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Highlights 12 

1) Examined impacts of manipulating organic matter on soil C, N and P and productivity 13 

2) Treatments were addition and removal of forest floor and harvest residues 15 years ago 14 

3) Added treatments had greater stand volume at age 15  15 

4) Volume was correlated (+) with surface N and P and greater C at 40-60cm 16 

5) Productivity did not appear to change as a result of removal treatments 17 
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Abstract: 19 

Forest harvesting intrinsically removes organic matter and associated nutrients; these 20 

exports may impact soil productivity and soil carbon stores of managed forests. This study 21 

examined the effect of manipulating forest floor and harvest residue inputs on nutrient 22 

availability and carbon content in the context of intensive forest management. Treatments were 23 

applied 15 years prior to this study and included removal and addition of forest floor and harvest 24 

residues, and a reference. We examined stand volume, litterfall, root biomass and foliar N and P 25 

at year 14 or 15. Soil moisture and temperature (0-10cm) and available N and P in the O and 0-26 

20cm depths were measured once per month during year 15. Soil carbon and nitrogen were 27 

measured on whole soils as well as two density fractions in the O-horizon, 0-20, 20-40, and 40-28 

60cm soil depths at year 15. In general, many of the initial responses found by an earlier study 29 

(age 10) have dissipated.  Standing volume in the added treatment was 31% higher than the 30 

removed, but no significant difference was found between the removed and reference treatments. 31 

The added treatment resulted in higher concentrations of N in the light and heavy density 32 

fractions of the 0-20cm depth, which led to higher mass of N in both of these fractions. The 33 

added treatment had the greatest whole soil heavy fraction N mass. There were no differences in 34 

available N in the O-horizon or 0-20cm depth as tested using ion exchange membranes; however 35 

available P was significantly lower in the O-horizon of the removed treatment (37% lower than 36 

the reference). Bole volume was correlated with some measures of total and available N and P in 37 

the O and 0-20cm soil horizons, suggesting that increases in growth found in the added treatment 38 

were a result of additional nutrients. There were no significant differences between C 39 

concentration or mass of the 0-20cm or 20-40cm soil depths between the treatments; however the 40 

added treatment had significantly more (51% more than the reference) carbon at the 40-60cm 41 

soil depth. The added treatment had a significantly higher C:N relative to the reference in the 20-42 

40cm (21.0 and 14.5, respectively) and 40-60cm (18.0 and 11.4, respectively) depths, suggesting 43 

that relatively fresh, undegraded organic matter had enriched this depth. This additional carbon 44 

sequestered at depth could contribute to a long-term soil carbon pool. The results of this study 45 

suggest that higher intensity use, such as forest floor removal and whole tree harvest, of these 46 

forests may not impact long term productivity at this site with typical soil nutrient status; 47 

however, more research is necessary to determine the mechanism(s) of this resilience. 48 

1. Introduction 49 
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In the United States, standard harvesting operations of intensively managed plantations 50 

utilize bole-only harvesting techniques with best management practices (BMPs) that redistribute 51 

the tops, branches and needles across the site.  However, if these BMPs are not followed then 52 

higher levels of nutrient and carbon removals could impact long-term soil productivity and soil 53 

carbon stores, especially on sites with coarse-textured soils and low soil organic matter (Powers 54 

et al., 2005).  Furthermore, there are national level movements underway that may influence 55 

managers to intensively utilize residues from forest harvesting operations.  For example, the 56 

Energy Independence and Security Act (EISA) of 2007 has set a goal of 36 billion gallons/year 57 

of biofuels by 2022 and, in general, set goals and regulations to reduce the United States’ 58 

dependence on foreign sources of oil (EISA, 2007). There are also developing markets for 59 

biomass for electricity generation. While no single source of biomass will provide the feedstock 60 

for this effort (Kenney, et al., 2013), harvest residues represent an abundant, and currently low 61 

demand, biomass feedstock that could be used to generate renewable electricity and biofuels.  62 

Forest harvesting, bole-only or for biomass, intrinsically removes organic matter and associated 63 

nutrients; these exports may impact long-term soil productivity and soil carbon stores of 64 

managed forests. 65 

Litter and slash are sources of soil organic matter (SOM) which is potentially a long-term 66 

sink for atmospheric carbon dioxide (CO2). Soil organic matter plays a significant role in soil 67 

function; in particular, cation exchange capacity, soil structure, aeration, water holding capacity, 68 

and soil strength. Decomposing SOM provides the majority of the mineralized forms of nitrogen 69 

(N). Collectively, these characteristics of SOM play an integral role in sustaining site 70 

productivity (Fisher and Binkley, 2000).  71 

Forest productivity is typically defined as the growth and maintenance of a forest (e.g. 72 

gross or net primary production).  When dealing with forests grown for wood production, many 73 

forest managers are primarily interested in bole volume. Bole volume along with litter fall and 74 

root mass is how we have measured forest productivity in this paper.  Detecting a decline in 75 

forest productivity is challenging due to the effects of tree genotype, management practices, 76 

plasticity of trees to adapt to a site, and changes in state factors (e.g. climate) at potentially 77 

masking any trends in productivity (Richardson et al., 1999; Morris and Miller, 1994).  78 

Furthermore, productivity declines may only occur after some threshold has been exceeded 79 
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(Richardson et al., 1999).  One suggestion for detecting changes in the ability of a site or soil to 80 

grow trees is to use soil indicators (Burger and Kelting, 1999; Richardson et al., 1999).  81 

Most forest floor removal studies that include a whole tree harvesting treatment have 82 

shown no significant effect on stand productivity (Powers et al., 2005; Ponder, 2008; Zerpa et al., 83 

2010; Ponder et al., 2012). The North American long-term soil productivity (LTSP) network 84 

found no significant differences in tree productivity at age 10 after whole tree harvesting and 85 

floor removal on 18 sites across North America (Powers et al., 2005). However, at the regional 86 

level some conflicting treatment effects have been observed. For example, an intensively 87 

managed loblolly pine (Pinus taeda L.) plantation on the Lower Coastal Plain of North Carolina 88 

showed no significant differences in the aboveground biomass at either 5 or 10 years after 89 

treatment establishment (Li et al, 2003). On the other hand, Gulf Coastal Plain sites with noted 90 

phosphorus deficiencies exhibited bole volumes 15-66% less than the bole only removal 91 

treatment 5 years following complete removal of O-horizon and harvest residues (Scott et al., 92 

2004). It appeared that site quality played an important role in stand response since the largest 93 

reductions in growth occurred on sites with the lowest site quality.  94 

Changes in site productivity occurring after whole tree harvest are not always detected 95 

early in stand development (Sanchez et al., 2006); decline in productivity may not appear until 96 

subsequent rotations. Furthermore, changes in productivity may decline into perpetuity or reach a 97 

new steady state that is consistent with the management regime (Worrell and Hampson, 1997).  98 

In Scandinavia, several long-term studies examined the effects associated with whole tree 99 

harvesting for biomass have shown immediate impacts to stand productivity and after subsequent 100 

whole-tree thinning of stands regenerated after whole tree clear-cut harvesting (Helmisaari et al., 101 

2011). The impact of intensive organic matter removal on long-term site productivity is more 102 

likely to be observed on nutrient poor sites, which often contain coarser textured soils. 103 

Furthermore, Ponder et al. (2008) suggested that the effect of O-horizon and harvest residue 104 

removal may not be apparent until crown closure when nutrient demands of the soil are highest, 105 

a hypothesis consistent with results from the Scandanavian study by Helmisaari et al. (2011).  To 106 

determine the effects of intensive organic matter removal on stand productivity whole tree 107 

harvested stands from a range of sites need to be followed through an entire rotation, and 108 

preferably for multiple rotations (O’Hehir and Nambiar, 2010).  109 
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Relative to standard harvesting operations, intensive organic matter removal may alter 110 

soil carbon cycling by removing a source of soil carbon, causing a larger disturbance to the soil 111 

surface, and changing temperature and moisture regimes which influence heterotrophic 112 

respiration rates. Changes caused by these operations may lead to a loss of soil carbon capital, 113 

with the magnitude of change dependent on forest and soil type (Johnson et al. 2001; Jandl et al. 114 

2007; Nave et al. 2010). Nave et al. (2010) reported an 8% average reduction in soil carbon 115 

stocks after bole-only clear-cut harvesting over all forest and soil types studied. These losses 116 

were primarily caused by reduced litter layer mass as a result of lower organic matter inputs from 117 

growing trees; in contrast, harvesting had little significant effect on mineral soil carbon or lead to 118 

increases as a result of incorporation of harvesting residues into the mineral soil. Due to the 119 

importance of slash incorporation in the studies examined by Nave et al., (2010) this would 120 

suggest that whole tree harvesting may be at higher risk of detrimentally impacting soil carbon 121 

stores. However, whole tree harvesting in addition to O-horizon removal has been shown to have 122 

little impact on soil carbon stores after 5 and 10 years in soils with moderate levels of soil carbon 123 

(Powers et al. 2005; Sanchez et al., 2006).  124 

In many harvesting operations soil and slash are displaced, so that some areas may have 125 

exposed mineral soil (slash and O-horizon removed), while other areas may have additional O-126 

horizon and slash. Adding organic matter to the forest floor following a harvest can increase soil 127 

nutrient capital and improve growth of aboveground biomass (Sanchez and Eaton, 2001; Zerpa et 128 

al., 2010). However, this process is costly and may not always achieve positive results (Sanchez 129 

and Eaton, 2001). Zerpa et al. (2010) observed an increase in available N, tree growth, and 130 

litterfall 10 years after harvest with the addition of organic matter (i.e., doubling the forest floor 131 

compared to reference). The difference in total N resulted in a significantly lower C:N ratio of 132 

the O-horizon in the doubled OM treatment. This was attributed to improved N quality in the Oi 133 

and Oe layers from the addition of organic matter. Consequently, adding organic matter 134 

following harvest increased soil nutrient capital, nutrient availability, and therefore tree 135 

productivity.  136 

In this study, we utilize an organic matter addition treatment in addition to a removal 137 

treatment to explore the role that site quality has in affecting loblolly pine productivity 15 years 138 

after planting. This study is a follow-up on Zerpa et al. (2010) who examined these sites after 10 139 

years of tree growth.  We hypothesize that stand productivity is driven by soil resource 140 
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availability, especially N and P, and if these pools decline then overall stand productivity may 141 

decline. Therefore, adding or removing nutrients from sites with nutrient limitations on growth 142 

should result in equal but opposite responses to soils and site productivity.  Thus, the objective of 143 

this research was to assess changes in site productivity by examining the effect of manipulating 144 

forest floor and harvest residue inputs; specifically, we evaluated how these manipulations affect 145 

nutrient availability and soil C content in the context of intensive forest management 14 years 146 

after study installation. 147 

 148 

2. Materials and methods 149 

2.1 Site description 150 

The Millport Organic Matter Study (Zerpa et al., 2010) is located in Lamar County, 151 

Alabama, USA (33°32’22.87”N, 88°77.53”W). The site is located on the Upper Coastal Plain 152 

physiographic province. Soils are classified as deep, well-drained Ruston series fine-loam, 153 

siliceous, semiactive, thermic Typic Paleudults (Soil Survey Staff, 2011). Average annual 154 

temperature from 1987–2010 was 16.9°C and ranged from 6.3°C in January to 27.1°C in July 155 

(NOAA, 2010). Mean annual precipitation was 1320mm with the wettest month occurring in 156 

February (137mm) and driest month in September (80mm) (NOAA, 2010). The weather station 157 

at Columbus Air Force Base was the closest to the site (17.7 kilometers NW) and will be used to 158 

characterize the precipitation and temperature during the period of study.  The site index was 159 

21m at 25 years, typical for the region. 160 

 A 34 year-old loblolly pine stand was clearcut in 1994 preceding the establishment of the 161 

current stand. The experimental design was a randomized complete block design, based on 162 

differences in slope, containing three treatments and four replicates (Figure 1). Loblolly pine was 163 

planted on 4.3x3m spacing (≈ 775 stems per hectare) on 0.16ha plots. Three treatments were 164 

established at the site: added, removed, and reference. Whole-trees were harvested and all slash 165 

and the entire forest floor was removed from the removed treatment.  The residue treatments 166 

added or removed 118 Mg ha-1 of forest floor, harvest residue, and trampled understory. This 167 

amounted to 606 kg N ha-1 and 42 kg P ha-1 (unpublished data).  The removed treatment is 168 

similar to the Long-Term Soil Productivity (LTSP) Network’s treatment OM2 with no 169 

compaction (i.e., OM2 C0) (Powers et al., 2005). The added treatment had bole-only harvest 170 

with the slash and forest floor from a removed treatment plot transferred evenly from an adjacent 171 
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removed plot. There is no analogue of the added treatment in the LTSP study. The reference 172 

treatment had a bole-only harvest and standard harvest residue management. 173 

 174 

2.2 Site and soil sample and data collection  175 

Volume was determined at stand age 14 by measuring diameter at breast height (DBH) of 176 

all trees; ten randomly selected trees per plot (12% of all trees) were subsampled to determine 177 

average plot height (Burkhart, 1977). Periodic increment of volume was assessed by calculating 178 

the difference (i.e. growth) in volume between age 10 and 14.  Each plot contained five sampling 179 

locations consisting of four plot corners and one center point (Figure 1). Soil moisture, soil 180 

temperature, soil, root cores, organic horizon (O-horizon), and litterfall data were collected at 181 

each of these five sampling locations.  182 

Beneath the O-horizon, a 20cm deep and 15cm diameter root core was removed and roots 183 

were washed and sieved for root biomass. Cores were collected during the winter of 2011 at each 184 

of the five locations by plot for a total of 60 samples. Root cores were composited by plot and 185 

washed with a solution of sodium hexametaphosphate and rinsed through a 0.840mm sieve. The 186 

root washing process allowed for the separation of roots (dead & live) and collection of live roots 187 

>1mm in thickness. Clean root samples were oven dried at 55-60°C weighed and expressed as kg 188 

m-2. 189 

Five litterfall traps (0.75m2) were placed throughout each plot to measure tree foliar 190 

productivity. Litterfall samples were collected and composited by plot each month for one year 191 

(December, 2010 to December, 2011). Samples were oven dried overnight at 55-60°C, weighed, 192 

and expressed as kg m-2yr-1. Every month three litterfall samples representing each treatment 193 

were sub-sampled and analyzed for C and N. Foliar samples were collected at age 15. Five trees 194 

were sampled and composited by plot and analyzed for N. Retranslocation was calculated as the 195 

difference between the foliar and litterfall N concentration multiplied by the mass of litterfall. 196 

The O-horizon was collected one time at five points per plot but cutting around a field 197 

note book (12.5 x 19cm) and composited. Samples were oven dried at 55-60°C for 24 hours. O-198 

horizon bulk density was determined by dividing the sample mass by the product of the surface 199 

area collected (237.5cm2) and average thickness of the horizon measured at each sample point. 200 

O-horizon composites were mixed thoroughly, sub-sampled, ground, and analyzed for C and N.  201 
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Mineral soils were sampled one time at five locations per plot at 0-20cm, 20-40cm, and 202 

40-60cm depth with a hammer corer. The five samples were composited by plot for a total of 12 203 

soil samples for each depth. Soil samples were oven dried at 55-60°C. Additional soil samples 204 

were collected for bulk density. Soil samples collected specifically for bulk density were oven 205 

dried at 105°C for 48hrs. Collected soils of 0-20cm, 20-40cm, and 40-60cm were sub-sampled, 206 

ground (Dyna-Crush Soil Grinder, Customer Laboratory Inc.), and analyzed for C, N and pH. 207 

Density fractionation of mineral soil is a common procedure to determine the dynamics 208 

of soil organic matter (Six et al., 1999). We utilized it to examine the relative lability or 209 

recalcitrance of organic forms of N. A low density fraction in the mineral soil represents a more 210 

labile form of N, while a higher density fraction indicates more recalcitrant forms of N. Mineral 211 

soil samples were separated into light and heavy fractions with a 1.64g cm-3 density sodium 212 

polytungstate (SPT) solution (Bock, 2000). Three grams of oven dried soil (55-60°C) were 213 

mixed with five grams of SPT solution and put in a centrifuge at 3000rpm for 10 minutes. After 214 

each centrifuge run, light fraction (LF) material floated to the top of the vial and was aspirated 215 

and collected in a separate vial. This process was done six times to assure all <1.64g cm-3 216 

particles were collected. The SPT solution containing LF was filtered through 0.47 µm 217 

combusted (3h 350 °C) glass fiber filters, oven dried overnight (55-60°C), and processed by 218 

randomly punching holes in the filters and analyzing the adhered residue for total C and N. 219 

Heavy fraction (HF) samples were lyophilized, and analyzed for total C and N. 220 

To purify SPT in between flights of samples, the spent solution was passed through a 221 

column containing a quartz wool, activated carbon (Darco® S-51, 4-12 mesh), and cation 222 

exchange resin (benzene diethenyl polymer; Six et al., 1999). After the solution was cleaned it 223 

was oven dried at 55-60°C until a density of higher than 1.64g cm-3was achieved and adjusted to 224 

the appropriate density prior to reuse.  225 

 226 

2.3 Monthly soil moisture, temperature, and available nutrients 227 

Soil moisture and temperature were measured monthly for one year at each soil sampling 228 

location. A portable FieldScout TDR 300 Soil Moisture Meter measured volumetric moisture 229 

content and a bi-metal dial thermometer measured soil temperature in the top 10cm at five 230 

locations and averaged by plot. 231 
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Available N and phosphate was measured monthly at each soil sampling location to 232 

examine nutrient dynamics through time using two-sided, 5cm x 15cm cationic (Ionics CR67-233 

HMR) and anionic (Ionics AR204-SZRA) exchange membranes. The active membrane surfaces 234 

mimic passive root uptake potential (Hangs et al., 2004). Membranes are easy to clean, can be 235 

reused, reduce soil disturbance, have a flat surface area, and give a dependable relative index of 236 

nutrient availability over time (Hangs et al., 2004). At each plot, five cation and five anion 237 

membranes were deployed in pairs at five random locations within each plot under the O-horizon 238 

and in the A-horizon for a total of 240 ion exchange membranes analyzed per month. 239 

Membranes were installed for approximately one month intervals and extracted/replaced 11 240 

times (about1 year total from January, 2011 to December, 2011). Sets of anion and cation 241 

membranes were installed vertically to 7.5cm (A-horizon) and another set placed horizontally 242 

below the O-horizon. The membranes were charged with 1 M NaCl prior to deployment. When 243 

the membranes were collected on site, ten O-horizon and ten A-horizon membranes were 244 

composited from each plot for a total of 12 membrane sets per depth per month. Upon returning 245 

to the lab, membranes were rinsed with deionized water to remove adhered soil particles, set in 246 

quart size zip lock bags with 1 M NaCl solution for nutrient extraction, and put on a shaker at 247 

high speed for 1-2 hours to extract nutrients from the surface. The solution was filtered with 248 

Whatman 41 filter paper and stored frozen in plastic vials. From January 2011 to May 2011 the 249 

membranes were extracted in 1000mL of NaCl. This volume of extractant appeared to dilute 250 

some constituents below detectable limits (particularly PO4
-3) so from June 2011 through 251 

December 2011 we used 100mL of NaCl solution to extract ions from the membranes. The 252 

volume of extracting solution was used as a covariate during the statistical analysis of available 253 

nutrients. 254 

 255 

2.4 Laboratory analyses 256 

Subsamples of oven dried O-horizon, litterfall, needles, and root samples were ground 257 

with a Thomas Wiley® Laboratory Mill Model 4 using a 60 mesh sieve prior to elemental 258 

analysis. Dried mineral soils were sub-sampled and ground with a mortar and pestle. Organic and 259 

mineral samples were analyzed for C and N using dry combustion (Costech ECS 4010). 260 

Reproducibility of standards and duplicates was determined by taking an average of all run 261 

standards/duplicates for % weight C and N. NIST traceable soil standards were interspersed 262 
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throughout analytical runs to validate complete combustion and recovery of C and N. 263 

Reproducibility of standards for %C was determined to be 100.8%±0.99% and %N was 264 

98.7%±8.0. Reproducibility of duplicates for %C was determined to be 100±8.35 and %N was 265 

100±4.83. Foliar samples were digested using a microwave digester (EPA, 1996) and solutions 266 

analyzed for total PO4 using the Molybdenum Blue Method (APHA et al., 2005).  267 

Soil pH of all 12 plots at 0-20cm, 20-40cm, 40-60cm soil depths was measured at room 268 

temperature using a 1:1 soil:water ratio. Available NO3
--N and NH4

+-N extracted from the IEM 269 

were analyzed on an Auto-analyzer (BRAN+LUEBBE AutoAnalyzer3, Germany) using the Cd-270 

reduction (NO3
--N) and the indophenol blue (NH4

+-N) methods (Keeney and Nelson, 1982; 271 

Mulvaney et al., 1996). The reproducibility of standards tested for PO4
-3was 101.3%±6.12%, 272 

NH4
+ 100.2%±6.14%, and NO3

- 96.9%±6.32%. To examine the activity of H+ in relation to 273 

available N and P we measured the pH of each extracted solution and calculated the molar 274 

concentration of hydrogen [H+] ions in solution which then converted to a mass concentration 275 

relative to the surface area of the membranes. 276 

 277 

2.5 Statistical analysis 278 

Analysis of variance (ANOVA) using a general linear model on a completely randomized 279 

block design (CRBD) was used to assess treatment effects of all parameters collected once 280 

during the duration of the study. A critical value of α = 0.10 was used to test for significant 281 

differences. Post-hoc comparisons between the treatments were made using Tukeys HSD. The 282 

CRBD ANOVA and post-hoc comparisons tests were conducted using SPSS (IBM SPSS 283 

Statistics, Version 21).  284 

Treatment effects on monthly soil moisture, soil temperature, available nutrients (PO4-P, 285 

NO3-N, NH4-N), and H were analyzed using a repeated measures ANOVA from January 2011 to 286 

December 2011 (PROC MIXED package) with time as a repeated measure using the 287 

autoregressive (ar(1)) covariate structure.  Several covariate structures were tested to determine 288 

the optimal structure for these data.  This was determined by proper conversion of the model 289 

matrix and Akaike’s Information Criterion (AIC).  Repeated measures ANOVA were performed 290 

using SAS version 9.2 (SAS Institute Inc., Cary, NC).  291 

 292 

3. Results 293 
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3.1 Stand volume and periodic annual increment 294 

Standing stand volume at age 14 in the added treatment was 31% higher than the 295 

reference. No significant difference was found between the removed and reference treatments 296 

(Table 1). There were no significant differences between treatments in periodic volume 297 

increment (age 10-14). 298 

 299 

3.2 Environmental factors 300 

Soil moisture and temperature followed air temperature and precipitation trends as shown 301 

by the data gathered from a nearby weather station at Columbus Air Force Base (Figure 2). 302 

Through most of 2011, differences in soil temperature among treatments were minimal. 303 

Repeated measures ANOVA found no significant time by treatment interactions in soil 304 

temperature or moisture. Soil temperature or moisture during 2011 likely did not influence 305 

differences among treatments.  306 

 307 

3.3 Litterfall, roots, and foliar chemistry 308 

Over half of the litterfall collected in 2011 fell during fall months. Total annual litterfall 309 

mass did not differ significantly among treatments (Table 1) despite consistently higher litterfall 310 

inputs in the added treatment every month of the year (data not shown). However, plot 1 311 

(removed treatment) produced 31% more litterfall than the next closest plot which resulted in a 312 

high amount of variance for the removed treatment. When plot 1 was removed from the analysis 313 

the added treatment had significantly more litterfall than the other treatments p=0.0417. Litterfall 314 

total N content was not significantly different among the treatments; however the added 315 

treatment had a slightly greater %N than the reference and removed treatment (Table 1). Foliar N 316 

or P concentration was not significantly different among the treatments. While there was a trend 317 

of lower rates of retranslocation on the reference plot, it was not significant. 318 

Root mass was not significantly different among treatments (Table 1); however there was 319 

a trend of higher root %N in the added treatment but it was not statistically significant. This lead 320 

to no significant difference found between the treatments with regard to total root N mass (Table 321 

1).  322 

 323 

3.4 Whole soils 324 



12 
 

O-horizon %N was significantly higher in the reference treatment compared to the added 325 

and removed treatments (Table 2). However, higher O-horizon mass (p=0.018) in the added 326 

treatment resulted in a trend of higher total N relative to the removed treatment (88% more), 327 

although it was not significantly different than the reference (Figure 3 and 4).  We found that 328 

Significant differences between the treatments are becoming less apparent since the last time 329 

these plots were measured during year 10 by Zerpa et al. (2010) and year 0 (unpublished data).  330 

Carbon and N concentrations in the mineral soil decreased with depth. Nitrogen 331 

concentration and mass did not differ among treatments across mineral soil depths (Table 2 and 332 

Figure 3). Interestingly, there were no significant differences in C concentration and mass in the 333 

0-20cm or 20-40cm soil depths, but there was a significant difference at the 40-60cm soil depth 334 

where the added treatment contained 51% more carbon than the reference. Despite some 335 

differences in C and N contents of individual depths (Table 2 and Figure 3) there were no 336 

significant differences in whole profile soil C or N mass among treatments (p=0.107 and 337 

p=0.395, respectively). 338 

Soil C:N ratios decreased with depth from the O-horizon to the 40-60cm depth (Table 2). 339 

The C:N ratio of the added plot was significantly lower than the other treatments in the O-340 

horizon and significantly higher in the 20-40 and 40-60cm depths. Since C:N of organic matter 341 

decreases with degradation, this trend suggests that the forest floor of the added treatment had a 342 

higher relative state of decomposition, while the deeper horizons of the added treatments appear 343 

to be less degraded relative to the other treatments.  344 

 345 

3.5 Density fractions 346 

Mineral soils were fractionated into light and heavy fractions in order to determine the 347 

distribution of organic and mineral bound carbon and nitrogen. The fraction of whole soil N 348 

captured in the LF and HF fractions was 12 and 57%, respectively, with the remaining 31% 349 

made up of N that was not assessed in our method (e.g. soluble inorganic and organic forms). 350 

The N concentration of the LF and HF fractions of the 0-20 cm depth were significantly higher 351 

in the added treatment (Table 3). These differences in N concentration led to significant 352 

differences in both the LF and HF N mass in the 0-20cm depth. While the total LF N content of 353 

the 0-20cm depth of the added and removed treatments were significantly different from one 354 

another, neither was different from the reference. The mass of HF N in the 40-60cm soil depth 355 
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was significantly different among the treatments (p=0.087); however no significant differences 356 

could be detected among the treatments during the post-hoc test. These trends led to significant 357 

differences among the treatments’ HF N mass (p=0.093, data not shown) where the added and 358 

removed treatments were significantly different from one another but neither was different from 359 

the reference. 360 

The LF had higher carbon concentrations than the HF, but there were no significant 361 

differences in carbon concentrations of the fractions across treatments or depths (Table 3). There 362 

were significant differences in the 0-20cm HF C content. Additionally, there were significant 363 

differences among the treatments’ total soil HF C mass (p=0.024, data not shown) where the 364 

added and removed treatments were significantly different from one another they were not 365 

different from the reference. 366 

The LF consistently had higher C:N ratios relative to HF which is consistent with the 367 

hypothesis that the LF is derived from fresh sources while the HF is derived from more degraded 368 

sources of organic matter (Table 4). There were no significant differences in the C:N between the 369 

treatments among the fractions derived from any depth. However, for any given depth the LF 370 

from the removed treatments consistently had a trend of higher C:N ratios and the added 371 

treatment had the a trend of lower C:N ratios although not significant. There were no significant 372 

differences or consistent trends in the C:N of the HF from any depth. 373 

 374 

3.6 Available nutrients 375 

Among treatments, pH did not differ significantly in the 0-20cm, 20-40cm, and 40-60cm 376 

depths (4.38, 4.65, and 4.81, respectively). The lack of significant differences in pH suggests that 377 

any differences in available nutrients and organic matter were not a result of changes to pH.  378 

Ion exchange membranes from the A-horizon and O-horizon were analyzed for NO3-N, 379 

NH4-N, PO4-P, and H monthly. No significant time by treatment interactions were found during 380 

the 11 months of sampling. For these reasons, we have confined our analysis of these data to the 381 

average annual nutrient concentration on the resin membrane (Table 5). Ammonium-N was more 382 

prevalent in both the O- and 0-20cm horizons compared to NO3-N. Neither form of N was found 383 

to be significantly different among the treatments. Phosphate from the exchange resins installed 384 

in the O-horizon was significantly lower in the removed treatments relative to the reference and 385 

added treatments. Since orthophosphate activity in soils can be strongly affected by pH we also 386 
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assessed the concentration of H ions on the exchange resins. We found no differences in 387 

exchangeable H among the treatments suggesting the trends in PO4-P were not driven by the 388 

activity of protons in soil solution. 389 

 390 

4. Discussion 391 

The objective of this research was to assess the effect of manipulating forest floor and 392 

harvest residue inputs on indicators of productivity; specifically, to evaluate how these 393 

manipulations affect nutrient availability and C content in the context of intensive forest 394 

management 15 years after treatment. Major findings include higher stand volume following the 395 

addition of O-horizon and harvest residues to the loblolly pine plantation compared to the total 396 

forest floor removal treatment. Conversely, complete removal of the forest floor did not result in 397 

large differences in below or aboveground productivity 15 years after harvest. The addition of 398 

organic matter resulted in more N in the O- and A-horizons and increased C in lower soil 399 

horizons. We will explore possible mechanisms for these responses in the next section. 400 

The reader should note that while this study’s objective is to be a long-term research 401 

installation it is 15 years old.  The discussion that follows will compare these results to longer 402 

and shorter studies of forest productivity in order to understand the mechanisms behind the 403 

response of a forest to organic matter manipulation. 404 

 405 

 406 

4.1 Carbon and Organic Matter 407 

We found that there was little effect of either organic matter removal or addition on soil 408 

carbon pools in the upper 40 cm of the soil profile. While there were trends (higher in the added 409 

and lower in the removed treatments) these did not translate into significant differences 15 years 410 

after treatment. We summarized the trends in O horizon mass found by this study, Zerpa et al. 411 

(2010), and the initial slash + forest floor biomass (unpublished data) in Figure 4.  While 412 

different sampling methodologies were used between the three sets of measurements, it is clear 413 

that forest floor biomass decreased relatively rapidly after treatment on the reference and added 414 

treatments, while the removed treatments have recovered to reference levels.  The forest floor 415 

biomass of the treatments has converged further since Zerpa et al. (2010) measured the site at 416 
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age 10.  Repeated sampling of these sites is needed in order to determine if O-horizon mass will 417 

continue to increase, as appears to be the trend between age 10 and 15.   418 

The major significant difference with regard to soil organic matter was higher carbon 419 

content in the added treatment at depth (40-60cm). The addition of carbon at depth could come 420 

from a variety of sources including leachates from the O-horizon, desorbed organic matter from 421 

elsewhere in the profile, or increased production of roots at depth. We used Pearson correlations 422 

to explore differences in environmental conditions, productivity, and soil characteristics that may 423 

be driving soil carbon trends on these sites. Care must be taken when interpreting correlation 424 

coefficients because the correlated factors may not be mechanistically associated. However, this 425 

analysis does allow for some insight with regard to the effect of organic matter manipulations on 426 

tree production. There were significant correlations between stand volume and carbon 427 

concentration and mass of most soil horizons (Table 6). These results may have been driven by 428 

the treatments (adding or removing organic matter) or they could be a result of the treatments’ 429 

effect on site productivity (e.g. higher productivity resulting in more soil carbon).  430 

Elevated carbon content in this deep soil horizon was accompanied by significant 431 

increases in the added treatments C:N ratios at 20-40 and 40-60cm. Additionally, there was a 432 

positive correlation between mineral soil C:N and tree growth, suggesting that more C than N 433 

has been added to those horizons and that increased productivity has elevated inputs of fresh 434 

(high C:N) organic material and driven the increase in soil carbon. The source of this organic 435 

matter is either derived from elevated dissolved organic matter leaching from the O-horizon, or 436 

root production (unmeasured in this study) that coincided with the increase in aboveground 437 

production. Additionally, given that there was a slight increase in the carbon content of the 438 

depths above the 40-60cm depth, there may have been some displacement of higher C:N material 439 

that illuviated into the 40-60cm depth. More research is necessary to determine the ultimate 440 

source of this additional organic matter. An increase in carbon at depth could be important for 441 

carbon sequestration and long term carbon storage into subsequent rotations.  442 

As with many other studies of intensive organic matter removal, we were unable to detect 443 

a change in the total soil carbon pool (e.g. Powers et al., 2005). This trend has been attributed to 444 

the incorporation of decaying roots into the soil carbon pool (Powers et al., 2005) as well as the 445 

difficulty in detecting change in soils (Homann et al., 2001). It is possible that there was a 446 

reduction in soil carbon pools within the first several years after harvesting and organic matter 447 
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removal (e.g. Nave et al., 2010). However, at 10 years of age on these sites Zerpa et al. (2010) 448 

also found no effect of organic matter removal on soil carbon, suggesting that any reduction and 449 

recovery of the sites soil carbon pool would have taken place within the first decade following 450 

harvest. The lack of soil carbon trends at years 10 or 15 as a result of organic matter removal, it 451 

can be suggested that these soil carbon pools were resilient to the removal of above ground 452 

organic matter. The mechanism for this resilience is still uncertain and is another area that 453 

deserves further research. 454 

 455 

4.2 Productivity and organic matter manipulations 456 

Stand productivity was assessed through bole volume, litterfall, and root mass. The added 457 

treatments had significantly greater stand bole volume while the removed and reference 458 

treatments did not differ. Standing volume at age 15 exhibited comparable trends to the findings 459 

of Zerpa et al. (2010) at year 10 of the same study site. However, any differences in growth rate 460 

(i.e. periodic annual increment) that caused the treatment differences in standing volume have 461 

ceased (or the difference was below our detection limit). As noted by others (Richardson et al., 462 

1999; Morris and Miller, 1994) stand productivity is a poor measure of the sustainability of a 463 

management system to produce wood and biomass.  We have assessed several indicators of the 464 

soil’s ability to provide nutrients and resources for a growing stand. 465 

There were no significant correlations between stand volume and average annual soil 466 

temperature or moisture, suggesting that at this stage in stand development soil physical 467 

conditions were not responsible for the differences among the treatments (Table 6). Overall, the 468 

added treatments had more soil N, while the removed was not significantly different from the 469 

reference, and there were many significant correlations between stand volume and N 470 

concentration (+), N mass (+), and C:N (-) of soil horizons, particularly in the O and 0-20 cm 471 

horizons. There were also significant correlations between stand volume and LF N concentration 472 

(+), LF N mass (+),HF N concentration (+), and HF N mass (+)  within the 0-20cm depth and LF 473 

C:N (-), HF C concentration (+), and HF C mass (+) in the 0-20cm and 20-40cm depths. The 474 

increase in total N appears to have led to more labile forms of N (i.e. LF) that may be more 475 

available to mineralization and uptake by the trees. This trend was similar to that reported by 476 

Zerpa et al. (2010), who found elevated levels of potentially mineralizable N (PMN) in the added 477 

treatment, and depressed PMN in the removed treatment.  We suggest that the O-horizon and LF 478 
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and HF N concentration and content of the 0-20 depth may be sensitive indicators of the soil’s 479 

ability to provide resources, in particular N.  Each of these parameters had a significant 480 

correlation with tree growth and showed a significant response to the treatments suggests that 481 

these parameters play a role in providing the tree with available N.   482 

At age 15 there was no apparent effect of the treatments on available N as tested by the 483 

ion-exchange membranes, although NH4-N concentration on the exchange resins from the 0-20 484 

cm depth was near our critical value of α = 0.10 and positively correlated with tree growth 485 

(R=0.507, p=0.092). Both ammonium and nitrate were positively correlated with root N 486 

(R=0.705, p=0.010 and R=0.860, p<0.001, respectively), suggesting that higher uptake rates are 487 

occurring in response to more available N. At age 10 Zerpa et al. (2010) found significantly 488 

higher nitrate availability in the A horizon of the added treatment while the removed treatments 489 

were not statistically different from the reference, suggesting that the effect of the added 490 

treatment was an early boost to available N that no longer exists or is below our detection limit at 491 

year 15.  492 

Interestingly we found that exchangeable phosphate was significantly and positively 493 

correlated with stand productivity and it was found to be significantly lower in the removed 494 

treatments. Haywood and Burton (1989) found that loblolly pine plantations grown on the 495 

Ruston soil series had a positive response to P fertilization. This suggests that P may be co-496 

limiting stand production with N. In general it appears that increased production in the added 497 

treatments was driven by higher nutrient availability in the soil. While there was no reduction in 498 

growth by the severe removal of organic matter there were some indications that it impacted soil 499 

resources negatively. 500 

Differences in growth rates and productivity appear to have ceased at this stage in the 501 

stands’ development. Zerpa et al. (2010) found significantly higher litterfall in the added 502 

treatment relative to the reference and removed treatments at age 10; however, at age 15 503 

differences in litterfall between the treatments were less evident. All of the stands had reached 504 

crown closure and may have relatively equal amounts of leaf area which could be leading to 505 

similar litterfall production on all three treatments. Additionally, with identical planting 506 

densities, the canopies of all treatments should be similar. At age 10 Zerpa et al. (2010) found 507 

that litterfall had strong correlation (R2=0.940) with stand volume; while, at year 15 no 508 
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correlation was found. The convergence of growth rates could be a function of the current stand 509 

structure, convergence of limiting soil factors (e.g. nutrients or water), or both. 510 

Phosphorus is commonly limited in southern pine plantations grown on old agriculture 511 

fields (Sanchez et al., 2006) particularly in much of the southern part of the Gulf Coastal Plain 512 

(Fox et al., 2011). Zerpa et al. (2010) found significantly higher levels of mineral soil extractable 513 

PO4-P in the added treatment, but no significant differences between reference and removed 514 

treatments. Our findings were similar except that the exchangeable phosphate in the O-horizon of 515 

the added treatment was no longer different from the reference (but still different from the 516 

removed treatment), suggesting that PO4-P availability was returning to some reference level for 517 

the added treatment. While not, measured in this study total P in the O-horizon may be 518 

increasing.  Piatek and Allen (2001) concluded that the forest floor in mid-rotation loblolly pine 519 

stands is not a source of P but a possible sink. Zerpa et al. (2010) found that the O-horizon P 520 

content in the added treatment was more than double the reference (7.1 versus 18.2 kg ha-1 in the 521 

reference and added, respectively), while the removed treatment contained a similar amount of P 522 

in the O-horizon (6.8 kg ha-1) as the reference. This is in contrast to N which was only 15% 523 

higher in the added and 37% lower in the removed treatments’ O-horizon relative to the 524 

reference. These results support Piatek and Allen’s (2001) conclusion that the O-horizon is a sink 525 

for P over the rotation of a stand. The convergence of growth rates could be affected by the 526 

sequestration of P in the O-horizon. This is supported by the lack of trends in foliar P 527 

concentrations. 528 

Nitrogen immobilization by the heavy fraction may have also played a role in the 529 

convergence of the growth rates. The heavy fraction is thought to be a slower cycling pool of 530 

organic matter and a long-term pool of nutrients. The treatments manipulated of N in the O-531 

horizon and harvest residues were approximately ±300 kg ha-1 (unpublished data). The HF N 532 

mass of the added treatment was 286 kg ha-1 greater than the reference, suggesting that 95% of 533 

the added N has been sequestered in the HF. Additionally, the HF N mass of the removed 534 

treatments was 321 kg ha-1 less than the reference, suggesting that this fraction may have 535 

contributed to the available nutrients during the early part of the stand’s history. The HF does not 536 

appear to be as recalcitrant as thought, and appears to be playing a key role in moderating the 537 

effects of both organic matter manipulation treatments.  538 
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Even though many results are starting to converge onto reference levels, our results 539 

corroborate Zerpa et al. (2010) who suggested that higher bole volumes in the added treatment 540 

are a result of a fertilizer effect from the added nutrients. The added treatments’ increased growth 541 

rate for a few years after treatment (<10 years) have since slowed to that of the reference at age 542 

15. Most of this “fertilizer effect” appears to have come from an addition of N via the added 543 

organic matter, but there appears to also to have been some influence by P.  544 

We have focused on the significant differences, which have mostly centered on the 545 

“fertilizer effect” of adding organic matter to a loblolly pine stand. More germane to the question 546 

of long-term soil productivity is the lack of a negative growth response to whole tree harvesting 547 

and O-horizon removal. There has been surprisingly little research on mechanisms behind the 548 

resiliency of stand productivity to a relatively extreme treatment such as slash and O-horizon 549 

removal. Initially, we hypothesized that if stand production is limited by nutrients then the 550 

addition or removal of those nutrients should result in equal but opposite responses to soils and 551 

site productivity. In this study we added and removed nutrients in the form of forest floor and 552 

harvest residues and our results pose a paradox of sorts in that adding organic matter resulted in a 553 

fertilization-like effect; however an equal removal of nutrients did not result in a corresponding 554 

decrease in stand productivity. The latter result has been shown across many sites (Powers et al., 555 

2005; Ponder, 2008; Zerpa et al., 2010)  556 

The process by which stand productivity resists change as a result of organic matter 557 

removal has been poorly explored. A release of nutrients by roots decaying at a faster rate has 558 

been hypothesized (Powers et al., 2005, and Sanchez et al., 2006). We suggest that an increases 559 

soil moisture and temperature immediately after the removal treatment (as seen by Li et al., 560 

2003, Roberts et al., 2005) resulted in higher mineralization rates of labile pools of nutrients 561 

(including residual root systems) in the mineral soil of the removed plots as well as higher rates 562 

of nutrient retranslocation from senescing tissues.  563 

Labile forms of organic matter have been observed to decrease after similar organic 564 

matter manipulations in other systems.  Huang et al. (2011) found that the concentration of LF 565 

carbon in the surface mineral soil horizon can be reduced shortly after whole tree harvesting of 566 

radiata pine plantations. While not reported, there was probably a parallel response to the 567 

concentration of LF N in the surface mineral soil, suggesting that a stand may resist changes in 568 

growth if there is enough labile N in the mineral soil to compensate for the loss. Trees in nutrient 569 
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limited soils tend to retranslocate nutrients from senescing tissue at a higher rate, so the removed 570 

treatment may have retranslocated N at a higher rate to compensate for the loss of N in the O-571 

horizon and slash.  And we did observe higher rates of N retranslocation on the removed plot 572 

relative to the reference and this trend was near our critical threshold of α=0.1.  However, Zerpa 573 

et al. (2010) did not observe any significant differences between the reference and removed stand 574 

foliar or litterfall N concentration at age 10, suggesting that higher rates of retranslocation may 575 

be a recent phenomenon.  It is possible that the removed treatment stands are beginning to 576 

experience N limitation at mid-rotation as hypothesized by Ponder et al. (2008).  There is much 577 

uncertainty around the factors that control the resiliency of stand productivity to organic matter 578 

removal and this is in need or further research to determine the long-term response of these 579 

stands to more intensive harvesting practices.  580 

Most studies of organic matter removal have not examined a full post-treatment rotation. 581 

Helmisaari et al. (2011) studied whole tree harvesting of Norway spruce (Picea abies L.) and 582 

Scots pine (Pinus sylvestris L.) across Finland, Norway, and Sweden, and found an immediate 583 

reduction in growth after the initial treatment of many spruce stands; however reductions in 584 

growth in many Scots pine stands was not evident until the first thinning. The Nordic studies are 585 

some of the first of their kind, and it is unknown how widely these results may be applicable. 586 

Currently, many sites in the North American Long-Term Soil Productivity Experiment are 587 

approaching an age at which they may be thinned which typically occurs after crown closure.  588 

Since this stage in stand development is characterized by higher nutrient demands on the soil, the 589 

effect of O-horizon and harvest residue removal may reduce the growth rate of many stands as 590 

suggested by Ponder et al. (2008) and supported by Helmisaari et al. (2011).  Crown closure and 591 

thinning may be an important turning point for the Long-Term Soil Productivity Experiments 592 

that have seen relatively little impact as a result of organic matter removal treatments. 593 

 594 

5. Conclusions and Implications 595 

The objective of this research was to assess changes in site productivity 14 years after 596 

organic matter manipulation by examining nutrient availability and soil C content.  We found 597 

that organic matter additions acted as a fertilizer that increased stand bole volume, carbon at 598 

depth, and increased the amount of N in the system. Conversely, there did not appear to be 599 

significant reductions in below or above ground productivity as a result of severely removing the 600 
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forest floor and harvest residues. Generally, whole tree harvest plus forest floor removal did not 601 

negatively impact site productivity or soil carbon compared to bole-only harvesting at least 602 

through year 15. The sites and soils appear to be resilient; however the persistence of these 603 

trends is unknown for the long-term as these sites undergo thinning or other forest management 604 

activities.  605 

 606 
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Table 1. Biomass pools and nutrient concentrations and contents of foliage, litterfall and roots in 738 
the upper 20cm of soil. P values are from an analysis of variance (ANOVA) using a general 739 
linear model on a completely randomized block design (CRBD); significant p values are in bold 740 
(α=0.10). Letters indicate similar subsets as determined by Tukey’s HSD (a, b, c). Mean ± 741 
standard deviation. 742 

 743 

  Added Reference Removed p 

 
  

Volume at age 10  (m3 ha-1)* 109±14a 87±12b 80±26b 0.013 
Volume at age 14  (m3 ha-1) 138.0±12.0a 121.7±8.4ab 110.8±24.9b 0.029 

Periodic Increment 2005-9  (m3 ha-1) 54.6±2.5 50.9±1.6 48.7±6.5 0.147 

          
Litterfall mass (kg ha-1 yr-1) 4028.0±232.4 3501.6±378.1 3720.9±1181.5 0.593 
Root mass 0-20cm (kg ha-1) 565.6±39.4 557.6±77.4 572.0±55.0 0.930 

          
Foliar %N 1.40±0.34 1.38±0.26 1.20±0.20 0.111 
Foliar %P 1.19±0.19 1.19±0.22 1.10±0.11 0.671 
Litterfall %N 0.52±0.004a 0.48±0.003b 0.45±0.005c <0.001 
Roots 0-20cm %N 0.52±0.06 0.43±0.04 0.45±0.07 0.114 
          
Litterfall C:N 110.6±0.9a 122.2±0.7b 129.0±1.7c <0.001 
Roots 0-20cm C:N 98.2±18.0b 116.8±7.9ab 109.6±12.9a 0.074 
          
Litterfall N mass (kg ha-1) 20.7±4.2 17.2±4.5 21.0±2.4 0.181 
N Retranslocation (kg ha-1 yr-1) 35.0±11.0 26.7±6.0 31.7±11.2 0.123 
Roots 0-20cm N mass (kg ha-1) 2.9±0.2 2.4±0.4 2.5±0.3 0.260 

*from Zerpa et al. (2010) 744 

 745 

   746 
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Table 2. Soil carbon, nitrogen, and C:N ratio. P values are from an analysis of variance 747 
(ANOVA) using a general linear model on a completely randomized block design (CRBD); 748 
significant p values are in bold (α=0.10). Letters indicate similar subsets as determined by 749 
Tukey’s HSD (a, b, c). Mean  ± standard deviation 750 

Horizon Added Reference Removed p 

 

Nitrogen (%) 

O-horizon 0.520±0.123b 0.769±0.088a 0.492±0.225b 0.044 

0-20cm 0.099±0.016 0.083±0.026 0.074±0.015 0.261 

20-40cm 0.039±0.007 0.036±0.008 0.036±0.005 0.748 

40-60cm 0.029±0.002 0.03±0.003 0.029±0.002 0.952 

     

 

Carbon (%) 

O-horizon 17.60±5.53b 33.89±5.82a 22.26±11.7ab 0.072 

0-20cm 2.12±0.65 1.61±0.74 1.30±0.42 0.137 

20-40cm 0.72±0.23 0.45±0.17 0.46±0.13 0.106 

40-60cm 0.45±0.08a 0.29±0.09b 0.30±0.04b 0.027 

     

 

C:Nmolar 

O-
Horizon 39.06±3.22b 51.23±4.38a 52.21±5.51a 0.018 

0-20cm 24.64±5.04 21.79±3.82 20.27±3.05 0.132 

20-40cm 20.99±2.70a 14.54±4.78b 14.86±3.28b 0.051 

40-60cm 17.97±4.02a 11.39±2.77b 12.17±1.66b 0.013 

 751 
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Table 3. Light (LF) and Heavy (HF) fraction total %N, %C, C mass, and N mass in soil horizons. P values are from an analysis of 752 
variance (ANOVA) using a general linear model on a completely randomized block design (CRBD); significant p values are in bold 753 
(α=0.10). Letters indicate similar subsets as determined by Tukey’s HSD (a, b, c). Mean  ± standard deviation 754 

  Horizon Added Reference Removed p   Added Reference Removed p 

    Nitrogen (%)   Carbon (%) 

LF 0-20cm 0.94±0.07a 0.72±0.07b 0.60±0.16b 0.012 
 

38.98±2.17 37.18±3.93 34.75±5.44 0.397 

 
20-40cm 0.43±0.19 0.21±0.18 0.34±0.11 0.162 

 
21.22±8.51 11.66±10.69 22.48±13.3 0.408 

 
40-60cm 0.14±0.13 0.24±0.28 0.07±0.04 0.393 

 
6.59±5.23 11.98±16.17 4.78±4.18 0.590 

HF 0-20cm 0.048±0.008a 0.035±0.005b 0.029±0.003b 0.016 
 

0.897±0.186 0.599±0.104 0.519±0.043 0.130 

 
20-40cm 0.03±0.009 0.022±0.006 0.021±0.005 0.183 

 
0.391±0.167 0.264±0.07 0.257±0.044 0.174 

 
40-60cm 0.018±0.004 0.022±0.004 0.018±0.002 0.153 

 
0.221±0.087 0.257±0.071 0.193±0.044 0.562 

           

 
 

Nitrogen content (kg ha-1) 
 

Carbon content (Mg ha-1) 

LF 0-20cm  335.9±116.9a 226.1±52.6ab 163.1±66.4b 0.074 
 

13.93±4.82 11.62±2.89 9.62±4.41 0.464 

 
20-40cm  132.6±54.4 62.5±33 156.9±115 0.327 

 
6.44±1.93 3.21±1.97 12±13.59 0.395 

 
40-60cm  80.3±42.4 94.8±94.4 54.3±45.3 0.736 

 
4.22±3.19 4.36±4.09 3.7±4.13 0.977 

HF 0-20cm  911.6±218.2a 690.1±107.6ab 539.1±50.3b 0.047 
 

17.15±4.64a 11.75±2.14b 9.8±0.76b 0.033 

 
20-40cm  692.0±255.2 508.7±161.0 463.3±129.3 0.268 

 
9.06±4.53 6.20±1.70 5.73±1.14 0.245 

  40-60cm 507.5±119.0 625.9±96.2 500.7±60.7 0.087   6.36±2.43 7.47±1.93 5.44±1.15 0.474 
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Table 4. Molar C:N of light and heavy density soil fractions. Mean  ± standard deviation 756 

    Added Reference Removed p 

 
 

C:N 

LF 

0-20cm  51.4±9.7 60.7±9.2 70.4±19.6 0.276 

20-40cm  59.4±3.6 61.5±18.2 74.8±31.9 0.438 

40-60cm  57.1±18.8 69.0±30.4 74.6±26.6 0.604 

HF 

  

0-20cm  21.8±1.8 19.8±1.3 21.4±2.6 0.195 

20-40cm  14.8±2.4 14.4±2.4 15.1±3.9 0.825 

40-60cm  14.4±3.0 14.0±2.9 12.9±3.3 0.820 

  757 
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Table 5. Average extracted nutrients and hydrogen (mg m-2 resin strip). P values are from an 758 
Analysis of variance (ANOVA) using a general linear model on a completely randomized block 759 
design (CRBD); significant values are in bold (α=0.10). Letters indicate similar subsets as 760 
determined by Tukey’s HSD (a, b, c). Mean  ± standard deviation 761 

  Horizon Added Reference Removed p-value 

NH4-N(mg m-2) 
O 7.21±2.13 7.94±1.30 8.90±0.88 0.435 

0-20cm 11.74±4.00 6.89±0.74 9.24±1.64 0.118 

NO3-N (mg m-2) 
O 2.10±1.50 1.49±0.37 1.79±0.25 0.622 

0-20cm 1.44±0.60 0.93±0.37 1.18±0.32 0.397 

PO4-P (mg m-2) 
O 1.94±0.38a 1.89±0.33a 1.20±0.32b 0.038 

0-20cm 1.31±0.52 1.44±0.63 0.72±0.31 0.179 

H (mg m-2) 
O 0.22±0.07 0.18±0.06 0.19±0.06 0.665 

0-20cm 0.19±0.10 0.11±0.01 0.15±0.02 0.351 
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Table 6.  Pearson correlations of soil measurements and tree volume at age 15. * indicates 763 
significance at α=0.05 and  ** indicates significance at α=0.001.  n.m. = not measured.  764 
Abbreviations: WS = whole soil; LF = light fraction (< 1.64 g cm-3); HF = heavy fraction (>1.64 765 
g cm-3). 766 

Average Soil Temperature (year 15) -.540     

Average Soil Moisture Content (year 15) -.211     

Litter %N .750**     

Litter Nitrogen Mass .469     

Foliar N .238     

            

Soil Horizon O 0-20 20-40 40-60 Total 

WS N (%) .213 .672* .573 -.111 n.m. 

WS C (%) -.068 .678* .789** .757** n.m. 

C:N -.708** .621* .751** .784** n.m. 

WS N Mass .809** .695* .521 -.050 .809** 

WS C Mass .580* .703* .762** .759** .580* 

LF N (%) n.m. .769** .524 .457 n.m. 

LF C (%) n.m. .095 .051 .331 n.m. 

LF C:N n.m. -.671* -.588* -.546 n.m. 

LF N Mass n.m. .686* .065 .325 n.m. 

LF C Mass n.m. .372 -.256 .125 n.m. 

HF N (%) n.m. .712** .464 -.296 n.m. 

HF C (%) n.m. .767** .672* -.092 n.m. 

HF C:N n.m. .507 .503 .140 n.m. 

HF N Mass n.m. .718** .472 -.274 n.m. 

HF C Mass n.m. .778** .656* -.073 n.m. 

Average NH4
+-N -.063 .507 n.m. n.m. n.m. 

Average NO3
--N .256 .196 n.m. n.m. n.m. 

Average PO4
-3-P .577* .260 n.m. n.m. n.m. 

  767 
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 768 

Figure 1. Treatment design of Millport Organic Matter Study. 769 
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 770 

Figure 2. (top) Soil temperature (10cm depth) and monthly average air temperature taken from 771 
Columbus AFB (nearest weather station). (bottom) Soil moisture (Volumetric Water Content % 772 
to 10cm depth) and total precipitation between soil measurement periods from Columbus AFB 773 
(nearest weather station) from January 2011 to December 2011. *indicates periods when 774 
significant differences were detected among the treatments; however post-hoc testing found no 775 
significant difference among the treatments. 776 
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 778 

Figure 3. Carbon (left) and nitrogen (right) content of whole soils by depth.  P values are from an 779 
analysis of variance (ANOVA) on a completely randomized block design (CRBD). Letters 780 
indicate similar subsets as determined by Tukey’s HSD (a, b, c). 781 
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 784 

 785 

Figure 4. O-horizon mass over time.  Error bars are standard deviations.  Measurements from 786 
year 0 are from unpublished data from the 4 reference plots.  The standard deviation of the added 787 
treatment from year 0 was calculated by propagating the error from the reference sites.  No 788 
statistical test was possible on this data set.  Year 10 data and the results of the statistical test are 789 
from Zerpa et al., (2010).  Year 15 data and results of the statistical test are from this study. 790 
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