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Abstract: Following fertilization of forest plantations, high accumulations of nutrients in 

the forest floor creates the need to assess rates of forest floor decomposition and nutrient 

release. The study site was a 25-year old experimental loblolly pine plantation in the North 

Carolina Sandhills Region. Soluble and insoluble N, P, carbohydrate and phenol-tannin 

fractions were determined in foliage and litter by extraction with trichloroacetic acid. The 

long-term forest floor decomposition rate and decomposition and nutrient release in an 

experiment simulating removal of the overstory canopy were also determined. In litter, 

insoluble protein-N comprised 80%~90% of total-N concentration while soluble 

inorganic- and organic-P comprised 50%~ 75% of total-P concentration explaining forest 

floor N accumulations. Fertilization did not increase soluble carbohydrates in litter and 

forest floor decomposition rates. Loblolly pine forest floor decomposing in environmental 

conditions simulating removal of the overstory canopy was greatly accelerated and 

indicated 75% mass loss and release of 80% of the N pool within one year. This could 

result in a loss of substantial quantities ofN at harvest due to low N uptake by seedlings in 

the newly planted next rotation suggesting management of the forest floor at harvest is 

essential to conserve site N capital in these N limited systems. 
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1. Introduction 
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Growth of forest plantations in the southeastern U.S. is often limited by the availability of nitrogen 

(N) and phosphorus (P) [1,2]. Fertilization with N and P has been found to increase the growth of 

loblolly pine (Pinus taeda L.) growing on sandy soils common to the region [3]. On sandy soils, 

fertilization can result in greater accumulations ofN in the forest floor relative to the mineral soil [4]. 

In a previous study at the site investigated in this study, the forest floor accumulated N following 

fertilization while there was little change in mineral soil N [5]. In contrast, P tended to accumulate in 

both the forest floor and the mineral soil [5]. 

Nitrogen has been found to be immobilized during decomposition of the loblolly pine Oi horizon 

and released in only modest amounts from the Oe horizon [6]. Other studies that examined loblolly 

pine Oi horizon decomposition and nutrient release have also found immobilization of N during 

decomposition in closed canopy stands [7,8]. In contrast toN, P was released from decomposing forest 

floor horizons likely increasing the supply of P to trees [6]. The increase in litter P following 

fertilization was in soluble fractions [9] which readily leached from the forest floor [10]. These studies 

suggest that N is slowly released from the forest floor through biotic decomposition processes while P 

release proceeds at a faster rate due to leaching. 

In a loblolly pine litter decomposition study, while fertilization increased concentrations of N, P, 

potassium (K), calcium (Ca), and magnesium (Mg), this increase in endogenous nutrient availability 

did not increase the decomposition rate [8]. Higher endogenous N availability was also found to not 

increase the decomposition rate of lodgepole pine (Pinus contorta var. latifolia Engelm.) litter [11]. 

Decomposition has been suggested in a number of studies [12-15] to be increased by higher 

availability of soluble carbon (C) sources rather than by higher nutrient availability. Specifically, the 

growth of fungal hyphae on litter was suggested to be dependent on the availability of soluble 

carbohydrates [12]. Additions of soluble C have been suggested to produce a positive priming effect 

on decomposition [13-15] where a fraction of this C is used to produce additional enzymes, 

stimulating decomposition [13]. Soluble C was not higher in fertilized foliage and litter in a number of 

studies [9,16,17] suggesting fertilization may not increase forest floor decomposition rates by 

this mechanism. 

We sought to investigate fertilization effects on litter C, N, and P fractions with the potential to alter 

loblolly pine litter decomposition and N and P cycling. Our hypotheses were: (1) Fertilization 

increases litter N in the insoluble fraction and litter P in the soluble fraction; and (2) Fertilization does 

not increase the rate of forest floor decomposition since soluble C is not increased. Hypotheses were 

tested with a soluble and insoluble fractionation of foliage and litter C, N, and P and by measuring 

forest floor decomposition rates. Nutrient release from the forest floor decomposing in a simulated 

disturbance environment was also determined in order to quantify potential nutrient release following a 

disturbance such as thinning or harvesting. 
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2. Experimental Section 

2.1. Site Description 

The Southeast Tree Research and Education Site (SETRES) was established in 1985 in order to 

investigate the effects of irrigation and fertilization on loblolly pine growing on an infertile sandy soil. 

The site was located in the Sandhills Region in Scotland Co., NC, 17 km north of Laurinburg, NC 

(34°54DN, 79°28DW). Mean annual precipitation was 120 em and the mean minimum and maximum 

temperatures were 10.4 °C in January and 23.6 °C in July, respectively. Prior to planting of loblolly 

pine in 1985, the site was a native longleaf pine (Pinus palustris Mill.) forest. The stand was 25-years 

old when sampling began for this study. The soil was mapped as the Wakulla series; a siliceous, 

thermic Psammentic Hap ludult. 

The experimental design at SETRES was a 2 x 2 factorial randomized complete block with 4 blocks 

(n ~ 4, N ~ 16) with fertilization and irrigation treatments. In 1992, 50 x 50 m treatment plots 

containing interior 30 x 30 m measurement plots were established. Prior to initial treatment 

application, plots were thinned and competing vegetation was controlled. Treatments included 

fertilization, no addition and optimal foliar nutrition based on target foliar nutrient concentrations 

(1.3% N, 0.10% P, 0.35% K, 0.12% Ca, 0.06% Mg, >12 ppm B) [18], and irrigation, no addition and 

addition of2.5 em water week-1 March to November resulting in an approximate annual application of 

90 em. Fertilization began in March 1992 and irrigation began in April 1993 and continues to the 

present. Fertilization was conducted each spring with a broadcast surface application of various 

fertilizer sources including granular urea, boron-coated urea, ammonium sulfate, diammonium 

phosphate, triple super phosphate, potassium chloride, dolomitic lime, Epsom salts, calcium sulfate, 

and borax [19]. Total N and P applications from 1992 to 2010 were 1490 kg·ha-1 and 168 kg·ha-1
, 

respectively. Nutrient additions significantly increased tree growth [3,18] with volume increased by 

100% after 13 years of fertilization [ 19]. 

2.2. Sampling 

2.2.1. Foliage and Litter Solubility Indices 

Foliage samples were collected in mid-August 2010 from the upper 1/3 of the canopy at 3 randomly 

selected trees within each plot. Samples were collected from the first flush of the previous year's 

growth. Litter was collected on 24 October, 2010. Litter samples were obtained by collecting 

subsamples from existing litterfall traps (8 m2·ploC1
) that are part of ongoing studies at the site. Litter 

collection was timed to obtain a sample no more than one week after the litter had fallen in order to 

minimize possible leaching of soluble fractions. Foliage and litter samples were oven-dried at 60 °C 

for approximately 1 week and ground using a Thomas-Wiley Model 4 mill (Thomas Scientific, 

Swedesboro, NJ, USA). 

2.2.2. Long-Term Forest Floor Decomposition 

At SETRES, litterfall has been collected since 1992 as part of on-going studies at the site. Total 

litterfall mass from 1992 to 2007 was provided [20]. Forest floor mass in 2008 was taken from a 
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previous study at SETRES [5]. The difference between total litterfall since study initiation and the 

mass of the forest floor in 2008 was used to estimate the long-term forest floor decomposition rate. 

2.2.3. Simulated Disturbance Forest Floor Decomposition 

A litterbag decomposition experiment designed to replicate environmental conditions likely to 

occur following thinning or harvesting was also conducted. Litterbags (20 x 30 em) were constructed 

of white nylon mesh with a 2 mm opening. Loblolly pine forest floor Oi and Oe horizons were 

collected in each plot in early May 2009. Beginning in late May 2009, litterbags containing 

approximately I 00 g of air-dried forest floor material were placed on the mineral soil surface in an 

open area with no overstory canopy adjacent to the experimental plots replicating the layout of the 

plots. Samples were not bulked by treatment. Litterbags were anchored with pin flags. Four replicates 

were prepared for each of the 16 plots resulting in 64 totallitterbags. One litterbag representing each of 

the 16 plots was collected and destructively sampled every 3 months for one year. The finallitterbags 

were sampled in May 2010. Remaining mass and C, N, P, K and Ca concentrations were determined at 

each sampling interval. Samples were oven-dried at 60 °C for 5 days prior to mass determination and 

then ground using a Thomas-Wiley Model 4 mill (Thomas Scientific, Swedesboro, NJ, USA) prior to 

chemical analysis. 

2.3. Chemical Analysis 

2.3.1. Foliage and Litter Solubility Indices 

Fractionation of soluble and insoluble N, P, and C fractions in foliage and litter was 

conducted [9,21]. In brief, total-N concentration in the litter was determined by dry-combustion with a 

Vario MAX CN analyzer (Elementar, Hanau, Germany). Total-P in the litter was determined by 

dry-ashing at 500 °C followed by dissolution with 6 N HCI. Phosphorus in solution was analyzed with 

inductively-coupled plasma atomic emission spectrophotometry (ICP-AES) on a Varian Vista MPX 

(Varian, Palo Alto, CA, USA). A sequential cold 0.30 M trichloroacetic acid (TCA) and hot 0.15 M 

TCA extraction was performed on duplicate 0.30 g samples to extract soluble N, P, carbohydrates, and 

phenols. The insoluble, residual concentration was calculated as the total concentration minus the total 

soluble fraction concentration. Throughout this paper, insoluble and residual were used 

interchangeably. To fractionate soluble inorganic- and organic-N and -P, soluble total-P and -N in the 

extracts were determined by H2S04/H20 2 digestion and analysis with ICP-AES and the indophenol 

blue method [22], respectively. Inorganic-N and -P in the extracts were determined with the 

indophenol blue method and the procedure of Murphy and Riley [23], respectively. Similar to the 

results ofPolglase et al. [9], initial analysis revealed inorganic-N to be an insignificant component and 

was dropped from further analysis. The soluble organic-P fraction was calculated as the total soluble-P 

fraction minus the soluble inorganic-P fraction. Carbohydrates were determined by the procedure of 

Dubois et al. [24] and were expressed as glucose equivalents. Carbohydrates were reported as soluble 

sugar, soluble starch, and the sum of these two fractions, total soluble carbohydrate. Phenols were 

determined by the Pruss ian blue method [25] and were expressed as tannic acid equivalents. Phenols 

were reported as soluble phenol, soluble tannin, and the sum of these two fractions, total soluble 
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phenol +tannin. Nitrogen, P, carbohydrates, and phenols determined with colorimetric methods were 

analyzed with a Spectronic 20D+ spectrophotometer (Milton Roy, Ivyland, P A, USA). Organic-P 

soluble in cold TCA is phytate- and other ester-P while organic-P soluble in hot TCA is phytate- and 

nucleic acid-P [26]. Organic-N soluble in cold TCA is amino acid-N while organic-N soluble in hot 

TCA is nucleic acid-N [26]. Residual N is protein-N [26]. Carbohydrates and phenols soluble in cold 

TCA represent soluble components while in hot TCA, soluble carbohydrates represent starches and 

soluble phenols represent tannins [26]. 

2.3.2. Simulated Disturbance Forest Floor Decomposition 

Total-C and -N were determined by dry combustion with a Vario MAX CNS analyzer (Elementar, 

Hanau, Germany). Total-P, K, and Ca were determined by dry-ashing at 500 °C and dissolution in 6 N 

HCI. Total-P, K, and Ca in solution were analyzed with inductively-coupled plasma atomic emission 

spectrophotometry (ICP-AES) on a Varian Vista MPX (Varian, Palo Alto, CA, USA). 

2.4. StatisticalAnalysis 

2.4.1. Foliage and Litter Solubility Indices 

Treatment effects on N, P, and C fractions were assessed with a general linear model (PROC GLM, 

SAS Institute Inc., Cary, NC, USA). The following model structure was used: 

Yijk = ll + U; + ~j + yk + (~y)jk + bijk 

where: Yijk is the dependent variable associated with ith block (a), with the jth irrigation level (~), and 

the kth fertilizer (y) level, (~y)jk is the interaction effect between the jth irrigation and kth fertilizer 

levels, and Eijk is the error associated with this observation. 

2.4.2. Long-Term Forest Floor Decomposition 

In order to provide a comparison of the forest floor decomposition rate under the overstory canopy 

and following overstory canopy removal, the long-term decay rate constant (k·year-1
) [27] and mean 

residence time for 99% mass loss (MRT99), defmed as 5/k, for the forest floor at SETRES were 

calculated using totallitterfall mass from long-term measurements (1992 to 2007) and total forest floor 

mass in 2008 determined in a previous study [5]. Fertilization and irrigation effects on k and MRT99 

were assessed with a general linear model (PROC GLM, SAS Institute Inc., Cary, NC, USA). The 

model was similar to that shown above. 

2.4.3. Simulated Disturbance Forest Floor Decomposition 

The proportion of nutrients released was calculated following the method of Schlesinger and 

Rasey [28]. Nutrient content released was estimated by multiplying the proportion released from each 

litterbag with mass of the Oi + Oe horizons for each block/treatment combination. Treatment effects 

on proportion of mass remaining and nutrient proportion and content released were assessed with 

repeated measures ANOV A [29] using the PROC MIXED procedure (SAS Institute Inc., Cary, NC, 

USA). The following model structure was used: 
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where: Yijkl is the dependent variable (proportion of mass remaining, the decay rate (k), and nutrient 

proportion and content released) observed in the ith block (a), at time T,, for the jth irrigation level(~). 

and the kth fertilizer (y) level, and Eijkl is the error associated with this observation. Interactions 

between treatments and time and the treatments were included in the model. A first order 

auto-regressive structure was used to take into account the repeated measures from the same 

block-treatment combination. Block was considered a random effect in the model, while time was a 

continuous variable. 

Litterbag proportion of mass remaining was fit to an exponential regression model to derive the 

decay constant (k) using the PROC NLINMIX procedure (SAS Institute Inc., Cary, NC, USA) in order 

to account for repeated measures using a first order auto-regressive structure. The following model 

structure was used: 

-kT + Yij = exp Eij 

where yij ~ proportion of litter remaining in sample from plot i at time j, T (in years) is the time since 

incubation started, k is the rate of decomposition (year -l ), and sij is the error associated with the regression. 

3. Results and Discussion 

3.1. Results 

3.1.1. Foliage and Litter Solubility Indices 

3.1.1.1. Nitrogen 

Fertilization increased all N fractions and irrigation decreased nucleic-N in foliage (Table 1). In 

litter, residual protein-N and total-N were higher in fertilized treatments suggesting amino- and 

nucleic-N were largely re-translocated prior to senescence (Table 1 ). 

Table 1. Mean loblolly pine foliage and litter nitrogen fraction concentrations in control 

(Ct), irrigation (I), fertilization (F), and fertilization x irrigation (F x I) treatments. 

Coefficients of variation are shown in parentheses. Soluble amino-N is cold 0.30 M 

trichloroacetic acid (TCA) extractable and soluble nucleic-N is hot 0.15 M TCA 

extractable. Residual N is insoluble, protein-N and was calculated as the difference 

between total soluble-Nand total-N. Statistically significant p-values are shown in bold for 

the effects of fertilization (F), irrigation (I), and their interaction (F x I). 

Ct I F FI F I Fxi 

Soluble Amino-N g·kg-1 e-value 
Foliage 0.351 (6.5) 0.309 (18.6) 0.468 (25.5) 0.464 (15.6) 0.0085 0.5896 0.6524 

Litter 0.267 (24.2) 0.275 (27.5) 0.279 (7.7) 0.279 (19.3) 0.7759 0.8866 0.8866 

Soluble Nucleic-N g·kg 1 

Foliage 1.01 (8.0) 0.910 (9.8) 1.22 (13.5) 1.13 (12.0) <0.0001 0.0122 0.7828 

Litter 1 0.317 (24.7) 0.286 (19.8) 0.377 (23.7) 0.308 (17.4) 0.2231 0.1476 0.5507 
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Table 1. Cont. 

Ct I F FI F I Fxi 

Residual N g· kg 1 

Foliage 7.67 (6.8) 7.62 (3.6) 10.34 (7.4) 10.87 (4.4) <0.0001 0.3853 0.3078 
Litter 2.55 (9.5) 2.74 (6.1) 3.99 (4.9) 3.46 (15.1) 0.0001 0.3407 0.0605 

Total-N g·kg 1 

Foliage 9.03 (5.8) 8.84 (4.0) 12.03 (12.5) 12.37 (3.8) <0.0001 0.6779 0.3138 
Litter 3.13 (5.0) 3.30 (7.9) 4.64 (6.5) 4.04 (12.7) 0.0002 0.2934 0.0741 

t Indicates statistical analysis performed on log transformed data. 

The residual, protein-N fraction contributed 80%-90% of total-N concentration for both unfertilized 

and fertilized loblolly pine foliage and litter. Foliar total-N concentration was >12.0 g·kg-1 in fertilized 

treatments and approximately 9.0 g·kg-1 in unfertilized treatments. Litter total-N concentration 

was approximately 50% of foliar total-N concentration in unfertilized treatments. In fertilized 

treatments, litter total-N concentration was approximately 30% of foliar total-N concentration 

suggesting greater translocation. 

3.1.1.2. Phosphorus 

Fertilization increased foliar inorganic-P, organic-P, and total-P (Table 2). In litter, fertilization 

increased the soluble inorganic- and organic-P fractions (Table 2). Residual- and total-P were also 

higher in fertilized treatments (Table 2). 

Table 2. Mean loblolly pine foliage and litter phosphorus fraction concentrations in control 

(Ct), irrigation (I), fertilization (F), and fertilization x irrigation (F x I) treatments. 

Coefficients of variation are shown in parentheses. Cold and hot TCA soluble inorganic-P 

and organic-P fractions were pooled. Residual-P was calculated as the difference between 

total TCA soluble-P and total-P. Statistically significant p-values are shown in bold for the 

effects of fertilization (F), irrigation (I), and their interaction (F x I). 

Ct I F FI F I 

Total Soluble Inorganic-P rng· kg 1 p-value 

Fxi 

Foliage 257.2 (8.6) 245.1 (5.7) 300.5 (9.9) 313.6 (6.4) 0.0012 0.9692 0.3200 
Litter 66.90 (8.0) 71.35 (2.3) 84.08 (6.3) 91.50 (8.9) <0.0001 0.0139 0.4650 

Total Soluble Organic-P rng·kg 1 

Foliage 130.2 (21.1) 115.7 (29.1) 386.3 (39.6) 284.3 (15.2) 0.0006 0.1921 0.3170 

Litter 47.55 (28.4) 28.65 (61.4) 73.70 (29.3) 71.90 (45.2) 0.0068 0.3247 0.4118 

Residual-P rn · 

Foliage 368.6 (13.6) 324.9 (21.6) 269.9 (65.6) 409.5 (7.8) 0.8969 0.3869 0.1161 

Litter 51.15 (33.5) 60.63 (30.7) 98.93 (13.0) 75.50 (8.7) 0.0009 0.3065 0.0309 
Total-P rng·kg-1 

Foliage 755.9 (4.0) 685.6 (9.4) 956.7 (7.9) 1007.3 (5.4) <0.0001 0.7272 0.0542 
Litter 165.6 (6.4) 160.6 (8.5) 256.7 (5.2) 238.9 (12.5) <0.0001 0.2542 0.5129 
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Foliar total-P was approximately 700 mg·kg-1 and 975 mg·kg-1 for unfertilized and fertilized 

treatments, respectively. In contrast toN where insoluble, residual-N comprised 80%-90% oftotal-N 

concentration in foliage and litter (Table 1), soluble inorganic- and organic-P comprised 50%-75% 

of total-P concentration (Table 2). Litter total-P concentration was approximately 25% of foliar 

total-P concentration. 

3.1.1.3. Soluble Carbohydrate 

Foliar soluble carbohydrate fractions did not differ among treatments (Table 3). In litter, soluble 

sugar and total soluble carbohydrate were highest in the FI treatment and lowest in the F treatment 

(Table 3). Litter total soluble carbohydrate concentration was approximately 65% of foliar total soluble 

carbohydrate concentration. 

Table 3. Mean loblolly pine soluble carbohydrate fraction concentrations in control (Ct), 

irrigation (I), fertilization (F), and fertilization x irrigation (F x I) treatments. Coefficients 

of variation are shown in parentheses. Soluble sugar is cold 0.30 M TCA extractable and 

soluble starch is hot 0.15 M TCA extractable. Statistically significant p-values are shown 

in bold for the effects of fertilization (F), irrigation (I), and their interaction (F x I). 

Ct I F FI F I Fxi 

Soluble Sugar g·kg-1 p-value 
Foliage 58.65 (13.0) 61.30 (5.9) 67.55 (7.3) 65.60 (12.9) 0.0972 0.9240 0.5350 

Litter 34.58 (5.2) 36.20 (6.0) 33.75 (7.2) 40.73 (12.1) 0.1787 0.0080 0.0642 

Soluble Starch g·kg-1 

Foliage 52.88 (5.2) 55.68 (5.4) 55.35 (19.4) 50.98 (3.9) 0.7002 0.7848 0.2319 

Litter 41.00 (8.2) 40.03 (5.8) 37.38 (8.5) 39.93 (1.5) 0.2398 0.6075 0.2641 

Total Soluble Carbohydrates g·kg 1 

Foliage 111.45 (8.6) 116.98 (2.8) 122.90 (10.4) 116.53 (8.5) 0.3365 0.9392 0.3006 
Litter 75.60 (5.8) 76.20 (5.1) 71.10 (3.8) 80.68 (5.8) 0.9950 0.0279 0.0463 

3.1.1.4. Soluble Phenol and Tannin 

Results indicated a trend for fertilization to decrease soluble phenol and tannin fractions in foliage 

and litter (Table 4). Foliar soluble tannin and total soluble phenol +tannin were higher in unfertilized 

treatments (Table 4). Litter soluble phenol, soluble tannin, and total soluble phenol + tannin 

concentration were also higher in unfertilized treatments (Table 4). Litter total soluble phenol 

concentration was 61% to 77% of foliar total soluble phenol concentration. 
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Table 4. Mean loblolly pine soluble phenol and tannin fraction concentrations in control 

(Ct), irrigation (I), fertilization (F), and fertilization x irrigation (F x I) treatments. 

Coefficients of variation are shown in parentheses. Soluble phenol is cold 0.30 M TCA 

extractable and soluble tannin is hot 0.15 M TCA extractable. Statistically significant 

p-values are shown in bold for the effects of fertilization (F), irrigation (I), and their 

interaction (F x I). t Indicates statistical analysis performed on log transformed data. 

Ct I F FI F I Fxi 

Soluble Phenol g· kg 1 p-value 
Foliage 8.75 (16.6) 9.20 (14.4) 7.95 (14.9) 7.68 (8.7) 0.0555 0.8723 0.5104 
Litter 1 7.25 (9.9) 7.23 (13.6) 5.15 (16.9) 6.90 (11.7) 0.0138 0.0501 0.0429 

Soluble Tannin g·kg 1 

Foliage 16.25 (6.8) 17.15 (9.8) 12.68 (6.8) 13.15 (4.0) 0.0001 0.2634 0.7208 
Litter 10.03 (12.6) 9.83 (13.6) 6.80 (9.4) 8.30 (16.1) 0.0025 0.2869 0.1729 

Total Soluble Phenol+ Tannin g·kg 1 

Foliage 25.00 (9.7) 26.35 (10.4) 20.63 (8.6) 20.80 (1.9) 0.0004 0.4291 0.5394 
Litter 17.30 (10.7) 17.05 (13.5) 11.90 (10.7) 15.18 (13.3) 0.0042 0.1476 0.0980 

3.1.2. Long-Term Forest Floor Decomposition 

The decay rate constant determined for the forest floor decomposing under the overstory canopy, 

using long-term litterfall measurements from 1992 to 2007 and forest floor mass in 2008 determined in 

a previous study [5], was not affected by fertilization (p ~ 0.3511) or irrigation (p ~ 0.3578). The decay 

rate constant (k) was 0.021 year-1 ± 0.0083 (site mean) indicating a MRT99 of 238 months. 

Mean total litterfall mass from long-term litterfall measurements of the unfertilized (Ct and I) and 

fertilized (F and FI) treatments was 40 ± 4.6 Mg·ha-1 and 73 ± 8.8 Mg·ha-1
, respectively. Mean forest 

floor mass in 2008 of the unfertilized and fertilized treatments was 25 ± 5.0 Mg·ha-1 and 

42 ± 9.1 Mg·ha-1
, respectively. 

3.1.3. Simulated Disturbance Forest Floor Decomposition 

The proportion of mass remaining varied only with time and was not affected by any treatment or 

interaction (Table 5). Since no treatment effects were found, all data were fit to one exponential decay 

model (Figure 1 ). Litter bags lost approximately 50% mass within 6 months and after 1 year of 

decomposition, approximately 25% of the initial mass was remaining (Figure 1 ). The decay rate 

constant for the experiment was k·year-1 ~ 1.371 (R 2 ~ 0.89). The 95% confidence interval fork ranged 

from 1.306 to 1.436. This decay rate constant indicated an MRT99 of 3.6 years or 43 months. 

Comparison of the long-term forest floor decomposition rate (238 months) with the rate in a 

simulated disturbance environment ( 43 months) indicated removal of the overstory canopy greatly 

accelerated decomposition. 
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Table 5. F-Statistic and p-value for treatment and interaction effects on the proportion of 

mass remaining for the simulated disturbance forest floor decomposition experiment. 

Statistically significant p-values are shown in bold for the effects of fertilization (F), 

irrigation (I), time (T m), and their interactions. 

Effect 
Proportion Mass Remaining 

F-Statistic p-Value 

F 0.73 0.3973 
I 0.12 0.7356 

Tm 637.43 <0.0001 

Tm x F 0.01 0.9348 
Tm X I 0.22 0.6451 
Tm X I 0.85 0.3616 

Tm X F X I 0.01 0.9058 

Figure 1. The proportion of initial mass remaining as a function of time in years for the 

simulated forest floor decomposition experiment. Data were pooled by treatment due to no 

difference in decomposition among treatments. Also shown is the exponential decay 

regression line. 
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Carbon concentration of the forest floor litterbags decreased over time from approximately 

525 g·kg-1 at 3 months to 500 kg·kg- 1 at 12 months (Figure 2A). Litterbag N concentration was higher 

in F and FI treatments and did not vary with time during decomposition (Figure 2B). The CN ratio 

fluctuated over time (Figure 2C) generally indicating no large difference among 3 and 12 months w ith 

the exception of the Ct and I treatments where the CN ratio appeared to have decreased. 
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Figure 2. Mean litterbag C concentration (A), N concentration (B), and CN ratio (C) for 

forest floor Oi and Oe horizon material from May 2009 to May 2010 for the simulated 

forest floor decomposition experiment. Error bars represent 1 standard deviation. Main and 

interaction effects were significant at p < 0.05 (*), 0.001 (**), and 0.0001 (***). Effects: 

fertilization (F), irrigation (1), and time (T m). 

600 +Ct Tm • Al 
•I 

570 -tr F 
-a- Fl 

':" 540 01 
~ 

~ 510 u 

480 

450 

12.0 
F ... 8 

10.0 
':" 

01 
~ 

~ 8.0 

z 
6.0 

4.0 

120 F *** c 
T • m 

100 
0 
c; 
a::: 
z 80 
u 

60 

40 

3 6 9 12 
Time (months) 

605 

The proportion of C, N, P, and Ca released did not differ among treatments with the exception of an 

irrigation effect in the proportion of K released in month 3 (Figure 3). Since the decomposition rate 

and proportion of nutrients released were not affected by fertilization, fertilization effects on nutrient 

contents released occurred simply as a function of higher nutrient concentrations in the forest floor of 

fertilized treatments. At the end of the 1 year decomposition period, C content released as the mean of 

unfertilized and fertilized treatments was 7.1 and 13.0 Mg·ha-1
, respectively (Figure 3). Nitrogen 

content released from unfertilized and fertilized treatments was 92 and 255 kg·ha-1
, respectively 

(Figure 3). Phosphorus content released from unfertilized and fertilized treatments was 4.5 and 

13.0 kg·ha- 1
, respectively (Figure 3). Potassium content released from unfertilized and fertilized 

treatments was 3.7 and 7.7 kg·ha - 1
, respectively (Figure 3). Calcium content released from unfertilized 

and fertilized treatments was 41.9 and 62.9 kg·ha- 1
, respectively (Figure 3). The proportion of C, N, 

and Ca released (Figure 3) appeared to mirror mass loss (Figure 1) while the proportion of P and K 

released (Figure 3) proceeded faster than mass loss implying some leaching of P and K. For example, 
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after 0.25 years of incubation, the litterbags lost approximately 20%-30% mass (Figure 1). The 

proportion ofC, N, and Ca released was within this range while the proportion ofP and K released was 

higher, ranging from 30%-60% (Figure 3). 

Figure 3. Mean litterbag C, N, P, K, and Ca proportion (left pane ls) and content 

(right panels) released from forest floor Oi and Oe horizon material from May 2009 to May 

2010 for the simulated forest floor decomposition experiment. Error bars represent 1 

standard deviation. Main and interaction effects were significant at p < 0.05 ( *), 0.001 (**), 

and 0.0001 (* * *). Effects: fertilization (F), irrigation (1), and time (Tm). 
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3.2. Discussion 

Results supported our hypothesis that fertilization increases litter N in the insoluble fraction and 

litter P in the soluble fraction and were consistent with results of a previous study [9]. It is important to 

note that insoluble-Nand soluble-P comprised the majority oftotal-N and -P in unfertilized treatments 

as well. This suggests that fertilization only serves to magnify the residual-N and soluble-P trends that 

would otherwise be present without fertilization. Results were also consistent with those of a previous 

study [9] where residual-N comprised the majority of litter total-N in a study where litter N was not 

elevated by fertilization. 

At SETRES, P fertilizer was last applied in 2002, 8 years prior to sampling in this study. 

Fertilization was found to double mineral soil Mehlich 3 extractable-P content [5]. Results suggest that 

this mineral soil pool supplied higher P to the trees as evidenced by sustained elevated P 

concentrations in foliage. The allocation of at least 50% of litter P in soluble fractions suggests that P 

will be readily released from the litter into the mineral soil. The high proportion (80%-90%) of litter N 

in the residual fraction suggests the opposite for N. A sustained growth response to P fertilization has 

been observed in numerous studies [30-34]. Results suggest this sustained growth response to P 

fertilization could be due to efficient cycling of P from the mineral soil into the foliage and then, 

release from the litter back into the soil to begin the cycle again. Our results regarding N and P cycling 

were in agreement with processes outlined by Switzer and Nelson [35] who proposed that while N 

cycling was predominantly biochemical, cycling within the plant and through forest floor decomposition, 

P cycling was biogeochemical, biochemical with the addition of cycling through the mineral soil. 

The forest floor decomposition rate was not increased by fertilization supporting our hypothesis. 

This was consistent with prior studies that reported higher endogenous nutrient availability did not 

increase decomposition rates [8, 11]. Our observation of no difference in decomposition rates among 

unfertilized and fertilized forest floors may have resulted from no difference in litter soluble 

carbohydrates. It is important to note however, that soluble phenols were higher in unfertilized litter. 

Decomposition was suggested by a number of studies [12-15] to be increased by higher soluble C 

availability and our results appeared to support these studies in terms of soluble carbohydrates. 

Fertilization was also found to not increase the forest floor decomposition rate in a simulated 

disturbance environment. This appeared to provide further support for our hypothesis. However, this 

may not have been related to the effects of soluble C availability on heterotrophic decomposition. 

Rather, decomposition without an overstory canopy may shift the dominant decomposition process 

from biotic to abiotic with abiotic decomposition being photochemical mineralization that is aided by 

lignin due to preferential absorption of photon energy by the large lignin molecules [36]. In a previous 

study at SETRES, foliar lignin concentration was not altered by fertilization [37]. Other studies that 

examined decomposition of various plant materials without an overstory canopy concluded that 

photo degradation [38,39] and photochemical mineralization [ 40] from ultraviolet (UV) radiation 

increased decomposition. These studies offer a plausible explanation for the differences in trends of N 

accumulations during decomposition of loblolly pine litter among under canopy litterbag studies [7,8] 

and our study where litterbags were decomposed without an overstory canopy and N concentration did 

not vary with time. In general, under canopy decomposition is dominated by biotic processes where an 

accumulation of N is observed over time [7,8,41] and mass loss becomes asymptotic when labile C 
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sources are depleted leaving only the more recalcitrant lignin C sources [42,43]. Degradation of lignin 

then begins when lignin concentrations increase to 30% [ 42]. Accumulations of N under biotic 

decomposition have been suggested to result from an increase in fungal biomass N [ 44,45]. 

Differences in the dominant decomposition process likely resulted in the greatly accelerated mass loss 

(MRT99 ~ 43 months) when loblolly pine forest floor was decomposed without an overstory canopy 

compared to our estimate of mass loss under the canopy (MRT99 ~ 238 months) and MRT99 estimates 

from previous studies of approximately !50 months [7,8]. 

Based on our results, a quick release of nutrients from the decomposing forest floor would be 

expected to occur following removal of the overstory canopy at harvest. However, other studies 

suggest our results may be specific to the southeastern U.S., more specifically, a latitudinal and hence, 

solar radiation effect on abiotic decomposition processes. In contrast to our results from a loblolly pine 

plantation in NC, a release of nutrients was not observed in a mixed boreal forest for 3-4 years 

following clearcutting [46]. In another boreal forest clearcut study, Pacific silver fir (Abies amabilis 

[Doug!.] Forbes), western hemlock (Tsuga heterophylla [Raf] Sarg.), and western red cedar 

(Thuja plicata Donn.) forest floor mass and N content did not differ from the uncut site until 6 years 

after harvesting [47]. In another similar study in British Columbia, Western hemlock forest floor lost 

approximately 5% mass I year after harvest and fresh litter lost approximately 25% mass [ 48]. In a 

study of red pine (Pinus resinosa Sol. ex. Aiton) litter in Michigan, after 2 years canopy removal did 

not alter decomposition and nutrient release [ 49]. 

Quick release of nutrients from the decomposing forest floor may also occur following canopy 

removal from thinning [50]. However, whether this occurs is dependent upon the size of the canopy 

gap created by thinning. In a review of studies examining the influence of the forest canopy on nutrient 

cycling, Prescott [50] found that single tree thinning does not increase N availability while canopy 

gaps from 0.07 ha to 0.25 ha and a removal of 15 trees did increase N availability. This suggests the 

potential for a mid-rotation thinning to result in increased nutrient availability at a time when canopy 

expansion can occur and tree demand is relatively high. Further studies are warranted that investigate 

the influence of different thinning regimes on increases in nutrient availability from forest floor 

decomposition and the consequent effects on tree growth. 

4. Conclusions 

Nitrogen and P are the most growth limiting nutrients in southeastern U.S. forest plantations and 

represent the highest fertilizer cost. Efficient management of site N and P capital is therefore, essential. 

Studies suggest that management of site P capital is much less of an issue relative to N. In acidic soils 

across of range of textures, fertilization resulted in an accumulation of P in the mineral soil suggesting 

increased site P availability and a potential long-term improvement in tree growth from higher P 

nutrition [5,30-34]. However, on sandy mineral soils, fertilization with N mainly resulted in increases 

in forest floor N compared to mineral soil N [4,5]. Our results suggest that the forest floor N pool that 

has accumulated over the life of the stand will be quickly released following harvest. On sandy mineral 

soils, this accelerated decomposition and N mineralization can potentially result in a loss of a 

substantial amount of site N capital. Nitrification and losses of N through nitrate leaching can be 

prevalent following harvest [51]. The 255 kg·N·ha-1 released within 1 year of harvest from the 
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fertilized forest floor represents a substantial amount of N particularly for N poor sites creating the 

need for management strategies to minimize loss of this N. Slash retention and incorporating the forest 

floor into the mineral soil by disking has been found to lead to retention of N following harvest by 

inhibiting decomposition [52]. Overall, this study and our fmdings suggest that further studies are also 

warranted that address the retention of accumulated forest floor N following harvest by investigating 

similar site preparation techniques across a gradient of inherent site conditions and soils. 
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