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Abstract: Phosphorus is widely deficient throughout the southern pine region of the 

United States. Growth responses to P fertilization are generally long-lasting in a wide range 

of soil types, but little is known about fertilization rates and long-term P cycling and 

availability. In 1982, exceptionally high P fertilization rates (0, 81, 162, and 324 kg P ha−1) 

were applied to a loamy Ultisol in central Louisiana, USA. We measured vegetation 

responses at age 27 years and sequentially extracted soil P to 1 m to elucidate potential P 

availability into the next rotation. Loblolly pine responded well to the lowest fertilization 

rate; total biomass was 39% greater in the fertilized plots compared to the unfertilized 

plots, but higher fertilization rates had no effect, presumably due to induced N-limitations. 

What little fertilizer P was found in the soils was in the moderately labile NaOH fraction in 

the surface 20 cm, and may be slowly available to the next pine rotation. Normal rates of P 

fertilizer will maintain elevated available P well into a second rotation in loamy 

Pleisteocene Ultisols of the western Gulf Coastal Plain. Exceptionally high rates were not 

effective at increasing potentially available P beyond normal rates. 
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1. Introduction 

The looming global P shortage [1] places a premium on understanding the most efficient use of P 

fertilizer to maintain productivity without squandering this vital resource for future food and fiber 

needs. Across much of the subtropics, highly weathered soils are P deficient due to inherently low 

mineral P in the parent material, the soil’s advanced stage of weathering, and the tendency of 

orthophosphate to adsorb on hydrous metal oxides or become occluded in the secondary mineral 

structure. Previous research in the Atlantic Coastal Plain of the United States resulted in guidelines to 

help determine P deficiency [2,3], and it has been widely reported that many lower and upper Coastal 

Plain soils are P deficient and respond to P fertilization at establishment [4]. In the western Gulf 

Coastal Plain, soils developed from Pliocene deposits known as the Citronelle and related formations 

are widely known to be deficient [4]. Pleistocene-age terraces may not be as broadly deficient as 

Citronelle terraces but frequently respond to P fertilizer both at establishment and again at midrotation 

if accompanied by N additions [5].  

Almost 6 million ha of southern pine forests have been fertilized with P since 1969 and about 

80,000 ha year−1 are currently fertilized [6]. Intensive harvesting may reduce productivity on 

marginally P-sufficient soils [7,8] and require P fertilization to maintain site productivity. While 

research has shown that P availability is enhanced for decades following fertilization [9], little is 

known about the influence of initial P fertilizer rate on long-term P fate and availability in forest soils. 

Long-term fertilizer fate and growth response are determined not only by the initial inherent 

deficiency and rate applied, but also the availability of native and fertilizer P. Sandy soils in the 

Atlantic coast flatwoods retain relatively little fertilizer P in the surface soil [10,11]. Comparatively, in 

weathered loamy or finer textured soils, sorption on Fe and Al oxides and amorphous Fe and Al limits 

leaching through the profile [10]. Therefore, P fertilization is considered to be a site  

capacity-improving practice in most soils, and growth responses are of the Type II form [12]. Growth 

responses to P fertilization on medium or fine-textured, weathered soils may last over 50 years [9] and 

may be evident in a second rotation following harvest [13,14]. This long-term availability has been 

determined in Atlantic Coastal Plain Ultisols [13,15], New Zealand Ultisols [13], Australian  

Ultisols [9,14,16], Swedish Spodosols [17] and to some degree in Piedmont Ultisols [18] but long-term 

availability of fertilizer P in the highly weathered, Fe and Al-rich upland Alfisols and Ultisols of the 

western Gulf Coastal Plain has not been documented. In addition, little data is available to determine 

how long-term P availability relates to initial fertilizer rate. 

Phosphorus fertilization rates vary little within forested systems and are similar to annual rates 

applied to agricultural systems. Most forestry applications range from 28 to 56 kg ha−1 P, but rates of 

128 to 674 kg P ha−1 have been applied [18–20]. Tiarks [20] estimated that 162 kg P ha−1 would be 

required for optimal loblolly pine (Pinus taeda L.) growth on a western Gulf upland soil based on a P 

isotherm experiment with seedlings. Even higher P fertilization rates are commonly suggested for soil 

restoration projects [21], especially when sites may not be revisited following initial restoration and 

when the soils have high P sorption or precipitation capacities. For example, 1000 kg P ha−1 may be 

needed to overcome the P sorption capacity of coal-combustion waste materials and promote 

vegetation growth [22]. While high P fertilization rates may be necessary to overcome the P sorption 

capacity and increase available P levels to optimal levels, high P fertilization rates are also associated 
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with increased P loss. Accordingly, the objectives of this study were to determine the long-term 

fertilizer P fate applied at exceptionally high rates and to fractionate soil P to elucidate potential P 

availability for the next pine rotation. 

2. Materials and Methods 

2.1. Study Location and Establishment 

The study was conducted on the Longleaf Tract of the Palustris Experimental Forest in central 

Louisiana (31.008 °N, 92.616 °W) [23,24]. Prior to study establishment, vegetation was native grasses 

with scattered small hardwoods. The site was plowed in 1980 and disked three times in 1981 to reduce 

grass competition. The soil is a Beauregard silt loam (fine-silty, siliceous, superactive, thermic 

Plinthaquic Paleudult), which is very common to central Louisiana [25], and formed from loamy 

Pleistocene fluviomarine deposits. The study was double-planted in January–February of 1982 with  

1-0 bare-root loblolly pine from a single half-sib family on a 2 m × 3 m spacing with 15 rows of  

11 planting spots per 0.1-ha (22 m × 45 m) plot. The seedlings were reduced to one live seedling per 

planting spot during the winter of 1982–1983. Nitrogen was applied as urea (46-0-0) to all plots  

(40 kg N ha−1) in April 1982. The study design was a completely randomized, split-plot design with 

three replications. The main plot factor included four P fertilizer rates (0, 81, 162, 324 kg P ha−1) 

applied as triple superphosphate (TSP 0-45-0) in April 1982. Fertilizer rates for this soil were 

determined based on P isotherms [20], which indicated that 162 kg P ha−1 would be required to supply 

the optimal P in soil solution for loblolly pine seedlings. The split-plot treatments consisted of three 

inter-row, direct-seeded biomass production treatments. Briefly, 50 loblolly pine seeds were  

direct-seeded in a grid pattern in the inter-row space between the planted seedlings in two of the three 

split-plots, while the third received no direct seeding. One of the two seeded treatments was harvested 

at age 4 years, while the other was never harvested. Details of these treatments have been described 

previously [24,26]. 

2.2. Vegetation Response to Fertilization 

Total height and diameter at breast height (1.3 m) were measured on all live pine trees at age  

27 years. The split-plot biomass treatments had no effect on main plot productivity and were not 

reported separately in this study. Total aboveground pine biomass (stem and crown) was estimated 

from allometric equations [27]. Understory vegetation taller than 1.37 m was tallied by total height and 

number of stems per rootstock on three 90 m2 plots on each main treatment plot, and biomass was 

estimated from equations [28]. Understory plants shorter than 1.37 m were measured similarly, but on 

three 6 m2 plots per main treatment plot. 

2.3. Soil Sampling and Chemical Analysis 

Organic soil horizons (forest floor) were collected from three 0.0625 m2 quadrats per main 

treatment plot, dried at 70 °C to a constant weight and ground to pass a 1-mm mesh screen. The forest 

floor mass was adjusted for mineral content by dry ashing at 500 °C for 6 h. The dry-ashed samples 

were taken up with HCl [13], and analyzed for P concentration colorimetrically [29]. 
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Soil core samples were taken from the following depths: 0–10, 10–20, 20–30, 30–50, 50–75, and 

75–100 cm, respectively. The samples were taken from two locations within each biomass split-plot 

(six subsamples per depth per main fertilizer treatment plot) using a tractor-mounted, 1.65-cm diameter 

probe. The samples were oven-dried at 105 °C to a constant weight, and weighed for bulk density. 

Loose soil samples were taken with an auger from each of the three biomass split-plots (three 

subsamples per depth per main fertilizer treatment plot) at the same depths as bulk density. These 

samples were ground in a mill to pass a 2-mm sieve for analysis. All collected material was included in 

the sample, i.e., small rocks (iron concretions) and organic material (except roots, which were 

discarded). Because we included all material, rock content (which was nonexistent in the surface  

50 cm and less than 5% up to 100 cm) was not measured separately. For general site characterization 

purposes, one bulked soil sample for the entire site was created for each soil depth by combining 

approximately 10 g from each of the 36 individual loose samples per depth (3 subplots × 4 main  

plots × 3 replicates). Soil texture was determined by the hydrometer method [30]. Total C and N were 

determined by combustion with an Elementar CNS analyzer (Elementar Americas, NJ, USA). Soil pH 

was determined in a 1:1 soil:water paste. 

Soil P fractions and Mehlich I-extractable P [31] were analyzed on all 216 samples (36 samples per 

depth × 6 depths) according to a modified Tiessen and Moir [32] fractionation scheme using 

successive fractionations. Resin-extractable P was not determined because initial tests indicated that 

very little, if any, P could be extracted by this method in these soils, and any P normally found in these 

fractions would be included in the bicarbonate-extractable P fraction. Bicarbonate-extractable P (labile 

P) was extracted with NaHCO3 and fractionated into inorganic (Pi) and organic (Po) fractions by first 

analyzing for orthophosphate and then dry ashing the evaporated extract and digesting with HCl and 

analyzing again for total P [33]. Organic P was considered to be the difference between total and 

inorganic P. Moderately labile P was extracted with NaOH, and also separated into organic and 

orthophosphate fractions. Strongly held, non-labile P was extracted with HCl. On a separate sample, 

total soil P was determined with a hot H2SO4 + H2O2 digestion [32]. Residual P was calculated as the 

difference between total P and the sum of all other extractions. All extracts were analyzed 

colorimetrically by spectrophotometry [29]. 

2.4. Hydrology Estimates 

To assess the potential for P runoff or leaching, we calculated the maximum quantity of water 

available for runoff or percolation by subtracting potential evapotranspiration (PET) [34], from 

precipitation [35]. Monthly temperature and precipitation data were obtained for the period 1982–2010 

from a compilation of weather stations in central Louisiana [36]. No attempt was made to estimate 

actual evapotranspiration, as more detailed data were not available.  

2.5. Statistical Analysis 

Subplot means of tree and understory biomass, soil P fractions, and forest floor samples were 

analyzed as a split-plot design within a completely randomized design with 3 replicates using Proc 

Mixed [37]. Least-squares means were separated using Tukey adjusted pairwise comparisons at  

p > 0.05. 
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3. Results 

3.1. Soil and Stand Characteristics 

The somewhat poorly drained Beauregard soil was characteristic of the low P, Pleistocene-age 

terraces of the western Gulf Coastal Plain. The soil texture was silt loam to loam for entire profile 

sampled (100 cm), although slight clay increases were evident between the A and Bt horizons 

(approximately 20 cm). The soil was moderately to strongly acidic (pH 4.73–5.10), and had low soil C 

and N content to a depth of 1 m (72.9 and 6.45 Mg C and N ha−1, respectively). Soil C and N 

concentrations in the surface 10 cm were also relatively low (16.91 and 0.99 mg kg−1, respectively) 

(Table 1). The site was flat, with less than 1% slope, although the slope had a consistent southern 

aspect toward a small (~1 ha) reservoir. Estimated PET ranged from 97 to 116 cm (averaging 104 cm) 

and annual precipitation averaged 155 cm, ranging from 113 to 195 cm (Figure 1). Potential annual 

water excess was almost always substantially higher than estimated PET; excess water averaged 51 cm 

and totaled 1378 cm. During the first three years, excess water averaged over 70 cm due to higher than 

average rainfall. 

Table 1. General soil characteristics of the study area, a loamy Ultisol in the West Gulf 

Coastal Plain of the United States. Bulk density means and standard deviations are from  

n = 72 samples per depth. 

Depth 
Bulk density 

(Mg m−3) 
Clay Sand 

pH 
C N 

(%) (mg kg−1) 

0–10 1.27 (0.10) 9 33 5.04 16.91 0.99 
10–20 1.46 (0.08) 11 31 5.02 11.53 0.60 
20–30 1.54 (0.09) 17 33 4.75 6.07 0.44 
30–50 1.53 (0.11) 22 25 4.76 3.16 0.45 
50–75 1.61 (0.07) 25 29 4.73 2.34 0.32 
75–100 1.70 (0.08) 21 29 5.10 1.44 0.23 

Figure 1. Potential evapotranspiration (PET), precipitation and excess water  

(PET-precipitation) in central Louisiana, USA from 1982 to 2008. 

Year

1980 1985 1990 1995 2000 2005 2010

W
at

er
 (c

m
)

0

50

100

150

200

250
Potential Evapotranspiration
Excess 
Precipitation

 



Forests 2012, 3                

 

 

1076

3.2. Vegetative Response to Fertilization 

Planted loblolly pine height, dbh, and total aboveground biomass were all greater on the fertilized 

plots (Table 2), but were not different among the fertilizer rates. While pine biomass growth was 

influenced by the initial biomass seeding treatments (Table 2), the interaction between fertilization and 

seeding treatment was not significant. Fertilized pine trees were almost 3 m taller and had 2.7 cm 

greater diameters than unfertilized pine trees (Table 3). Stand density was 12% lower (161 trees ha−1) 

in the 162 kg P ha−1 treatment plots compared to the unfertilized plots, but density was similar among 

all other treatments. Aboveground pine biomass was 39% greater in the fertilized plots compared to 

the unfertilized plots, and mean annual increment (MAI) was 3.3 Mg ha−1 year−1 greater in fertilized 

plots. Non-planted vegetation biomass, mostly consisting of Chinese privet (Ligustrum sinense Lour.), 

wax myrtle (Morella cerifera (L.) Small), yaupon (Ilex vomitoria Aiton) and red maple (Acer rubrum 

L.) averaged about 2.3 Mg ha−1 and was similar among all the fertilizer treatments. More detailed stand 

dynamics were presented for this experiment at age 22 years [26]. 

Table 2. Probabilities of a greater F-value for mean tree stand characteristics of 27-year-old 

loblolly pine stands subjected to four P fertilization rates (F), three direct-seeded interrow 

biomass energy cropping systems (CS), and their interaction (F X CS). 

Effect Df Height Dbh Density Volume Pine biomass 
Other 

vegetation 
biomass 

F 3 0.0016 0.0120 0.1884 0.0080 0.0074 1.76 
CS 2 0.0625 0.7386 0.5707 0.0270 0.0271 0.55 

F X CS 6 0.1245 0.7137 0.6123 0.2603 0.2516 1.69 

Table 3. Mean height, diameter, stand density and aboveground biomass of 27-year-old 

loblolly pine stands subjected to four phosphorus fertilization rates. 

Treatment 
Height 

(m) 
Dbh 
(cm) 

Density 
(Trees ha−1)

Pine biomass 
(Mg ha−1) 

Understory 
biomass (Mg ha−1) 

Forest floor 
biomass (Mg ha−1)

Fertilization       
0 22.0 b 20.5 b 1321 a 230 b 3.1 a 14.4 a 
81 24.3 a 22.7 a 1235 ab 311 a 2.5 a 18.0 a 

162 25.5 a 23.7 a 1160 b 318 a 2.2 a 17.5 a 
324 25.1 a 23.1 a 1259 ab 329 a 1.3 a 18.9 a 

3.3. Phosphorus Availability and Pools 

Mehlich I extractable P was generally low for southern pine stands (less than 3–5 kg P ha−1) in the 

unfertilized plots, even in the surface 10 cm (1.93 kg P ha−1) (Figure 2). Mehlich I extractable P was 

67% greater in the surface 20 cm in the 81 kg P ha−1 fertilized plots as compared to the unfertilized 

plots while the plots fertilized at higher rates (162 and 324 kg P ha−1) had almost 3-fold more in the 

surface 20 cm compared to the unfertilized plots (Figure 2). No differences were found either between 

the two highest fertilization rates or among any rates at depths greater than 20 cm (Figure 2). 
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Figure 2. Mehlich I extractable phosphorus in a loamy Ultisol in the western Gulf Coastal 

Plain of the United States 27 years after high rates of triple superphosphate fertilization. 
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Soil P fractions varied by depth and fertilizer rate (Figure 3). About 77% of the P was held in the 

residual fraction, while about 20% was in the moderately labile fraction (NaOH). Very little P was 

held in the labile inorganic fraction (NaHCO3) (Figure 3A), but the amount extracted was higher in the 

fertilized soils in the surface 0–10 and 10–20 cm depths. In the labile organic NaHCO3 pool, about  

10 kg ha−1 (9.0 in fertilized soils; 6.7 in unfertilized soils) was in the surface 10 cm, and another  

5 kg ha−1 (6.4 in fertilized soils; 4.1 in unfertilized soils) was in the 10–20 cm depth (Figure 3B). 

Unfertilized soils had about 190 kg ha−1 P in the moderately labile (NaOH) pool throughout the full 

100 cm, while fertilized soils had about 250 kg ha−1 in this pool (Figure 3C,D), and contained 

significantly more P in the surface 20 cm than the unfertilized soils. The organic and inorganic 

fractions were approximately evenly divided in this pool (55% was organic). The strongly held  

non-labile fraction (HCl) had virtually no P (Figure 3E), and neither it nor the residual P (Figure 3F) 

had significantly different pools among fertilizer rates. 

Total P measured in the surface 1 m of soil (including the forest floor) ranged from 1122 to  

1236 kg ha−1 (Table 4), and averaged 1180 in the fertilized plots. Total P in the mineral soil to 1 m was 

not significantly different among the fertilized plots despite the four-fold difference in rate. Forest 

floor P was similar among all treatments and averaged 5.8 kg ha−1. The surface mineral soil (upper  

20 cm) contained about 20% of the total mineral soil pool of P in the unfertilized plots, and about 24% 

of the mineral soil P in the fertilized plots. Total P was about 66.6 kg ha−1 greater in the surface 20 cm 

in the 162 and 324 kg ha−1 treatment plots compared to the unfertilized soils, but was not different 

among the fertilized soils. Total subsoil P was similar among all soils, as was total P to 1 m depth. 

Potentially available P, which included all fractions except the HCl and H2SO4 extracts (strongly held, 

non-labile and residual fractions), ranged from about 216 kg ha−1 in the unfertilized plots to an average 

of about 287 kg ha−1 in the fertilized plots to a depth of 1 m, suggesting that about 71 kg ha−1 of 

fertilizer P was found in the potentially available fractions. Similar to total P, potentially available P 
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was statistically different between the unfertilized and fertilized plots only in the surface soil, and no 

differences were found among the fertilized plots. 

Figure 3. Phosphorus fractions in a loamy Ultisol in the western Gulf Coastal Plain of the 

United States 27 years after high rates of triple superphosphate fertilization. * Significant 

difference at p < 0.05 at that soil depth. Pi indicates inorganic form, while Po indicates 

organic form. 
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Table 4. Total and potentially available phosphorus (P) recovered in the forest floor and 

soil to 1 m depth 27 years following fertilization at plantation establishment. Values are 

means for the whole-plot treatments with standard errors in parentheses. Means within a 

row followed by different letters are significantly different at p < 0.05. 

Total P (kg ha−1) Fertilizer rate (kg ha−1) 

Soil Pool 0 81 162 324 
Forest floor 4.4 (0.55) a 5.5 (0.57) a 6.9 (0.58) a 6.5 (0.76) a
Surface soil (0–20 cm) 219.7 (6.0) a 254.8 (6.5) ab 292.0 (34.3) b 312.2 (22.6) b
Subsoil (20–100 cm) 898.4 (26.7) a 874.2 (32.6) a 936.8 (97.4) a 849.7 (38.2) a
Total mineral soil (0–100 cm) 1118.1 (30.6) a 1129.1 (36.2) a 1228.8 (96.8) a 1162.0 (56.6) a

Potentially available P  
(kg ha−1) 1     

Surface soil (0–20 cm) 57.0 (2.56) b 80.7 (4.20) ab 126.1 (18.16) a 118.4 (11.24) a
Subsoil (20–100 cm) 154.6 (7.82) a 186.0 (9.16) a 183.1 (22.0) a 143.0 (12.70) a
Total (forest floor +  
mineral soil) 215.9 (9.05) a 272.2 (12.44) a 316.2 (34.06) a 272.3 (16.51) a

1 Potentially available P included forest floor P, NaHCO3 and NaOH extracts (inorganic and organic) but not 

HCl or H2SO4 fractions. 

4. Discussion 

4.1. Vegetative Response 

While the soil was clearly P-deficient as evidenced by the sustained growth response to P 

fertilization, the trees and understory vegetation did not respond to the higher fertilizer rates as 

expected by Tiarks [20]. The fertilization rates were based on the soil solution P concentration required 

for pine seedlings to attain maximum growth in pots. The lack of a continued response to higher 

fertilization rates was probably due to a lack of other nutrients, especially N. The 3.3 Mg ha−1 increase 

in MAI and 3 m increase in site index (base age 25) is similar to the 3.4 Mg ha−1 and 3 m increases in 

MAI and site index, respectively, reported for loblolly pine on highly deficient soils across the 

southeastern U.S. [38]. While some luxury P may have been taken up in the foliage of the trees 

fertilized with more than 81 kg ha-1, it is not likely that much of the additional P was taken up by the 

vegetation. Unfortunately, the stand was harvested before foliage samples could be obtained to verify 

plant uptake. While the limited application of N (40 kg ha−1) at study establishment did provide some 

N, tree demand did not likely exceed supply for N until closer to mid-rotation, at which point this stand 

was likely N deficient, especially on the P-fertilized plots [39]. 

4.2. Fertilizer P Fate 

In P-deficient forest lands with low soil test P, high P sorption capacities and high plant growth 

potential, the long-term leaching loss of fertilizer P is assumed to be low [40]. While the trees did 

respond to P application and plant uptake would account for some of the fertilizer P, the lack of 

response in the higher P rate treatment plots implies that the P applied in excess of 81 kg ha−1 was not 
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taken up in the vegetation. Therefore, we expected to find much of the fertilizer P in the in the  

NaOH-extractable, moderately labile Pi and Po in the surface and upper subsoil. 

Soil P did not accumulate in deeper horizons. The control plots had the second-highest mean soil P 

at deeper soil layers and the highest (324 kg ha−1) fertilizer rate plots had the lowest P content in the 

20–100 cm depth. Data from the P fractionation studies similarly indicate that P was not elevated in 

the weakly held, moderately labile fraction at deeper depths whereas this fraction constituted the bulk 

of the fertilizer P pool in the surface soil (Figure 2). Other studies with high rates of P loading have 

also found no increases in P below the surface depth [41,42], while Shoulders and Tiarks [43] did find 

elevated available P between 18 and 36 cm in a very similar soil 8 years after fertilization with  

95 kg P ha−1. 

While we cannot provide quantitative estimates of P uptake, our data suggests that P loss in the high 

rate plots may have been substantial. The P may have leached via preferential flow through voids or 

root pathways, as found in a clayey soil [44], but the site had few woody perennials prior to study 

establishment, limiting the number of root channels available for preferential flow. Conversely, P may 

have been lost due to lateral flow, either as surface runoff or along the boundary between the surface 

and subsoil horizons. Soluble fertilizer P is susceptible to runoff or lateral flow due to rainfall [45–47], 

especially directly after fertilizer application. The abundance of excess water in this study, especially 

during the first few years after planting (Figure 1), provides evidence that the water flow necessary for 

surface or subsurface runoff was adequate. Therefore, long-term surface and subsurface runoff of the P 

fertilizer was potentially one mechanism for P loss. 

The fertilizer may have been lost very early in the study due to “incidental” [48,49] or  

“event-specific” [50] losses, which are generally overlooked due to the relative importance of soil P 

status and long-term fertilization of agricultural and pastoral lands toward determining soil P loss [51]. 

One nearby (20 km) weather station in Oakdale, Louisiana, reported over 250 mm of precipitation in 

April 1982, including one storm of over 120 mm of rain [36]. Given that the fertilizer was applied in 

April 1982 and that the surface soil permeability is only 1.5 to 5 cm h−1 [25], a storm of this magnitude 

may have caused much of the P loss. When event-specific losses occur, they can account for  

50%–98% of the total P lost in surface and subsurface runoff [49], and under high rates of 

superphosphate application, reduced contact of the fertilizer with the mineral soil creates a situation 

whereby high intensity rainfall can easily transport the fertilizer P [49,52]. Situations like this 

essentially render the high soil P sorption capacity ineffective.  

4.3. P Availability 

Most of the fertilizer retained was contained in the weakly held, moderately labile pool, which 

roughly corresponds to the P chemisorbed onto the amorphous Fe and Al sesquioxides. While this 

fraction may not be labile over the span of a single growing season, it does interact with the soil 

solution. The organic fraction can be accessed through the release of phosphatase enzymes [53] that 

aid in mineralization or by mycorrhizal uptake through organic root exudates [54], therefore rendering 

this pool accessible in the long term [54]. Only Po was found in any substantial quantity in the labile 

fraction, further indicating that mineralization and direct access of the organic P is of prime importance 

for both short-term and long-term availability. Primary mineral (Ca-based) P, extracted with HCl, and 
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residual P, which is incorporated into other mineral structures, were not changed by fertilization. 

Therefore, fertilizer P, as expected by the early isotherm experiments [20], was quickly (<25 years) 

processed through either the mineral or organic pathways and sorbed onto the abundant sesquioxides 

or converted to slowly mineralizable organic forms but hasn’t yet become occluded or otherwise 

unavailable. This finding is similar to that found in many other long-term studies of P fractions in 

managed soils [54]. 

As previously suggested [15], additional P fertilization may be needed early in the next pine 

rotation for optimal short-term P availability. Phosphorus fertilization rates higher than 81 kg P ha−1 

were less efficient, probably due to event-specific losses and long-term surface and subsurface lateral 

flow. However, the higher rates did result in Mehlich I extractable P greater than that normally 

considered deficient [3]. 

5. Conclusions 

The implications of this study are three-fold. First, vegetation responded well to the lowest P 

fertilization rate in the absence of additional N fertilization, but did not respond to rates higher than  

81 kg ha−1 in the absence of N fertilization beyond that applied at establishment. Secondly, the 

majority of the fertilizer P found in the soil was contained in the moderately labile fraction, and may be 

slowly available to the next pine rotation. The organic P contained in the forest floor and decomposing 

roots will likely become labile as well [55]. Finally, although this soil had a very high P sorption 

capacity and low runoff potential, surface application of high rates of a relatively soluble P fertilizer 

was not an effective method for ensuring lasting P sufficiency beyond that of normal rates. 

Therefore, high fertilization rates of soluble P fertilizer, intended to overcome the high P sorption 

capacity for optimal P uptake, are unwarranted given that they may not be more effective than lower 

rates (at least without concomitant N fertilizer applications) and they may contribute to eutrophication 

of water bodies and to the looming P crisis if P not retained in the soil [56]. Possible mitigations for 

ecosystem restoration activities that require high P fertilizer rates to achieve vegetative restoration 

goals include incorporation into the mineral soil, soil covering (mulch, cover crop, or natural 

vegetation) to reduce overland flow, application of a less soluble fertilizer, such as ground rock 

phosphate [57], or timing the fertilizer application better with respect to competition control [58]. 
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