage. Error bars represent standard
deviations of the means.

Low soil temperatures early in the growing season reduce root
growth and soil P availability even in high-P soils. One significant
result of our study, however, is the critical starter P rates obtained
from the linear-plus-plateau response models of DMY and P
uptake to starter P at the 3- and 6-leaf stages. Overall, critical
starter P rate was 5 kg P ha−1 at two sites and 7.5 kg P ha−1 at
one site (Table 5). The P values and mean square error (MSE)
indicated that linear-plus-plateau models accurately predicted
the response of DMY and P uptake of young corn plants to starter
P at the 3- and 6-leaf stages in 2018. The critical starter P rates
obtained in our study are in the range of those recommended
in other areas. Starter P fertilizer rates for silage corn are 5 to
15 kg P ha−1 in Ontario and Quebec (Preston, 2019) and 5 to

FIGURE 6 | Corn P uptake at 6-leaf stage with application of starter P rates
and dairy manure across 11 sites [2018 (A) and 2019 (B)] in the Fraser Valley,
BC. Dairy manure was applied at 6-leaf stage. Error bars represent standard
deviations of the means.

13 kg P ha−1 in the US (Jokela, 1992). In cool and moist coastal
BC, almost all silage corn is side-banded at approximately 30–
40 kg P ha−1, and most of the corn receives manure (Zhang
et al., 2018). The critical starter P rates obtained in our study
are below local recommendations (British Columbia Ministry of
Agriculture [BCMA], 2010). This indicates the need to refine
and update recommendations for P fertilizer, particularly starter
P fertilizer, for silage corn production in BC. Refining starter P
fertilizer for silage corn will contribute to decreasing annual P
inputs in this cropping system. A better match of P applications
to silage corn needs will help to maintain or drawdown legacy P
and reduce P losses to water sources.
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FIGURE 7 | Corn P uptake at harvest with application of starter P rates and
dairy manure across 11 sites (2018 and 2019) in the Fraser Valley, BC. Dairy
manure was applied at 6-leaf stage. Error bars represent standard deviations
of the means.

The Effects of Starter and Manure P
Additions on Corn Dry Matter Yield and P
Uptake at Harvest
Corn DMY values at harvest were in the range of those obtained
by Zhang et al. (2018) in south coastal BC in a study investigating
the effects of 11 year of different dairy manure fractions and
mineral fertilizer on two consecutive silage corn productions with
average DMY of 16.1 Mg ha−1 in 2015 and 22.7 Mg ha−1 in 2016.
Our results are also in the range of those obtained by Ferreira
and Teets (2017) in 2014 and 2015 at two commercial dairy
farms located in Virginia. Our results are in the range of those
obtained by Arriola et al. (2012) across several silage hybrids in

FIGURE 8 | P budget at harvest with application of starter P rates and dairy
manure across 11 sites [2018 (A) and 2019 (B)] in the Fraser Valley, BC. Dairy
manure was applied at 6-leaf stage. Error bars represent standard deviations
of the means.

Florida. In contrast, our results are higher than those of Jokela
(1992), perhaps due to new and improved silage corn hybrids
used in our study.

In our study, we were interested in understanding how a
balanced P input including banded starter P fertilizer at planting
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FIGURE 9 | Mehlich-3 P (A,B); Degree of P saturation (C,D); P saturation index (E,F) vs. Dry matter yield and P uptake at harvest with application of starter P rates
and dairy manure across 11 sites in the Fraser Valley, BC. Dairy manure was applied at 6-leaf stage. Error bars represent standard deviations of the means.

and side-dressed manure P at the 6-leaf stage affects silage corn
DMY and P uptake at harvest. Our results show that in 4 out of
the 11 study sites, there was a trend of high DMY at harvest with
treatment combinations comprising low starter P rates (<10 kg P
ha−1) and high side-dressed manure P (>25 kg P ha−1) additions
at the 6-leaf stage (Figures 4A,B). Corn P uptake showed similar
trends in 9 out of the 11 study sites (Figures 7A,B). The final
DMY and P uptake values indicate that the effect of starter P

observed at the 6-leaf stage in 2018 was not carryover through
harvest. It is well-known that most crops take up only 10 to
20% of P fertilizer during the year of application. The decreasing
trend of corn P uptake at harvest with treatments including high
starter P rates indicates that part of P fertilizer was fixed by
the soil and therefore was not readily available for plant uptake
later in the growing season. Kowalenko (2005) showed that
soils of coastal BC exhibit high P retention or fixation capacity.
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Zhang et al. (2018) also found that early plant response to starter
P did not have a lasting effect on yield at final harvest even
though starter P rate applied was 40 kg P ha−1. Mallarino et al.
(1999) in several corn experiments in Iowa also found that early
growth and nutrient uptake to banded P did not translate into
higher yield. Jokela (1992) in a study conducted on 12 soils with
contrasting P levels also found that when soil test P is medium or
high, the likelihood of the carryover effect of starter P on silage
corn yield through harvest is low.

The 6-leaf stage coincides with the beginning of rapid nutrient
uptake by corn plants. In our study, the synchrony between
the timing of manure P application and the growth stage
corresponding to high nutrient demand enhanced the potential
for greater corn P uptake (Figures 4A,B). In coastal BC where
dairy manure is an important source of P and other nutrients for
dairy farmers, management practices that include combinations
of low starter P rates and optimum rates of side-dressed manure
P at the 6-leaf stage could be an alternative to current practices.
The presence of other nutrients in dairy manure also contributed
to a large extent to DM production and silage quality with
optimum side-dressed manure P additions at the 6-leaf stage.
In this study, nitrogen is the only element that was balanced
among the treatment combinations (Table 3). Zhang et al. (2018)
and other authors showed that interference in root P uptake
with other nutrients such as zinc and calcium could occur in
manure treated plots and result into lower P concentrations and
P uptakes compared with control plots. We did not observe
symptoms or other evidence of interference among nutrients
on plant growth, probably because of the short-term nature of
our study sites.

Relationship Between Silage Corn Yield
and P Saturation Indicators
One important goal of this study is to improve our understanding
of the mechanisms controlling P cycling in soils with high legacy
P in coastal BC in order to reduce the risk of P losses to soils
and water sources while building resilient cropping systems.
In this study, we show that PM3, DPS and PSI are highly
correlated with silage corn DMY and P uptake with R2 values
varying between 0.65 and 0.94 (Figure 9). These relationships
encompassed a range of PM3 between 60 and 200 mg kg−1,
which is representative of the high testing P soils of coastal BC
(Figure 9A), DPS between 14 and 38% (Figures 9A,B), and PSI
between 3 and 14% (Figure 9B). The significant relationship
between PSI and DMY obtained in our study indicates that this
proxy of DPS can be adapted for coastal BC soils as an agro-
environmental indicator to assess the risk of P losses. In the
Netherlands, DPS > 25% indicates a high risk of P transport
with runoff water (Breeuwsma and Silva, 1992). In Wallonia,
Belgium, a study using 57 agricultural topsoil samples subject to
diverse P management showed that DPS values between 20 and
30% corresponded to the agronomic optimum of soil P content
(Renneson et al., 2015). In North America, the PSI has provided
much-needed information to support environmental assessment
at watershed, local, and provincial scales (Khiari et al., 2000; Sims
et al., 2002; Benjannet et al., 2018).

Among the sites that were used for this study, two were not
fitted by the quadratic functions for DMY and P uptake (site5
and site6). These sites were located in the same area and were
characterized by PM3 values lower than 30 mg kg−1 and TC
content greater that 7%. Another contrasting behavior of these
soils is that they yielded DMY in the high range at the 3-leaf
stage (0.80 Mg ha−1), the 6-leaf stage (1.40 Mg ha−1) and harvest
(25 Mg ha−1), which could not be supported by the low PM3
values (Figure 4B). It is possible that Mehlich-3 and Oxalate
ammonium extracting solutions are not adapted for these soils
with high organic matter content. It is also possible that the high
organic matter content contributes to P supply to plants through
mineralization throughout the growing season. Two other sites
were also not fitted by the quadratic function for PM3 vs. P uptake
(site4 and site7). The sites were located in the same area and
were characterized by PM3 values of 155 mg kg−1 for site4 and
90 mg kg−1 for site7. Even though the sites had high and very
high soil test P, DMY at the 3-leaf stage (Figure 2B) as well as P
uptake at the 3-leaf stage (Figure 5B) and harvest (Figures 7A,B)
were in the low range. These two sites were located on poorly-
drained soils, and their reactive Al were much higher than the
other sites, indicating a higher P fixation capacity as shown by
their DPS and PSI, which are aggregated among sites with PM3
in the low range (Figures 9C–F). Additional sites with similar
characteristics will be needed to derive a recommendation for
starter P that is different from what is suggested in this study.

Agronomic and Environmental
Implications for Soils With High Legacy P
The site-year dependence of young corn plant growth and the
linear-plus-plateau response model to starter P fertilization have
implications for P fertilizer recommendations for silage corn
production in BC. As noted in sections above, fertilization
management for silage corn in coastal BC includes dairy manure
(liquid or solid) spreading at rates 30 to 50 Mg ha−1, usually
in the spring just before moldboard plowing (British Columbia
Ministry of Agriculture [BCMA], 2010). Phosphorus supplied
by manure applications ranges from approximately 30 to 50 kg
P ha−1. In addition, starter fertilizer including P at rates 30
to 40 kg P ha−1 is banded 5 cm to the side and 5 cm below
the corn row with the planter. Therefore, the total annual P
input in most fields ranged between 60 and 90 kg P ha−1

for a crop that takes up approximately 35 kg P ha−1. The
excess P, on average 40 kg P ha−1 every year, accumulates
in the soil and contributes to increasing the legacy soil P.
Our results demonstrate that P fertilizer recommendations for
silage corn can be refined by decreasing starter P rates to 5.0
to 7.5 kg P ha−1 without decreasing DMY at harvest. This
result provides opportunities for the fertilizer industry in BC to
prepare new starter fertilizer blends for silage corn production
to address annual variations observed with soil temperatures
early in the growing season (Figures 1A,B). These starter P
rates will represent a cut of more than 75% of annual P input
and could have a positive incidence on farmers’ production
costs and the dairy industry as a whole while protecting the
environment. In southern BC, dairy farmers grow silage corn
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for five consecutive years followed by another five consecutive
years of forage grass. It is crucial to understand whether annual
applications of critical starter P rates are necessary and how they
affect the growth of young silage corn plants in these types of
rotation systems. Future studies are therefore needed to test the
stability of annual applications of critical starter P rates during
the silage corn phase. This knowledge will be useful to provide
recommendations specifically tailored for dairy farmers and will
contribute to better managing legacy soil P in silage corn and
forage grass rotation systems in southern BC.

So far, most private laboratories in coastal BC use the Kelowna
or modified Kelowna methods to assess the status of soil test P for
P fertilizer recommendations. Our results show that the Mehlich-
3 method, which is widely used in acidic to near-neutral soils in
North America including Canada, can be used on the soils of
coastal BC. Use of the Mehlich-3 method offers the opportunity
to assess other cations such as Al and Fe and therefore make it
possible to adapt a PSI for BC soils (Khiari et al., 2000; Sims
et al., 2002; Benjannet et al., 2018). We showed that PM3, DPS
and PSI were all closely related to silage corn DMY and P uptake
across 11 soils with a wide range of soil test P levels. Finally, future
works including additional soils with contrasting properties will
be needed to identify environmental P risk classes at the scale of
coastal BC, Canada.

CONCLUSION

Silage corn DMY was affected by starter P fertilizer at the 6-leaf
stage in one out of two seasons, and this response coincided
with 13 consecutive days of low soil temperatures. Our results
show that the response of DMY to starter P is described by a
linear-plus-plateau model with critical starter P rate at 5.0 and
7.5 kg P ha−1. Our results also show that in 4 out of the 11
study sites, there was a trend of high DMY at harvest with
treatment combinations comprising low starter P rates and high
side-dressed manure P additions at the 6-leaf stage. Thus, the
effect of starter P fertilizer observed at early growth stages was not
carryover through harvest. It appears that when high amounts
of P fertilizers are banded as starter P (30 to 40 kg P ha−1) to
promote the growth of young corn plants early in the season
when soil temperatures are still low, part of this P is fixed and

therefore is not readily available for corn P uptake later in the
growing season. This fixed P contributes to increased legacy soil
P and the risk of P losses to water sources. Our results also
highlighted the fact that PM3, DPS and PSI are highly correlated
with silage corn DMY and P uptake and therefore indicate that
PSI as a proxy of DPS can be adapted for coastal BC soils as an
indicator of the risk of P losses.
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