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Abstract: Phosphorus (P) is an element that is potatoes require in large amounts. Soil pH is a crucial
factor impacting phosphorus availability in potato production. This study was conducted to evaluate
the influence of P application rates on the P efficiency for tuber yield, specific gravity, and P uptake.
Additionally, the relationship between soil pH and total potato tuber yield was determined. Six rates
of P fertilization (0–280 kg P ha−1) were applied at twelve different sites across Northern Maine.
Yield parameters were not responsive to P application rates. However, regression analysis showed
that soil pH was significantly correlated with total potato tuber yield(R2 = 0.38). Sites with soil
pH values < 6 had total tuber yields, marketable tuber yields, tuber numbers per plant, and total
tuber mean weights that were all higher than these same parameters at sites with soil pH ≥ 6.
All sites with soil pH < 6 showed a highly correlated relationship between P uptake and petiole dry
weight (R2 = 0.76). The P application rate of 56 kg P ha−1 was the best at sites with a soil pH < 6,
but 0–56 kg P ha−1 was the best at sites with soil pH ≥ 6.
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1. Introduction

Potato (Solanum tuberosum L.) is a major vegetable crop worldwide, including the United States of
America (USA) [1]. The USA accounts for 11.4% of the total world potato production [2]. Maine (ME)
is ranked ninth in terms of the area that is devoted to potato production [3]. The worldwide potato
production was appraised at 388,191,000 Mg ha−1 in 2018 [2]. In Maine, potato production increased
from 1704 Mg ha−1 in 2017 to 1720 Mg ha−1 in 2018, i.e., 0.9% [3]. The potato crop demands high
phosphorus (P) levels [1,4–6], due to its shallow roots, low root density, minimal root hairs, and high P
demand in the shoots [1,7]. P is the most critical major nutrient limiting potato growth after nitrogen
and potassium in soils. P is typically taken up as either HPO4

2− or H2PO4
2−, depending on the soil

pH [1,6]. Potato may also absorb nucleic acids and soluble organic phosphates [8].
Potato is a high-value vegetable, and farmers apply P fertilization at high rates despite high soil

P availability [9]. Even under high P applications, the total P uptake by potato varieties remains
between 6.6 to 8 kg P ha−1 [1,5,7]. These results indicate that it is possible to apply P at lower rates in
soils with high P soil amounts without reducing yields [10], although some P fertilizer may need to
be applied even at high soil test P levels [1,5,6]. Often, P deficiency results in early vine death and
hastening maturity [11]. The response of potatoes to P applications even in the soils with high soil P
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test values [1,4] questions the methodology of the P recommendations in the potato-growing states in
the USA. P fertilization and applications of manure with high P concentrations represent a potential
source of P input into water bodies [4,12]. P is a relatively slow-moving element in the soils, and it has
a high tendency to stay in the soil for a more extended period as legacy P.

P also plays a fundamental role in crop and vegetable physiology. Energy storage and transfer are
the most important functions of P in plants [13,14]. The ample plant P concentration will form and
generate adequate amounts of adenosine triphosphate (ATP) and adenosine diphosphate (ADP) that
are involved in energy-transforming processes [4,8,14]. P is the most crucial element in the structural
component of phospholipids, phosphoproteins, coenzymes, nucleic acids, and nucleotides [8,14,15].
P is highly correlated with increased root development; when H2PO4

− increases in the soil, plant roots
can spread extensively [9,16,17]. Thus, roots proliferate, which leads to an enhanced exploration of
the soil for water and nutrients. The yield quality is enhanced and disease resistance improved with
appropriate P availability [10,18,19]. According to [14], total P in most plant tissue ranges from 0.1 to
1%. Typical crops may contain approximately 0.13% as inorganic P, 0.03% as lipids, 0.004% as DNA,
0.04% as RNA, and 0.02% as an ester. The total P concentration in potato changes based on the growth
stage; sufficient P concentration can be around 0.2–0.4% at mid-growth, 0.38–0.45% at tuber initiation,
and 0.14–0.17% when tubers mature [14].

The P deficiency suppresses and delays potato growth and maturity [1]. The plants that are grown
under P stress are generally stunted, with darker green-colored leaves. When the P deficiency is exacerbated,
the dark green color changes to grayish-green or bluish-green [20]. Eventually, the P-deficient leaves
turn purple. The purple color occurs due to the accumulation of sugars that produce anthocyanin
(plant pigments) in the leaf [21]. Thus, deficiencies of P are common at early growth stages and at the
reproductive stage [22]. P deficiency might also appear in crops that are grown under cool, wet conditions,
even where there is sufficient soil P availability [23]. The P deficiency symptoms might occur due to
reduced P diffusion in cool soils with limited root development in young plants [23]. Initial P fertilization
can decrease early season P stress [22].

The P availability in the soil is closely related to soil pH, soil temperature, and soil iron
(Fe)/aluminum (Al) content [24]. The ideal pH range for P availability is between 6–7 [24]. Regardless of
where potatoes are grown, as a winter crop for tropical places and a summer crop for temperate places,
potato planting happens when the soil temperature is on the lower side, resulting in low P availability
and a reason for growers in the region to apply P to potatoes [24]. Moreover, the available Fe and Al
under a low soil pH fix the available P, and that results in low P availability in the potato production
system [24,25]. In acidic soils, P might react with aluminum (Al) and iron (Fe), with the formation of a
lack of soluble phosphate under low soil pH conditions [12].

This experiment was carried out to evaluate the impact of P application rates on the P efficiency
for tuber yield, specific gravity, and P uptake. Additionally, to investigate the impact of soil pH on
potato P availability in the studied soils.

2. Materials and Methods

2.1. Site Description

Two years of study were undertaken in 2018 and 2019 at twelve sites in Aroostook County,
ME, USA. Precipitation (mm) and temperature (◦C) data during the growing season are shown in
Figure 1. Site properties are provided in Table 1.



Agriculture 2020, 10, 264 3 of 14

Agriculture 2020, 10, x FOR PEER REVIEW 3 of 16 

 

On all sites, in both the years 2018 and 2019, the experimental design was a randomized complete 
block with six P fertilization rates (0, 56, 112, 168, 224, and 280 kg P ha−1 applied as triple superphosphate 
(TSP) (46% P2O5), with four replications. Nitrogen (N) was applied as urea (46% N) in 2018 and as 
ammonium nitrate (33% N) in 2019 at the rates of 161 kg N ha−1 and 179 kg N ha−1, respectively. Potassium 
(K) was applied in both years as potassium chloride (K2O 60%) at 224 kg K ha−1. Sulfur (S) was applied in 
both years as calcium sulfate (24% S) at 18 kg S ha−1. The N, P, K, and S were banded 5 cm underneath the 
potato seed on the planting days. In 2018, the dimensions of the experimental units were 9.1 m by 3.6 m, 
accommodating four potato rows spaced at 0.9 m. In 2019, the dimensions were 6.1 m by 3.6 m 
accommodating two potato rows spaced at 0.9 m. Potato tubers were planted in rows at the inter-potato 
seed spacing of 0.3 m. Three potato varieties were grown in the study area (Table 1). 

 
Figure 1. Climate data during the potato-growing season: a monthly temperature average (°C) and 
precipitation (mm). Source: National Oceanic and Atmospheric Administration, USA [26]. 

2.3. Soil Sample Analysis  

Soil samples were taken from each experimental site to a depth of 0–30 cm before potato planting, and 
through the growing season at the early stage (tuber initiation; 60 days after potato planting day), and after 
harvest(120 days after potato planting day). At an early stage in 2018, soil samples were collected from two 
sites, and in 2019, soil samples were taken from five sites. At potato harvest in 2018, soil samples were taken 
from four sites, and in 2019, soil samples were collected from five sites. Soil samples were air-dried, ground, 
and then passed through a 2 mm mesh sieve. The P and K were determined by Modified Morgan Extraction 
(MME) using Inductively Coupled Plasma-atomic emission spectrometer (ICP-AES) (Make: Spectro 
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Figure 1. Climate data during the potato-growing season: a monthly temperature average (◦C) and precipitation (mm). Source: National Oceanic and Atmospheric
Administration, USA [26].

Table 1. Sites information.

Site Year Latitude Longitude † Soil Type Slope Planting Date Harvest Date Varieties

Frenchville (FV) 2018 47.2170080 −68.4112920 Coarse-loamy, isotic, frigid Oxyaquic Haplorthods 2–8% 22 May 12 September RB
New Sweden-1 (NS1) 2018 46.9511590 −68.1479550 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 29 May 15 October RB
New Sweden-2 (NS2) 2018 46.9529336 −68.1454612 Fine-loamy, mixed, frigid Aquic Haplorthods 2–8% 30 May 15 October RB

WoodLand (WL) 2018 46.8850498 −68.1256605 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 15 May 01 October RB
Caribou-1 (CA1) 2018 46.8842966 −68.0292126 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 17 May 13 September RB

Aroostook Farm-1 (AF1) 2018 46.6601582 −68.0216085 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 24 May 14 September SH
Aroostook Farm-2 (AF2) 2018 46.6619155 −68.0209886 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 24 May 14 September RB
Aroostook Farm-3 (AF3) 2019 46.66011944 −68.02125 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 31 May 20 September SP
Aroostook Farm-4 (AF4) 2019 46.46.6601694 −68.01650278 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 31 May 20 September RB

Caribou-2 (CA2) 2019 46.89628611 −68.07754722 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 14 May 30 September RB
Caribou-3 (CA3) 2019 46.89180556 −68.04066667 Fine-loamy, mixed, frigid Typic Haplorthods 2–15% 28 May 30 September RB
Limestone (LM) 2019 46.96186944 −67.83323056 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 29 May 01 October RB

RB: Russet Burbank, SP: Superior, SH: Shepody. † information collected from Web Soil Survey, 2019.
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2.2. Experimental Design

On all sites, in both the years 2018 and 2019, the experimental design was a randomized complete block
with six P fertilization rates (0, 56, 112, 168, 224, and 280 kg P ha−1 applied as triple superphosphate (TSP)
(46% P2O5), with four replications. Nitrogen (N) was applied as urea (46% N) in 2018 and as ammonium
nitrate (33% N) in 2019 at the rates of 161 kg N ha−1 and 179 kg N ha−1, respectively. Potassium (K)
was applied in both years as potassium chloride (K2O 60%) at 224 kg K ha−1. Sulfur (S) was applied in
both years as calcium sulfate (24% S) at 18 kg S ha−1. The N, P, K, and S were banded 5 cm underneath
the potato seed on the planting days. In 2018, the dimensions of the experimental units were 9.1 m by
3.6 m, accommodating four potato rows spaced at 0.9 m. In 2019, the dimensions were 6.1 m by 3.6 m
accommodating two potato rows spaced at 0.9 m. Potato tubers were planted in rows at the inter-potato
seed spacing of 0.3 m. Three potato varieties were grown in the study area (Table 1).

2.3. Soil Sample Analysis

Soil samples were taken from each experimental site to a depth of 0–30 cm before potato planting,
and through the growing season at the early stage (tuber initiation; 60 days after potato planting
day), and after harvest(120 days after potato planting day). At an early stage in 2018, soil samples
were collected from two sites, and in 2019, soil samples were taken from five sites. At potato harvest
in 2018, soil samples were taken from four sites, and in 2019, soil samples were collected from five
sites. Soil samples were air-dried, ground, and then passed through a 2 mm mesh sieve. The P and K
were determined by Modified Morgan Extraction (MME) using Inductively Coupled Plasma-atomic
emission spectrometer (ICP-AES) (Make: Spectro Genesis; company is HQ in Kleve, Germany) [27].
The P extracted by MME (P-MME) was evaluated as a high to very high soil P concentration and ranged
between 10.1 to 23.8 mg P kg−1, this was stated based on [28], who reported P-MME ranges were: low
P: 0–4 mg P kg−1 soil, optimum P: 4–7 mg P kg−1 soil, high P: 7–20 mg P kg−1 soil, and very high
P: >20 mg P kg−1 soil. For the Mehlich 3 (P-M3), soil test P samples were analyzed using ICP-AES [29].
In this study, the P-M3 ranged from 257 to 586 mg P kg−1 soil (Table 2). This range is considered as a
very high soil P concentration based on [28] who reported P-M3 ranges are: low P: 0–15 mg P kg−1 soil,
optimum P: 15–31 mg P kg−1 soil, high P: 24–31 mg P kg−1 soil, and very high P: >31 mg P kg−1 soil.
Soil pH was estimated using a 1:1 soil: deionized water solution method, then measured by a pH meter
with the electrode(pH robot is a labfit AS3000; company HQ is in Perth, Australia) [30]; the organic
matter was determined using the loss of weight on ignition method [31]. The N-NO3

− was measured
by using an automated ion analyzer [32]. The N-NH4

+ was measured by using KCl extractions [33].

Table 2. Relevant soil analysis of data.

Site FV NS1 NS2 WL CA1 AF1 AF2 AF3 AF4 CA2 CA3 LM

Growing Years 2018 2019

pH 5.9 4.9 5.6 5.8 6.5 6.1 6.4 6.0 6.1 5.4 6.3 5.9
Organic Matter % 4.9 3.1 5.3 4.1 3.7 2.6 4.0 2.3 3.1 2.6 3.3 1.6

m
g

nu
tr

ie
nt

kg
−

1
so

il

P-MME 20 12 10 16 21 13 21 11 17 18 24 18
P-M3 379 469 257 356 421 440 421 341 423 586 537 558

N-NO3
− 5 62 2 15 6 4 12 5 6 8 7 3

N-NH4
+ 1 28 25 5 1 15 17 4 6 10 7 19

K-M3 237 221 151 256 376 300 225 234 160 348 292 230

Modified Morgan Extraction (MME); P extracted by MME (P-MME); Mehlich 3 (M3); Mehlich 3 soil test P (P-M3);
K extracted by M3 (K-M3).

2.4. Plant Sampling and Analysis

Four petioles and leaflets were collected from four plants in each sub-plot for P analysis.
The petioles and leaflets were chosen from the fourth and fifth fully expanded leaves from the
plant top [34]. The petioles and leaflets were washed with deionized water. All petioles and leaflets
were dried in an oven with air circulation at 65 ◦C for 96 h and then ground. The ground petioles were
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ashed at 550 ◦C for 5 h in a muffle furnace [35]. The ash was dissolved in 50% HCl on a hot plate and
analyzed using ICP [35,36].

2.5. Potato Yield Components and Measurements

The tubers were dug using the two-row digger from each experimental site and then handpicked
from a 5.5 m2 central area per plot. Fresh tubers were graded, counted, and weighed to calculate total
tuber yield per hectare (ha) and per plant, and the number of tubers per plant was determined based on
fresh tuber grades. The total yield was calculated by summing all potato tuber grades. The marketable
tuber potato yield was obtained by summing all grades where the tuber size was more than 65 g,
except the undersized tubers (the tuber weight mean that was equal or lower than 65 g on average);
undersized tubers refer to the unmarketable potato tuber yield.

A random sampling of four potato tubers was collected from each of the grade numbers over
65 g to determine specific gravity. Specific gravity was obtained with a composite of potato tubers
according to [37]:

Specific Gravity (SG) = Tuber weight in air/(tuber weight in the air − tuber weight in water).

2.6. Statistical Analysis

All data were tested for normality before analysis and the least significant difference (LSD) test
at a statistical significance level of P < 0.05. Tukey’s test was performed on the data using SAS.
The statistical analysis was implemented for all yield components, measurements, and plant tissue
analysis using Microsoft Excel (Microsoft Corporation, USA) and JMP 14.1 statistical software from
SAS. The analysis of variance (ANOVA) was accomplished separately for each variety using PROC
MIXED of SAS version 9.4 [38] with blocks as a random effect and the P application rates as fixed effects.

3. Results

3.1. Correlation of Total Potato Yield with Soil pH

One of our objectives was to determine the relationship between potato yield and soil pH.
Figure 2 shows the significant relationship between soil pH and total potato tuber yield. P = 0.03 showed
a significant relationship. The highest total potato tuber yield was obtained for the acidic soil pH values,
whereas the lower total potato yield was observed at near natural soil pH values. Subsequently, the 12
experimental sites were split into groups with soil pH values either ≥6 or <6. In this study, sites were
categorized into two groups: (a) a group with high pH values that are soil pH ≥ 6, which included the
AF1, AF2, AF3, AF4, CA1, and CA3 sites and (b) a group with corresponding low soil pH values < 6,
which included the WL, NS1, NS2, FV, CA2, and LM sites.Agriculture 2020, 10, x FOR PEER REVIEW 2 of 16 
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pH (pre-planted soil samples).* Significantly different at P < 0.05.
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There was a significant effect from soil pH on the potato yield (Figure 3a,b). The difference
between the yield–soil pH relationships for each growing stage is detailed in Figure 3a,b. There was
a significant negative impact of soil pH on total potato yield. Thus, the coefficient of determination
(R2 = 0.19) was achieved for all sites at harvest with soil pH < 6, and this relationship was significantly
correlated with total potato yield (Figure 3c). There was no clear relationship between soil pH and
total potato yield for all sites (soil pH > 6) (Figure 3d).
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3.2. Phosphorus Effects on Potato Tuber Yield Parameters

3.2.1. The Effect of Phosphorus on Total Potato Tuber Yield, Specific Gravity, Marketable,
and Unmarketable Tuber Yield

The main effect of the P application rate on total tuber yield, specific gravity, marketable,
and unmarketable tuber yield was not statistically significant (P < 0.05; Figure 4a–k). For all combined
sites, the P application did not show a significant impact on total tuber yield, specific gravity,
marketable and unmarketable tuber yield (Figure 4a,d,f,i). The total tuber yields ranged from 28.8
to 32.0 Mg ha−1 at all combined sites (Figure 4a) and ranged from 24.3 to 27.5 Mg ha−1 at all sites
combined at soil pH ≥ 6 (Figure 4b). The total tuber yield ranged from 33.3 to 36.8 Mg ha−1 at all
sites combined at soil pH < 6 (Figure 4c). Increasing the P application rate from 0 to 168 Kg P ha−1

increased the total tuber yield at all combined sites and all sites combined at soil pH < 6 by about
6.3% and 9.5%, respectively (Figure 4a,c), with no significant difference among the total tuber yields
obtained at the remaining P application rates. By contrast, the total tuber yield decreased by 2.0%
due to increased P application rate from 0 to 168 Kg P ha−1 (Figure 4b). However, total tuber yield
did not respond to P application rates from 0 to 280 Kg P ha−1. The main effect of the P application
rate on specific gravity was not statistically significant (Figure 4d,e). Similarly, the marketable tuber
yield was not statistically significant (Figure 4f–h). The 168 Kg P ha−1 rate of P application increased
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the marketable tuber yield by about 3.0% compared to 0 Kg P ha−1 at all combined sites (Figure 4f),
with no significant difference in marketable tuber yield obtained among the remaining P application
rates. By contrast, the marketable tuber yield decreased by 4.6% due to an increased P application
rate from 0 to 168 Kg P ha−1 at all sites combined at soil pH ≥ 6 (Figure 4g). Marketable tuber yield
ranged from 29.1 to 32.3 Mg ha−1 (Figure 4h). For all sites at soil Ph < 6, the P application rate did
not show a significant impact on marketable tuber yield, even though, results showed the highest
marketable tuber yield (32.3 Mg ha−1) achieved at 168 Kg P ha−1 rate of P application compared to
0 Kg P ha−1 rate (Figure 4h). The main effect of the P application rate on unmarketable tuber yield
was not statistically significant (P < 0.05, according to Tuke’s test; Figure 4i–k). All combined site
results showed that the highest unmarketable tuber yield (4.9 Mg ha−1) was not significantly different
among the P application 0 Kg P ha−1 rate, where the unmarketable tuber yield increased by about
11.4% (Figure 4i). For all site combined treatments at soil pH ≥ 6, the P application rate did not show a
significant impact on the unmarketable tuber yield (Figure 4j). However, increasing the P application
rate from 0 to 112 Kg P ha−1 increased the unmarketable tuber yield by about 14.6%, even though it
was statistically insignificant compared to the unmarketable tuber yield at the other P application rates
(Figure 4j). Similarly, the unmarketable tuber yield treatments were not statistically significant at all
sites at soil pH< 6 (Figure 4k).
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Figure 4. Effect of P rates on total tuber yield at all sites combined (a), all sites combined at soil pH ≥ 6
(b), all sites at soil pH < 6 (c), specific gravity at all sites combined at soil pH ≥ 6 (d), all sites at soil
pH < 6 (e), marketable tuber yield at all sites combined (f), all sites combined at soil pH ≥ 6 (g), all sites
at soil pH < 6 (h), and unmarketable tuber yield at all sites combined(i), all sites combined at soil
pH ≥ 6 (j), all sites at soil pH< 6 (k). Means connected by the same letter are not significantly different
(Tuckey’s test P < 0.05).
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3.2.2. The Effect of Phosphorus on Tuber Number per Plant and Total Tuber Mean Weight

The main effect of the P application rate on tuber number per plant was not statistically significant
(P < 0.05 according to the Tukey’s test) (Figure 5a–f). For all sites combined, from 0 to 168 Kg P ha−1

rate of P application increased the tuber number per plant from 5.5 to 6, and the tuber number per
plant at 168 Kg P ha−1 rate increased by about 9.1% compared to that at 0 Kg P ha−1 (5.5 tubers per
plant), with no significant difference among tuber numbers per plant obtained at the remaining P
application rates (Figure 5a). For all sites combined at soil pH ≥ 6, the P application rate did not show
a significant impact on tuber number per plant (Figure 5b). However, increasing the p application rate
from 0 to 168 Kg P ha−1 increased the tuber number per by about 7.7%, even though it was statistically
insignificant compared to the tuber number per plant at the other P application rates (Figure 5b).
For all sites at soil pH < 6, the 168 Kg P ha−1 rate of P application increased the tuber number per
plant (6.3 tubers per plant) by about 8.2 % compared to application of 0 Kg P ha−1 (5.8 tubers per
plant), with no significant difference among the tuber number per plant obtained at the remaining
P application rates (Figure 5c). Similarly, total tuber means weight was not statistically significant
(Figure 5d–f). Total tuber mean weight ranged from 0.83 to 0.91 Kg plant−1 (Figure 5d), the highest
total tuber mean weight (0.91 kg plant−1) was observed at 168 Kg P ha−1, and the lowest total tuber
mean weight (0.83 Kg plant−1) was obtained at 56 Kg P ha−1 (Figure 5d). For all sites combined at soil
pH ≥ 6, P application rates did not show a significant impact on total tuber mean weight (Figure 5e).
For all sites at soil pH < 6, increasing the P application rate from 0 to 168 Kg P ha−1 increased the total
tuber mean weight by about 8.1%, even though it was statistically insignificant compared to the total
tuner mean weight at the other P application rates.
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Figure 5. Effect of P rates on tuber number per plant at all sites combined(a), all sites combined at soil
pH ≥ 6 (b), all sites at soil pH< 6 (c), tuber mean weight at all sites combined(d), all sites combined
at soil pH ≥ 6 (e), all sites at soil pH< 6 (f). Means connected by the same letter are not significantly
different (Tuckey’s test P < 0.05).

3.3. Petiole P Concentration and its Uptake

The relationship between P concentration and the unmarketable tuber yield at combined ≥ 6 soil
pH sites is illustrated in Figure 6a. The coefficient of determination (R2) showed a good correlation
between the explanatory variable (P concentration) and the response variable (unmarketable tuber
yield), which demonstrated a high correlation at R2 = 0.26. This relationship showed that when P
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concentration was increased, this led to decreased unmarketable tuber yield (Figure 6a). The relationship
between P concentration and petiole dry weight for the ‘Shepody’ variety at soil pH ≥ 6 was highly
correlated at R2 = 0.31 and showed a positive correlation between the P concentration as a predictor
and petiole dry weight as a response variable (Figure 6b). A positive correlation (R2 = 0.18) was
found between P concentration and petiole dry weight for ‘Superior’ variety at ≥ 6 soil pH (Figure 6c).
The most robust relationships between P uptake and petiole dry weight at combined sites at ≥ 6 soil
pH, with R2 = 0.75, showed a positive correlation (Figure 6d).Agriculture 2020, 10, x FOR PEER REVIEW 6 of 16 
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Figure 6. Relationships between phosphorus concentration and unmarketable tuber yield at combined
sites ≥ 6 soil pH (a), petiole dry weight for ‘Shepody’ (≥6 soil pH) (b), and petiole dry weight for
‘Superior’ variety (≥6 soil pH) (c), and the relationships between phosphorus uptake and petiole dry
weight at combined sites with ≥ 6 soil pH (d), and the ‘Shepody’ variety at soil pH ≥ 6 (e), and all
combined sites < 6 soil pH (f). * Significantly different at P < 0.05.

Another strong relationship was observed between the explanatory variable (P uptake) and
the response variable (petioles dry weight) for ‘Shepody’ variety at soil pH ≥ 6, which was highly
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correlated at R2 = 0.96 (Figure 6e). All combined sites at < 6 soil pH were highly correlated at R2 = 0.76
in terms of the relationship between the predictor (P uptake) and the response (petioles dry weight).
The logarithmic pattern showed petiole dry weight increased because of increased P uptake (Figure 6e).

4. Discussion

Potato yield could be responsive to P application in acidic soils, even at very high soil test P levels,
these data are in agreement with many others [1,4–6]. In our study, maximum P solubility occurs at
near-natural pH values. The P solubility increased as soil pH changed from acid to neutral pH [1,13,39].
Potato production is tolerant of acid soil as long as the Al concentration is low [40]. In the present study,
it is best to apply P to soils with pH values ranging between 4.8 and 5.9 [5,6]. Although, there is a
negative correlation between total potato yield and soil pH at sites with soil pH < 6, however, it is better
than the relation at soil pH > 6 and sites combined. Moreover, potato yield declines when soil pH > 6,
this could occur to the soil pH changes from low to slightly acidic or natural, which decreased Al and
Fe soil concentration and increased P availability in the soil. Consequently, the potato yield cannot
respond to P fertilization when soil pH is larger than 6 [5,6,13,41]. The application of 168 kg P ha−1

tended to increase the total tuber yield at all sites with combined < 6 soil pH; this was attributed to
increasing the P concentration in the shoot system to the optimal range, as reported by [7]. However,
the P application rates did not increase the total tuber yield, because P did not affect the number
or weight of the potato tubers. These data confirm that potato tuber yield is not responsive to P
fertilization when grown in soils with high P availability (Table 2). Other studies have found that the
highest responses in total potato yield occurred at lower P application rates [1,18,41,42].

Our results showed that the differences among sites with respect to the total tuber yield were
clearly related to their soil pH and P soil concentrations (Table 2). The total tuber yields at sites with
<6 soil pH was higher than the total tuber yields at sites with ≥6 soil pH, which confirms our statement
that the tuber yield decreased when the soil pH increased above 6.

The P application rates did not affect specific gravity at all sites combined (≥ 6 < soil pH). These results
were attributed to the high P concentrations at all sites (Table 2). These findings are similar to the report
by [1,43], who found that where soil P concentration was at more than the optimum level or excessive P
applications had occurred, relatively little influence on specific gravity resulted. The specific gravity results
are corroborated by other researchers’ findings, which showed weak, insignificant relationships among soil
P concentration, P application rates, and specific gravity [11,16,43]. Investigation of these results shows
that where soil P is at more than the optimum level (Table 2; Mehlich 3 and Modified Morgan soil test P
methodology), some phosphate might decrease in solids, and for many of the responsive sites, the higher
rate of P applications minimized the specific gravity levels [44]. Similarly, increasing mineral fertilizer leads
to the reduction of specific gravity. In contrast to this study, some researchers’ results revealed a rise in the
specific gravity of tubers in response to high P application rates [1,45].

In response to increased P rate application from 0 to 280 kg P ha−1 at all sites combined ≥ 6 < soil pH
for all potato varieties cultivated in this project, there was an insignificant increase in the marketable tuber
yield. The marketable tuber yield results are corroborated by the findings of [1], who reported that the
effect of P application rates were not significant on marketable tuber yield. This scarcity of difference was
attributed to the high soil test phosphorus at both soil pH group values in both years (Table 2). A balanced
approach to P applications ensures an appropriate P supply for optimum marketable tuber yield while
impeding excessive accumulation of soil P and increasing potato responsiveness to P application [28].

Concerning the unmarketable potato tuber yield, there were no significant differences in amounts
of small, unmarketable tubers (less than 65 g) in the P treatments. These results are confirmed by [46],
who recommended that P application rates without organic manure were not statistically significant
with regard to the unmarketable tuber yield. The same data were observed [47], who reported that P
application rates did not significantly affect the unmarketable tuber yield. In our study, regardless of
the significant differences, the unmarketable tuber yield was higher at all combined sites at ≥ 6 soil
pH than at all combined sites at soil pH < 6. The P rate application 112 kg P ha−1 obtained the
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highest unmarketable tuber yield, and 224 kg P ha−1 resulted in the lowest unmarketable tuber yield at
combined sites with ≥ 6 soil pH. The results showed that the lowest unmarketable tuber yield at all
combined sites with < 6 soil pH was obtained at 56 kg P ha−1. These results are corroborated by the
findings of [18]. Overall, the unmarketable tuber yield of potatoes at all combined sites at < 6 soil pH
was lower than all combined sites at ≥ 6 soil pH. This ocuured because an unmarketable tuber was
categorized as a rotten, diseased, insect-attacked, and small-weight tuber. In turn, lower soil pH can
reduce disease incidence [18].

However, the number of tubers per plant values did not differ statistically among the P application
rates. These results are corroborated by the findings of [7,42]. The P application might play an
important role in increasing the number of tubers, which occurs because P plays an essential role in
photosynthesis, cellular energy transfer, and respiration. In turn, P is important for processes related
to carbohydrate structure and storage in tubers [11,14].

The combined sites at < 6 soil pH achieved higher total tuber mean weights compared to the
combined sites at ≥ 6 soil pH. These results are confirmed by [48], who reported that as P application
rates increased, the tuber mean weight increased, and there was a positive impact of P rates on the
tuber mean weight. This was ascribed to P functions in the potato plant. The P plays an indispensable
role as a component in phosphorylated sugars, nucleic acids, nucleotide, and phospholipids; in turn,
it is crucial to tuber carbohydrate formation and structure [8,14,15,48].

The relationship between unmarketable tuber yield and P concentration at all combined sites
at ≥ 6 soil pH was a negative correlation; this means that the petiole P concentration increased,
which led to decreased unmarketable tuber yields. This attributed to increasing the marketable yield
as a result of P application rate; in turn, P petioles concentration increased, and this will be reflected in
the tuber yield. Increasing P will deter insect attacks, diseases, and small tuber sizes by increasing
the starch and carbohydrate conformation in tubers [7,8,14,18,47,49]. The ‘Shepody’ and ‘Superior’
varieties at ≥ 6 soil pH results had their petiole dry weights increased as a response to P concentration
increase. This is because P is the most critical element in the structural component of phospholipids,
phosphoproteins, coenzymes, nucleic acids, and nucleotides. In turn, RNA is essential in crops and
vegetables to make proteins and other compounds fundamental for crop structure, genetic transfer,
and seed yield [8,14,49,50]. The P uptake was strongly correlated with petiole dry weight, R2 = 0.75 and
0.76, for all combined sites at ≥ 6 < soil pH, respectively. This suggests that the impact of P fertilizer
was substantial early in the growing season during the tuber initiation stage. Besides, adequate P
management improves root growth, and in turn, P uptake will be increased [11]. The P applications
may have improved petiole dry weights due to the ability of soil pH at optimal ranges (5–6) to provide
and enhance P uptake, and due to the catalytic role, it is important in enhancing dissolution and P
uptake from the soil. ‘Shepody’ has been more responsive to P applications or the availability in the
soil under field experiments [49]. The P uptake could be linked with preferable root geometry, potatoes’
ability to uptake sufficient P from lower or subsoil concentrations, potatoes’ ability to make soluble
nutrients in the rhizosphere zone, distribution and utilization within crops, transport, and balanced
source–sink relations [8,14]. The sorption and desorption properties of the soil govern the P uptake by
potatoes. For example, acidic soils rich in Al and Fe ions would mainly fix and precipitate P as an
Al-Fe-P component [5,6].

5. Conclusions

The study objectives were to evaluate the effect of P rates on the P adequacy for total potato yield,
specific gravity, and petioles P uptake in acidic soils in Northern Maine, USA.The results of this study
suggest and support new strategies that must theorize different vulnerability of potato varieties to high
soil P levels as well as site-specific properties of P availability, specifically, the soil pH assessment for
better chemical and soil P availability. At medium and high P levels, yield parameters were inefficient
and non-responsive to P application rates. Combined sites with < 6 soil pH had some of the better yield
parameters compared to all combined sites ≥ 6 soil pH with P application rates between (56 kg P ha−1),
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and for all combined sites ≥ 6 soil pH, the best P rates were 0–56 kg ha−1, even though the 56 kg p ha−1

rate was P-efficient and non-responsive. As a starter fertilizer for all combined sites with ≥ 6 soil pH,
farmers might apply P at a rate of 56 kg ha−1 at the beginning of the growing season due to the cold
weather, with the result that p mineralization would be a very slow process and potato roots would
not develop. We recommend that farmers need to test the soil every 2–3 years to determine soil P
availability and soil pH.
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