
 

 

ABSTRACT 

 

TISDALE, JESSICA LINN. Quantifying the Effects of Organic Residues on Soil 

Nitrogen and Phosphorus Availability. (Under the direction of Drs. Jennifer N. Phelan 

and H. Lee Allen). 

 

Carbon (C) amendments are known to influence soil nutrient availability and microbial 

biomass.  This study was conducted to characterize the effects of different levels of post-

harvest organic residue retention on the nutrient cycling of nitrogen (N), phosphorus (P), 

and C in a 2-year-old loblolly pine (Pinus taeda L.) stand in Berkeley County, South 

Carolina.  Five treatments of post-harvest residues: -FF (-25 Mg ha
-1

 forest floor), FF (0 

Mg ha
-1 

forest floor), 2FF (50 Mg ha
-1

 forest floor), FF+1M (25 Mg ha
-1

 forest floor + 25 

Mg ha
-1

 mulched logging debris) and FF+2M (25 Mg ha
-1

 forest floor + 50 Mg ha
-1

 

mulched logging debris) were imposed and incorporated into the soil in 2004.  Soil 

samples were collected from three depths (0 - 20 (A), 20 - 40 (B), 40 - 60 (C) cm) in 

May, July and October of 2006 and assessments on these samples included 

determinations of: net N and P mineralization rates, extractable N and P, microbial 

biomass C, N and P, soil labile C, and microbial activity. Most soil assessments in depths 

B and C were not affected by treatment, with the exception of extractable N and 

microbial biomass P pools.  Assessments of microbial biomass N, extractable N and 

mineralizable N pools in depth A were all strongly impacted by treatment. Microbial 

biomass N was significantly larger in the FF+2M in comparison to all other treatments 

and extractable N was significantly larger in the FF than all other treatments.  Extractable 

N and mineralizable N were the only pools on a content basis affected by treatments.  

Post-harvest residue N type (forest floor vs. mulch applications) heavily influenced net N 

mineralization by reducing the FF+2M N flux relative to the 2FF by 608%.  Net N 
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mineralization rates were mainly influenced by the changing ammonium pools which 

were significantly smaller in the FF+1M and FF+2M treatments than all other treatment. 

 

Microbial immobilization of N and microbial activity was greatest in the FF+2M which 

provides evidence that increasing C additions stimulates soil microbes to grow and 

sequester N into their biomass.  Post-harvest residue management also had significant 

impacts on microbial biomass C and microbial activity.  Microbial biomass P generally 

increased with C additions among treatments, with no detected differences found in other 

measured P pools and fluxes.  Linear relationships among different N or P pools of the 

same element showed that with increases in microbial biomass N and P subsequent 

increases in net N mineralization and extractable P occurred. Soil moisture content was 

well correlated with all microbial measures in depth B and most measures in depth A.   

Tree volume increases were best explained by increases in net N mineralization rates 

(R
2
= 0.338).  As expected, the highest tree volumes were found on the 2FF plots which 

had 272 kg N ha
-1

 added, representing the greatest amount and quality of N among 

treatments.  These data indicate that additions of post-harvest organic residues have 

substantially altered N dynamics and slightly impacted C and P dynamics in early pine 

plantation regeneration. 
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QUANTIFYING THE EFFECTS OF ORGANIC RESIDUES ON SOIL 

NITROGEN AND PHOSPHORUS AVAILABILITY  

Jessica L. Tisdale 

 

INTRODUCTION 

Nitrogen (N) is generally considered to be the most limiting element in temperate and 

boreal forests of North America (Kimmins and Feller, 1976; Krause, 1982; Vitousek and 

Matson, 1985; Binkley, 1986; Munson et al., 1993).  The incorporation of nutrient-rich 

post-harvest forest residues can increase soil N and carbon (C) pools (Burger and 

Pritchett, 1984; Sanchez et al., 2000; Sanchez et al., 2003; Smethurst and Nambiar, 

1990).  Intensively managed pine plantation (Pinus taeda L.) sites in the southeastern 

U.S. are limited by low N or phosphorus (P) availability (Ducey and Allen 2001; 

Valentine and Allen 1990; Allen 1987), and low biomass productivity and therefore 

synthetic fertilizer applications have become common, and the fertilizer applications have 

increased forest floor accumulations (Gurlevick et al. 2003).  Past research shows that 

typical shearing and piling of woody debris along with the movement of these materials 

off site may result in a site productivity decline due to a loss of site organic matter 

(Burger and Kluender, 1982; Burger and Pritchett, 1984).  Hence, these on-site 

accumulated pools of post-harvest forest floor and slash have the potential to be large 

nutrient reservoirs for the subsequent pine plantation rotation.    

 

Matson and Vitousek (1981) suggested that estimates of net N mineralization under 

constant, controlled conditions in the laboratory assess organic residue substrate quality.  
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Effects of post-harvest residue additions and removals on extractable N and N 

mineralization are not clear, since many other confounding factors due to site preparation 

tend to blur the outcome.  Generally, following plantation establishment and 

incorporation of organic matter, N mineralization rates increase but these increases do not 

persist beyond the first year (Burger and Kluender 1982; Carter et al., 2002). One study 

documented an increase in forest floor N mineralization rates 10 years following  forest 

floor additions (Zerpa, 2005).  However, studies tracking early stand dynamics have 

shown that N mineralization rates with the removals of organic residues (forest floor and 

whole tree) were not affected (Li et al., 2003; Vitousek and Matson, 1985) but were 

attributed to other site factors such as soil type and disturbance.  Whole-tree harvest 

management practices have been shown to reduce N availability at mid-rotation, since N-

rich substrates in foliage and branches were removed from the site (Piatek and Allen, 

1999; Vitousek, 1985).   

 

Net P mineralization rates and extractable P are also important to assess in relation to 

organic matter management since pine plantations in the southeastern U.S. coastal plain 

are also known to be P limited.  Additionally, these soils are strongly weathered and 

leached and therefore little P is released from the weathering of the primary P-bearing 

minerals.  Phosphorus availability is largely a function of the mineralization of organic P 

and is determined by competition between biological and geochemical sinks for P anions 

(PO4
3-

).  Increased rates of P mineralization from soil organic matter in response to 

fertilizer application have been documented and these increases were linked to critical 

organic matter substrate C:P ratios and metabolic satiation of microbial populations 
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(Blair, 1988; Polglase et al., 1992; Saggar et al., 1998).  Currently little is known about 

the effects of organic matter additions on mineral soil P mineralization.  It has been 

documented that mineralization and immobilization of P are the dominant processes 

determining the concentration of P in soil solution in coastal plain sites limited by 

sorptive surfaces in the forms of Al and Fe and organic complexes (Fox, 1990).  Some 

work suggests that soil water potential and soil temperature have a larger positive 

influence on specific P mineralization (net P mineralization as a % of total P), regardless 

of P applications (Grierson, 1999).   Residue incorporation studies in New Zealand 

proposed that management techniques of mixing litter into the soil increased P 

availability due to the increase in local concentrations of organic acids (Comerford and 

Dyck, 1988; Comerford and Skinner, 1989).  Hence, the importance of forest floor and 

slash after harvest needs to be investigated in the early years of pine plantation 

establishment in order to understand the nutrient cycling (N and P) response to different 

amounts and types of post-harvest residues.   

 

The links among microbial biomass and the nutrient cycling of N and P are important.  

The component of managed loblolly pine (Pinus taeda L.) forests that carries out the 

processes of nutrient mineralization is the soil microbial community.  Microbes are an 

important pool of labile nutrients and control available N and P both by mineralization 

from soil organic matter and also by N and P immobilization and subsequent re-

mineralization following senescence and death.  Although they only comprise 1 to 3% of 

the total soil carbon (C), up to 5% of the total N (Smith and Paul, 1990), and 2 to 5% of 

total soil P, they play a major role in nutrient dynamics.  
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An accepted tenant is that microbial growth and activity in most soils is limited by C 

availability (Smith and Paul, 1990). Dissolved organic C represents the main source of 

energy-rich C substrates for these heterotrophic microorganisms (Neff and Asner, 2001; 

Wardle, 1992).  Other studies have shown that microbial biomass C (MBC) and activity 

decrease with the reduction of available C, and therefore available C is an important 

driver of microbially-mediated processes (Chen and Stark, 2000; Garcia-Oliva F et al., 

2003; Schimel and Weintraub, 2003).  Pools of available C are made accessible to the 

microbial community in the bulk soil by the decomposition of soil C or soil organic 

matter.  Soil organic matter, which encompasses decayed plant residues, microbes, small 

fauna and the by products of decomposition (Paul and Clark, 1989), plays a significant 

role on the forms and temporal dynamics of nutrients in the soil (Tiessen et al., 1994).   

 

In agricultural systems, retention and/or incorporation of residues can increase microbial 

biomass C (Saffigna et al., 1989; Witter, 1996; Perucci et al., 1997; Chander et al., 1997) 

but few studies have investigated the effects of residue incorporation on forest soil 

microbial biomass C.  In forest soils, the significance of microbial
 
immobilization of C 

and N after carbon amendments has been demonstrated
 
by several researchers (Bauhus 

and Khanna, 1999; Hart et al., 1994b; Raison et al., 1992; Vitousek, 1985; Vitousek and 

Matson, 1984, Mendham, 2002, Tan et al., 2005)); therefore organic matter retention can 

significantly influence microbial biomass.  In relation to C cycling, microbial 

immobilization of N is facilitated by active heterotrophic microorganisms that are 

stimulated by high C availability (Montaño 2007).  
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Microbes can influence N mineralization rates by releasing nutrients contained within 

their bodies which are a major source of labile nutrients in most soils as shown by 

experiments using 
15

N-labeled microbial biomass (Myrold and Tiedje 1986; Binkley and 

Hart 1989).  In North Carolina, microbial immobilization of N after harvest and in the 

presence of slash on the top of the soil was the primary mechanism for increased N 

retention in a pine plantation (Vitousek, 1985; Vitousek and Matson, 1984; Vitousek and 

Andariese, 1985).   

 

Microbial biomass P (MBP) has been shown to increase as a result of the additions 

organic matter or in response to a fluctuating water table (Tiessen et al., 1994) but little 

research has been done on microbial biomass P changes due to pine plantation organic 

matter management.  Furthermore, a recent study suggested that microbial biomass P 

plays a major role in conserving organic P reserves (Kwabiah, 2003).  Microbes also play 

a key role in the biochemical transformation processes of organic P to inorganic forms 

available for plant uptake (Stewart and Tiessen, 1987) and as much as 65% of total soil P 

is found in the soil organic matter fraction of the soil (Bauer and Black, 1994).  Substrate 

C:P ratios are considered to be an important indicator of whether P will be mineralized or 

immobilized as the forest floor decomposes (Blair, 1988), with high C:P ratios considered 

to be low quality, whereas low C:P ratios are considered to be high quality.  For example, 

soil organic matter additions with high C:P ratios such as mulched logging debris would 

be expected to mineralize less P and additions with low C:P ratios in the form of forest 

floor would be expected to mineralize more P.  This phenomenon can also be attributed 
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to the metabolic needs of microbes, in which P will be immobilized in microbial biomass, 

if C:P ratios within microbial biomass are high.   

 

Several studies have found that the initial rate of nutrient release is positively correlated 

with the initial concentrations of N or P in forest litter (Aber and Melillo, 1980; Berg and 

Ekbohm, 1993; Edmonds, 1980; MacLean and Wein, 1978; Yavitt and Fahey, 1986). 

Rates of decomposition and subsequent nutrient release of forest floor and logging 

residues will ultimately be determined by the chemical “quality” of these two types of 

residues, which is a function of the major groups of C compounds found in the different 

types of organic residue additions.  Since the rates of decomposition of C groups increase 

in the order of phenols, lignin, cellulose and sugars (Minderman, 1968), we assume 

logging residues (wood and branches) will have higher ratios of phenols and lignin 

compared to forest floor residues, which consist of both partially decomposed and fresh 

needles.   Numerous studies have shown that the forest floor mineralizes (Covington, 

1981; Joergensen et al., 1980; Switzer and Nelson, 1972) as well as immobilizes nutrients 

(Piatek and Allen, 2001; Vitousek and Matson, 1985). Thus depending on nutrient, time, 

and type of forest floor material (bark, twigs, or leaf litter), the forest floor can be either a 

source or sink for nutrients.  Currently little information is available on the rates of 

decomposition of incorporated mulched logging debris and its ability to release nutrients; 

therefore this research will assist in elucidating how these additions impact nutrient 

release.  

 

 



7 

 

Residual forest floor and slash in pine forests after tree harvest can serve as a source of 

microbial energy and possibly can meet the N and P mineralization requirements further 

into the life of the pine rotation (O'Connell et al., 2004; Piatek and Allen, 1999).  A 

conceptual model suggests that site management techniques that mechanically 

incorporate logging residues have the ability to increase soil organic matter pools and 

ultimately change soil nutrient release patterns (Buford et al., 1999).  Moreover, after 

mechanical incorporation of logging residues, the soil physical properties, nutrient 

retention and cycling processes improved the productivity of the site and recent results 

show 100%  increases in mineral soil C and N compared with pre-treatment levels 

(Sanchez et al., 2002).  Current knowledge suggests that the incorporation of forest floor 

and/or logging residues increases soil C and N, but little is known as to how these organic 

residue applications affect microbial nutrient dynamics, and ultimately tree growth.  Our 

study was undertaken to determine the effects of post-harvest residue additions on soil 

available N and P, microbial nutrient pools, microbial activity and labile C pools 

throughout the upper 60 cm of the soil profile.  Post-harvest forest residues are currently 

part of on-site fertilization regimes in early pine forest regeneration, but this research will 

help interpret how different levels of forest floor and/or slash retention combinations will 

affect microbial nutrient dynamics and early stand growth.   
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MATERIALS AND METHODS 

 

Site description 

  

This research was conducted as part of a larger U.S.D.A. Forest Service Southern 

Research Station and MeadWestvaco productivity and carbon sequestration study in 

Cross, South Carolina.  The study was located on the upper coastal plain on 

MeadWestvaco property (33° 17´N, 80°10´W).  Soils included Lynchburg (fine-loamy, 

siliceous, semi-active, thermic Aeric Paleaquults), Ocilla (loamy, siliceous, semi-active, 

thermic Aquic Arenic Paleudults), and Seagate (sandy over loamy, siliceous, active, 

thermic Typic Haplohumods) series. Average monthly temperatures were 23˚C in May, 

29˚C in July and 18˚C in October, and total rainfall was 901mm in 2006 (Maier, 

unpublished data).   

 

Study design 

In May of 2004, the 21-year loblolly pine (Pinus taeda L.) stand occupying the site was 

harvested.  A randomized complete block (RCB) design with five organic matter 

treatments (removed forest floor (-FF), intact forest floor (FF), double forest floor (2FF), 

mulched logging debris (FF+1M) and double mulched logging debris (FF+2M)) was 

installed (Table 1) and replicated three times (15 plots).  The FF treatment reflects normal 

site preparation procedures used in pine plantations in the coastal plain soils of the 

southeastern U.S.  In July 2004, all areas designated -FF plots were raked for forest floor 

materials and any large material greater than 5 cm in diameter.  This material was set 

aside for distribution on the 2FF plots after shearing was complete.  A D-8 tractor with a 

V-shear blade was used to strip shear plots and on 4.3 m centers in which nine sheared 
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strips were created per plot. Care was taken not to move mineral soil with the V-shear 

blade.  Plots were then double bedded with a D-8 tractor with a savannah bedding plow, 

which resulted in a tilled linear mound 30 cm high and 1.8 m wide with 0.9 m wide inter-

rows spaced 0.5 m (troughs) from beds. Due to site restrictions, new beds were laid in the 

same direction as old beds but spacing was wider than the previous 3.7 m; therefore new 

bed placement was located directly on top of old beds or in old inter-row areas. Chipped 

post-harvest residues consisted of wood, bark, foliage and branches left on site from the 

previously harvested stand, and were used for the FF+1M and FF+2M.  The 2FF 

treatment plots included both the intact forest floor and additional forest floor material 

from the -FF plots. Additions of post-harvest residues (chipped and forest floor) were 

uniformly spread on the surface of the sheared strips with a D-5 tractor and bucket on 

front-end loader before the savannah bedding plow incorporated the organic residue 

additions.  Following site preparation, two loblolly pine clones were planted at 3.7 x 1.8 

m spacing in January 2005, but only one clone was used for this particular study’s 

experiment.  Each plot was approximately 48 x 38 m (.18 ha) in size with nine bedding 

rows approximately 3.7 m from bed center to bed center.  All plots were separated by two 

bedding row buffers.   

 

Pre-treatment levels of soil C, N and P in the mineral fine (soil < 2 mm) and coarse 

organic (soil > 2 mm) fractions to a depth of 60 cm were assessed in May 2004 (Table 2) 

(Maier, unpublished data).  In addition to pre-treatment soil nutrient levels, organic 

matter treatment additions of C, N and P on a per hectare basis in the bedding rows 

remaining in January 2006 were also measured (Table 1) (Maier, unpublished data).   
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Soil sampling  

Soil sampling occurred in approximately 15 locations at three depths (A: 0-20 cm, B: 20-

40 cm, and C: 40-60 cm) in each plot in May, July, and October 2006.  Sampling 

commenced the second year of tree growth.  Soils were randomly sampled from the inner 

five bedding rows and two trees in from the end of each plot row (Figure 1) in order to 

avoid any non-treated edge effects. A push tube with a 2.0 cm diameter was used to 

sample soils.  The 15 sample locations within the plot were composited by depth.  Care 

was taken to sample soils in between planted trees in order to reduce the presence of roots 

and rhizosphere influences.  Samples were then placed in plastic bags and transported on 

ice back to the lab at North Carolina State University.  In the lab, soils were stored at 4˚ C 

for no more than a week before processing.  All soils were sieved with a 4 mm sieve and 

hand homogenized.  All analyses were done at field moisture content.  

 

Microbial biomass C, N, and P 

Microbial biomass C, N, and P were determined using the chloroform fumigation 

extraction (CFE) method (Brookes et al., 1985a; Vance et al., 1987) modified by the use 

of 2M KCl (Amato and Ladd, 1988) for microbial biomass C and N. Microbial biomass 

assessments were done for all depths and collection times.  For microbial biomass C and 

N, one of two 10 g sub-samples of each soil was extracted with 35 ml of 2M KCl, shaken 

for 30 min on a reciprocal shaker, centrifuged for 10 min, and filtered with Whatman no. 

42 paper (pre-soaked in 2M KCl). Soil extracts were stored at -5˚ C until analyzed.  The 

second sub-sample of each soil was placed in a vacuum sealed air tight glass dessicator 
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lined with wet paper towels. Anti-bumping chips were added to the ethanol-free 

chloroform beakers to reduce chloroform spattering in the desiccator.  Samples were 

fumigated and then incubated for five days (Gallardo and Schlesinger, 1994).  Following 

incubation, the dessicator was flushed with air and the samples were removed and left to 

aerate for 30 min under a lab hood to remove any residual chloroform. These samples 

were then extracted with 35 ml of 2M KCl as described above.  These extracts were then 

analyzed for C concentrations using an automated TOC analyzer (TOC 5050A, Shimadzu 

Corporation, Kyoto, Japan).  Microbial biomass C (ug C g
-1

) was estimated from the 

relationship EC/kEC, where EC is [(organic C extracted from fumigated soil) minus 

(organic C extracted from non-fumigated soil)] and kEC = 0.45 (Joergensen, 1996; Wu et 

al., 1990).  kEC is defined as the fraction of biomass C lysed and extracted by 2M KCl . 

 

Microbial biomass N was determined by converting all N in the 2M KCl non-fumigated 

and fumigated extracts to NO3
- 
by a persulfate oxidation technique (Cabrera and Beare, 

1993).  Briefly, 9.8 ml of low-N persulfate oxidizing reagent (in 1000 ml of deionized 

water: 15 g NaOH, 50 g K2S3O8 and 30 g H3BO3) was added to 7 ml of 2M KCl 

extraction solution in a glass vial and was autoclaved at 90˚ C overnight.  To account for 

moisture loss, samples were weighted before and after heating.  The oxidation of both 

inorganic and organic standards (ammonium nitrate, potassium nitrate, and alanine) 

ensured that maximal N oxidation took place.  The Lachat Autoanalyzer (Quick-Chem 

8000, Zellweger Analytic, Inc., Milwaukee, WI) method # 12-107-04-1-B was used to 

determine extractable NO
3

-
 in solution and values for microbial biomass N were 

estimated by differences in NO3
- 
concentrations between fumigated and non-fumigated 
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samples.  Microbial biomass N was estimated similar to microbial biomass C with a kEN 

value of 0.54 (Brookes et al., 1985b; Joergensen and Mueller, 1996).   

 

As described above, the modified CFE method was used to determine microbial biomass 

P.  Bliss et al. (2004) found that 3mM oxalic acid extracted P best in acidic spodosols.  

One of two 10 g sub-samples of each soil was extracted with 100 ml of 3mM oxalic acid, 

shaken for 30 min on a reciprocal shaker, centrifuged for 10 min, and filtered with 

Whatman no. 42 paper (pre-soaked in 3mM oxalic acid).  The other sub-sample was 

fumigated as described above for microbial biomass C and N and extracted with 100 ml 

of 3mM oxalic acid. Samples were then stored at -5˚ C.  The Lachat Autoanalyzer method 

# 10-115-01-1-B was used to determine concentrations of orthophosphates and microbial 

biomass P values were derived using a CFE  kEP = 0.40 (Brookes et al., 1982).   

 

Extractable N and P 

Extractable N (NO3
-
+NH4

+
) and extractable P (PO4

3-
) were determined by analyzing the 

nonfumigated 2M KCl extracts for N and 3mM oxalic acid extracts for P for all collection 

times and all depths.   The Lachat Autoanalyzer method # 12-107-04-1-B and 10-115-01-

1-B were used for determining N and P solution concentrations, respectively.  These 

samples were the same extracts that described the non-fumigated samples used to 

determine microbial biomass N and P.    
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Mineralizable N and P 

Mineralizable N (net N mineralization) was determined in the laboratory using a 

modified aerobic incubation (Hart et al., 1994a) of only 14 days for soils from depth A at 

all collection periods.  A 30 g sub-sample of each soil was weighed in a glass mason jar 

and was lightly covered with plastic wrap.  Every 24 h, soils were weighed and were 

misted with deionized water if soil moisture dropped by 5% based on weight difference. 

At the end of the 14-day incubation a 10 g sample was extracted with 2M KCl following 

procedures for the non-fumigated extractable N described above.  Mineralizable N was 

determined by subtracting initial extractable N from the 30 g sub-sample less that of the 

10 g sample that was incubated in the lab for 14 days.  

 

Mineralizable P (net P mineralization) was determined using the same incubation length 

and values calculated similarly to mineralizable N.  Mineralizable P was determined by 

the use of anion exchange membranes (AEM) (Merck House, Poole, Dorset, U.K.) for all 

collection times in depth A. Membranes were cut into 2.5 x 6.25 cm strips. One of the 

two 2 g soil sub-samples was placed in an appropriate containers with one membrane, 

100 ml of deionized water and then shaken for 24 h (Sibbesen, 1977) on a reciprocal 

shaker on low speed.  After shaking, membranes were then removed from soil solution 

rinsed with deionized water to remove soil on membrane and then placed in sample 

bottles with 50 ml of 0.5M HCl.  Samples were shaken for 90 min and membranes were 

then removed and samples stored at room temperature.  The other 2 g sub-sample was 

incubated for 14 days, as described above for mineralizable N, and then the protocol 

previously described for the initial sub-sample was followed.  A protocol for the 
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conversion of AEM with HCO3
-
 was followed (Myers et al., 1999; Shoenau, 1991) 

immediately after processing samples to recharge the membrane capacities to sequester P.  

Solutions were then analyzed for total P in solution using the inductively coupled plasma 

atomic emission spectrometer (IPS-AES, Varian ICP, Liberty Series 2, Varian analytical 

instruments, Walnut Creeks, CA). 

 

Soil labile C 

An index of soil labile C was determined by a sequential chloroform fumigation 

incubation (CFI) method (Zou, 2005) in order to oxidize all the labile C within the soil in 

a short 88 day period.  This index represents the C that is thought to be physically 

accessible and chemically available to soil microbes.  The use of this sequential 

chloroform fumigation method will expedite the mineralization of soil labile C by lysing 

microbial C multiple times and respired C will represent the total soil labile C available 

over the incubation.   Pairs of 30 g soil samples were placed in 50 ml glass beakers; one 

sub-sample was fumigated for 24 h and 1 g of soil inoculant was then added to the 

fumigated soils while the other sub-sample did not receive any additions.  Soils were 

mixed with a spatula for approximately 30 seconds to disturb inoculation soil.  Both 

fumigated and non-fumigated samples in the beakers were then placed in a 1-liter air-

tight mason jar modified with a rubber septum in the lid for headspace CO2 

measurements.  Five mls of deionized water was added to the bottom of each 1-liter jar to 

keep samples moist while incubating and then the 1-liter jar was capped tightly and 

incubated for 10 days. This first incubation cycle is similar to the CFI procedure for 

estimating microbial biomass C (Jenkinson and Powlson, 1976).  The non-fumigated 
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soils were only used in the first incubation cycle in order to determine CFI microbial 

biomass C and provide a correction factor for the estimation of labile C.   Carbon dioxide 

measurements were sampled by inserting a 5 ml 20 gauge Precision Glide needle (Becton 

Dickinson & Co., Franklin Lakes, NJ), pumping 3x times to distribute gas concentrations 

evenly and then pulling a 1ml gas sample for analysis on the infrared gas analyzer (Li-

Cor 6262 CO2/H20 Analyzer, LI-COR, Inc., Lincoln, NE).  After the 24 h fumigation 

and 10-day incubation period, carbon dioxide samples were taken from the initially 

fumigated samples.  A total of eight CO2 measurements were taken.  The total CO2 of 

these eight cycles assessed the soil labile organic C fraction.  Accumulated soil CO2-C 

(mg C g
-1

) following the tth fumigation-incubation cycle was calculated by equation (1). 

(1) Ct = (Ca - Qt)/w          

where Ct  represents the labile C fraction at the tth cycle; Ca represents total CO2-C at the 

tth cycle and w is the initial dry weight of the soil. Qt  is a correction factor for the 

inoculated soil used after each fumigation and these were calculated according to Zou et 

al. (2005) in equation 2. 

(2) Qt = C’ /(r+1) + ∑ [Ct - 1/(r+1)], t=1…..8;       

where Ct - 1= 0 when t=1; C’ is the amount of CO2-C respired in the first 10 day 

incubation from the nonfumigated sub-sample; and r is the weight ratio of fumigated soil 

to inoculated soil.  This factor was determined for each sample during each of the eight 

cycles.   

To estimate labile C, Ct values for all eight cycles were summed to obtain the 

accumulated labile C. 
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Potential soil labile C turnover rates were then calculated for each sample (n=45) by a 

non-linear iterative regression model (SAS-PROC NLIN program) following the 

Gaussian method originally written for N mineralization (Andy Scott, personal 

communication). Equation 3 represents the model. 

(3) Ct = Clabile (1 – e
-kt

)          

Clabile represents predicted soil labile organic C and k represents potential turnover rates 

of soil labile organic C.  Other variables are as defined previously.  This non-linear model 

derived values for predicted soil labile organic C and potential soil labile C turnover rates 

(k) at each measurement point by equations 4 and 5, respectively. 

(4) Clabile = (1-e
-kt

) 

(5) k = Clabile*t* e
-t 

Two measurements, potential soil labile C turnover rates (k) and actual accumulated CO2-

C (Ct) were determined with this assessment. 

 

Microbial activity  

Microbial activity was determined in the lab by 72-hour lab incubation for all collection 

times in depth A only.  A 30 g soil sample from each plot was placed in a 500 ml 

modified air-tight mason jar suitable for CO2 analysis and then the headspace of the jar 

was measured for CO2 with a Li-Cor 6262 infrared gas analyzer (Li-Cor 6262, Lincoln, 

NE).   Three and a half mls of deionized water was pippetted into the aliquots of soil and 

mixed thoroughly to alleviate any moisture limitations.  Soils samples were then loosely 

covered with plastic wrap and incubated in the dark at 22˚ C and were misted with 

deionized water if water loss exceeded 5% throughout the incubation.  Immediately 
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following CO2 measurements, water loss was determined by weighing samples to 

determine if water loss exceeded 5%.  Water was replenished by misting samples with a 

calibrated sprayer set to 1-ml sprays.  Carbon dioxide measurements were taken at 24, 36, 

48, 60, and 72 hours and were sampled from the jar head space by inserting a 5 ml 20 

gauge Precision Glide needle (Becton Dickinson & Co., Franklin Lakes, NJ), pumping 

the needle 3x times to distribute gas concentrations evenly and pulling 1 ml of CO2 for 

analysis on the gas analyzer.  Jars were capped for approximately 3 h before CO2 

measurements and the levels of CO2 accumulation in the jar never exceeded 1 - 2% CO2 

by volume.  Microbial activity values were then determined by taking the largest value 

from the 5 measurement points.   

 

Soil physical properties 

Soil moisture contents for all collection periods were determined by oven-drying 10 g of 

fresh soil at 105˚ C for 24 h and calculating soil moisture on a fresh weight basis.  Bulk 

densities of field samples were determined by the U.S.D.A. Forest Service (RTP, NC) at 

10 cm intervals in July 2007 for beds, inter-rows and troughs to a depth of 30, 20 and 10 

cm, respectively.  Bulk density was sampled before reporting results and bulk densities in 

depth A differed by treatment and averages reported for   –FF, FF, 2FF, FF+1M and 

FF+2M were 1.36, 1.31, 1.05, 1.12 and 0.90, respectively [Rankings: (-FF = FF) > 

FF+1M ≥ 2FF ≥ FF+2M].  Depth B and C bulk densities were statistically similar across 

treatments for measurements taken in July 2007 (Maier, unpublished data).   
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Bulk densities for depths B and C were calculated by using inter-row values for the 30 - 

40 and 40 - 50 cm bed depth.  Bulk density for the 50 - 60 cm depth was assumed to be 

the same as the 40 - 50 cm.  For all content data, conversion of soil concentration to 

content data was accomplished by first averaging the two bulk density values of each 0 - 

10 cm interval on a plot level that represented the appropriate 0 - 20 cm depth and then 

multiplying by the concentration value.   The second step of content calculations was to 

account for bed percentage of C, N and P in one hectare.  Therefore a multiplier factor for 

each depth was determined by calculating the area of the beds in proportion to each depth 

layer in one hectare.   Factors for depths A, B and C were 0.50, 0.87 and 1, respectively.   

 

Statistical Analyses 

To test for field treatment and collection time influences on soil C pools [microbial 

biomass C, soil labile C, potential soil labile C turnover rate (k), microbial biomass C to 

labile C ratio and microbial activity], soil N pools (microbial biomass N, extractable N, 

extractable ammonium, extractable nitrate, mineralizable N, mineralizable ammonium, 

and mineralizable nitrate) and soil P pools (microbial biomass P, oxalic extractable P, 

mineralizable P), measured concentration and content values were analyzed using a 

repeated measures analysis of variance.  A randomized complete block design using the 

PROC MIXED procedure with SAS software (Statistical Analysis System 9.1, SAS 

Institute Inc.) was used for the analysis.  This mixed model was applied individually to 

each of the three depths.  Mineralizable N, mineralizable P and microbial activity data 

were only determined for depth A.  The compound symmetry (cs) model for calculating 

correlated errors was used based on Akaike’s Information criterion (AIK).  Because of 
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unbalanced data for some variables, degrees of freedom were estimated using the 

Kenward and Roger option in the PROC MIXED procedure (Guerin and Stroup, 2000; 

Spilke et al., 2005).  Tests for least squares mean differences were determined when 

treatment was significant for all variables.  Correlations were determined in depth A and 

B in order to explore linear relationships between C, N, P biomass, labile C, microbial 

activity, extractable and mineralizable N and P and soil moisture. 

 

For July measurements of labile C, potential labile C turnover rate (k) and microbial 

biomass C to labile C ratio, a randomized complete block analysis of variance using the 

PROC GLM (SAS) procedure was used to test for significant differences between field 

treatments. For all stated variables, the least squares mean procedure was used to separate 

treatments when treatment effects were significant.  Significance was accepted at p ≤ 

0.10.  All variables were tested for normality with the Shapiro-Wilks test by field 

treatment using SAS.  

 

To test for post-harvest residue influence on the three soil depths cumulatively, content 

means for each depth were summed and analyzed as described above for C, N and P 

pools and fluxes.  This test was performed because soil bulk densities strongly differ 

between treatments and depths. 
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RESULTS 

 

Soil C  

Soil C pools and fluxes - depth A 

 

Microbial biomass C levels were significantly affected by field treatments with the 

“added OM” treatments (2FF, FF+1M and FF+2M) showing elevated microbial biomass 

C pools compared to the -FF and FF (Table 3, Figure 2). Microbial biomass C was 

significantly greater in the 2FF, and FF+1M compared to the -FF and FF.  Microbial 

activity was also affected with the FF+2M (28.9 ug CO2-C g
-1

 h
-1

) significantly larger 

than the FF and -FF (13.9 and 16.3 ug CO2-C g
-1

 h
-1

, respectively).  Labile C and 

potential labile C turnover rate (k) assessments were not significantly influenced 

averaged 2.4 mg C g
-1

, and 0.21, respectively (Table 3, 4, Figure 3). Microbial biomass C 

constituted 9% of the labile C across all treatments and was not significantly different by 

treatment (Table 3, 4).  On a content basis, microbial biomass C and labile C were not 

affected by treatment with mean values of 291 and 860 kg C ha
-1

(Table 3).  Strong 

seasonal effects were found for all soil assessments of C, N and P in all depths (Table 3).   

 

Soil C pools and fluxes - depths B and C 

Microbial biomass C, labile C, microbial biomass C to labile C ratio, and labile C 

turnover rate (k) did not differ by treatment in depths B and C (Table 3, 4).  In depth C, 

the decline in FF+1M microbial biomass C during July resulted in a significant treatment 

x time interaction (Table 3). 
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Soil C pools and fluxes – profile content (0 - 60 cm) 

Full soil profile (0 - 60 cm) labile C contents and microbial biomass C content were not 

impacted by treatment for the additive effects of the 3 depths.   Soil profile C results 

concurred with labile C concentration and content values for depths A, B, and C in which 

no treatment differences were found (Table 4).  Labile C concentrations were affected by 

treatment with the FF+2M (3.7 mg g
-1

) significantly larger than the -FF, FF and 2FF.  

The -FF (2.2 mg g
-1

) had the smallest labile C pool (Table 4).  Profile concentration labile 

C rankings were as follows; FF+2M ≥ FF+1M = (2FF = FF = -FF).       

 

 

Soil N  

 

Soil N pools and fluxes -  depth A  

Microbial biomass N and mineralizable N concentrations for depth A were affected by 

treatment (Table 3, Figure 4).  The FF+2M microbial biomass N was significantly larger 

than all other treatments [rankings; FF+2M > (FF = FF+1M = 2FF = -FF)] and 

mineralizable N in the FF+2M was significantly lower than the FF, -FF and 2FF.  

Microbial biomass N values were significantly different by time with October collection 

values higher than other collection dates (Table 4).  For microbial biomass N, a time x 

treatment interaction occurred mainly due to the extreme change in ranks of the FF and 

FF+1M between July and October collection periods (Table 4).   In July, the extreme 

microbial biomass N treatment means for FF and FF+1M were 64.8 and 21.8 ug g
-1

 and 

in October drastically changed to 36.8 and 69.7 ug g
-1

, respectively.   
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Mineralizable N was greater in the 2FF than the FF, FF+1M and the FF+2M with 

rankings as follows: [2FF ≥ -FF ≥ FF ≥ (FF+1M = FF+2M)] (Table 4, Figure 4).  The 

2FF was mineralizing 74, 145, 608% more N than the FF, FF+1M, and FF+2M 

treatments, respectively. Treatment differences in mineralizable N were principally due to 

changes in the NH4
+
 pool (Figure 5, Table 3).  Mineralizable NO3

-
 pools showed no 

treatment differences (Table 3).  The significant sampling time effect for mineralizable N 

was due to immobilization of N occurring within the soil matrix during the May 

laboratory incubation and higher mineralizable N during July (Table 3, 4).   

 

Treatment effects for extractable N were detected and the FF treatment was significantly 

different from other treatments with rankings as follows: [FF > (2FF = -FF = FF+1M = 

FF+2M)].  When looking at the different types of available N, NH4
+
 was not significantly 

different among treatments but NO3
-
 was significantly larger in the FF and accounted for 

the treatment differences found for extractable N (Figure 6). Across all treatments mean 

NH4
+
 was 3.93 ug N g

-1
.  NO3

-
 in the FF averaged 152% higher than all other treatments 

and across all treatments NO3
-
 represented 40% of the total extractable N pool.   Also 

interesting to note is the difference in extractable N values between depth A and B in 

which the FF+2M treatment had higher levels of extractable N in depth B (Tables 4,5). 

 

On a content basis, extractable N and mineralized N were also affected by treatment in 

which FF+2M values were smallest for both N assessments, though not significantly 

smaller.  Mineralizable N content in the 2FF increased 121 and 644% over the FF+1M 

and FF+2M, respectively (Table 8).  Furthermore, mineralizable N content in the FF+2M 
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was significantly lower than all other treatments except the FF+1M and rankings are 

reported as: [(2FF = -FF = FF) > (FF+1M = FF+2M)].  Content microbial biomass N was 

not significantly different for depth A and the mean microbial biomass N for all 

treatments was 49 kg ha
-1

.   

 

Soil N pools - depth B 

 

In depth B, no treatment effects were apparent for extractable N and microbial biomass 

N, which had treatment means of 4.8 and 37.2 ug g
-1 

(Table 3, 5). Extractable NO3
-
 pools 

were found to be significantly different among treatments and no differences were 

detected for extractable NH4
+
.  Again as in depth A for extractable N, the FF extractable 

NO3
-
 pools were significantly higher and were 101% larger than all other treatments.  

Extractable NO3
-
 was 66% of the total extractable N in the FF treatment and across all 

treatments NO3
-
 represented 21% of the extractable N pool.  The absence of statistical 

differences between treatments for microbial biomass N was mainly due to high 

variability within the treatments. General trends of lower microbial biomass N in the –FF, 

though not significant, are consistent with microbial biomass N depth A results.  Overall, 

values for N assessments in this depth were lower than depth A and changed by seasons 

with lower extractable N and higher microbial biomass N in October. 

 

 

Soil N pools - depth C 

 

Extractable N in depth C was strongly influenced by treatment with the FF+2M 

statistically greater than the other treatments. The mean FF+2M extractable N pool was 

3.8 ug g
-1

 (FF+2M > (FF = FF+1M = 2FF = -FF)) and the mean of all other treatments 
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was 2.1 ug g
-1

.  A significant treatment x time interaction was due to the FF and –FF 

changing ranks between May and July (Table 3, 9).  Extractable NH4
+
 results reflected 

total extractable N rankings and were significantly greater in the FF+2M treatment with 

significant effects also found for time and treatment x time interaction (Table 3).  About 

90% of the total extractable N pool in the FF+2M was in the form of extractable NH4
+
.  

Across all treatments, NH4
+
 averaged 70% of the extractable N pool in depth C. 

Extractable N and extractable NH4
+
 in depth C were 80 and 116% larger in the FF+2M 

treatment than all other treatments.  There were no significant treatment differences in 

microbial biomass N and NO3
- 
pools for depth C which had means of 20.1 and            

0.48 ug g
-1

.    

 Soil N pools - profile content (0-60 cm) 

Soil profile microbial biomass N did not differ between treatments (Table 3, 10). The 

microbial biomass N mean throughout the profile was 188 kg ha
-1

.  For extractable N the 

FF treatment was significantly greater than the FF, 2FF and FF+1M treatments and 

rankings were: [(FF = FF+2M) ≥ (FF+1M = 2FF = -FF)] (Table 3, 10).  Profile 

extractable N results were similar to depth A concentration findings due to the FF plots 

having the highest bulk densities and extractable N values.   FF extractable N (30 kg ha
-1

) 

was 38, 56, and 58% greater than the FF+1M, 2FF and –FF, respectively.   

 

Soil P  

 

Soil P pools and fluxes - depth A 

 

Microbial biomass P concentrations for depth A were affected by treatment with the 

greatest amount of microbial biomass P in the FF+2M (26.4 ug g
-1

), which is a similar 

trend to microbial biomass N in the same depth (Table 3, Figure 7). Microbial biomass P 
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in the FF+2M was significantly greater than the FF and -FF by 52 and 73% and rankings 

were: [FF+2M ≥ 2FF ≥ FF+1M ≥ -FF ≥FF] (Figure 7).  When looking between 

treatments that differ only by additions of 25 Mg ha
-1

 (either forest floor or mulch) the 

greatest microbial biomass P mean increase (6.8 ug P g soil
-1

) was found between the FF 

and FF+1M treatment.  No time effects were found for microbial biomass P and 

compared to all other C, N and P assessments, microbial biomass P was the most stable 

assessment across collection periods.   

 

Mineralizable P was not affected by treatment (Table 3, Figure 7) though it is important 

to note the FF+2M treatment was the only treatment not mineralizing P (Figure 7). The 

overall mean for mineralizable P was 1.4 ug g
-1

.  This pool of P, unlike microbial 

biomass P, was influenced by collection time (Table 3).  The mineralizable P content 

mean for all treatments was 1.8 kg ha 
-1

.  Compared to mineralizable P findings, 

extractable P showed no treatment differences due to large variation within each 

treatment (Table 3, 4).  The treatment mean for extractable P was 2.8 ug g
-1

.  Content 

data for microbial biomass P, mineralizable P, and extractable P were statistically similar 

across treatments and averages were 23, 1.3 and 3.2 kg ha
-1

, respectively. 

Soil P pools - depth B 

Microbial biomass P was affected by field treatment with the FF+1M showing 

significantly higher amounts of P than the -FF and 2FF, which is similar to depth A 

results for microbial biomass P with the FF+1M and the FF+2M showing the largest 

microbial pools of P.  Rankings of microbial biomass P are as follows; FF+1M ≥ FF+2M 

≥ 2FF ≥ FF ≥ -FF with the -FF microbial biomass P values 37, 34 and 30% less than 
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FF+1M, FF+2M and 2FF.  At depth B, extractable P was not affected by field treatment 

with an average treatment mean of 2.6 ug g
-1

. These results concur with those of 

extractable P in depth A for treatment and time effects (Table 3).  On a content basis, 

treatment differences were not apparent for microbial biomass P and extractable P in 

depth B with averages of 27 and 4.8 kg ha
-1

(Table 3). Extractable P in depth C was 

statistically similar across all treatments with an average of 0.63 ug g
-1

. 

 

Soil P pools – profile content (0-60 cm) 

On a per hectare basis, microbial biomass P and extractable P for profile contents were 

not significantly affected by treatment (Table 3).  Average P content throughout the 

profile for microbial biomass P and extractable P pools was 59 and 9.8 kg ha
-1

. 

 

Correlations 

Soil variable relationships 

In depth A, microbial activity and labile C had the greatest positive correlation of any two 

variables (Table 11, Figure 7).  Microbial activity was negatively correlated with 

mineralizable N and P which is mainly due to the low mineralizable N and P in the 

FF+1M and FF+2M (Table 11) in depth A.  In depths A and B, labile C was positively 

and significantly correlated with microbial biomass C and P and soil moisture but not 

microbial biomass N (Table 11).  Microbial biomass N was found to be a weak correlate 

variable and was only correlated with microbial biomass P and soil moisture (Table 11).  

Although microbial biomass N is a weak correlate across all treatments, when microbial 

biomass N; including only treatments –FF, FF and 2FF, is correlated with mineralizable 
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N, a significant positive relationship is apparent (Figure 9).  Extractable N and 

mineralizable N had a positive correlation and an outlier in the data was identified and 

was graphically represented but the regression was calculated without the outlier (Figure 

10).  Microbial biomass P was correlated with microbial biomass C and N, microbial 

activity and labile C in both depths.  For the July sampling date, soil labile C, microbial 

biomass P and extractable P were positively correlated (Table 11, Figure 10a, b).  

Mineralizable N was correlated to microbial activity, extractable N and mineralizable P 

in depth A (Table 11).  In depth B, all measured variables were significantly correlated 

with soil moisture (Table 11).  Extractable N and P were negatively correlated with soil 

moisture.  Both microbial biomass C and N were negatively correlated with extractable N 

and P in depth B and no relationship was found for these variables in depth A (Table 11).  

Overall, more variables in depth B were correlated than in depth A.  

 

Mineral soil and tree growth relationships 

Mineral (soil < 2 mm) and coarse organic (soil > 2 mm) soil C and N fractions were 

strongly significant by treatment (p > 0.001) (Table 2) (Maier, unpublished).  Examining 

all microbial and nutrient availability assessments, individual tree volume correlated best 

with mineralizable N (Maier, unpublished) (Figure 12).  A significant positive correlation 

between tree volume and mineralizable N was found and the 2FF showed the largest 

amount of tree volume along with a concomitant increase in mineralizable N (Figure 12).      

 

DISCUSSION 
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Our study clearly shows effects of incorporating forest floor and chipped slash on mineral 

soil nutrient dynamics.   Nutrient impacts were mainly detected in mineralizable N, 

extractable N, microbial biomass C, N and P pools, and microbial activity in the upper 20 

cm of the soil profile.  Generally all C, N and P assessments in depths B and C (20 – 60 

cm) were statistically similar.  Most treatment differences were observed in depth A, 

therefore discussion of C, N and P pools and fluxes will primarily focus on results in this 

depth, unless otherwise stated.  

 

Mineralizable N          

Mineralizable N was impacted by the amounts of applied residues and also the quality of 

residues that were incorporated into the mineral soil.  Mineralizable N concentrations 

were highest in the doubled forest floor (2FF) since this treatment had the highest level of 

N application, which was equivalent to 272 kg N ha
-1

.  This treatment also had the 

highest quality residue application, since N sources were in the form of easily degradable 

forest floor as opposed to the second type of residue which consisted of chipped branches 

and wood added to residual forest floor.  The 2FF and FF (6.4, 4.8 kg ha
-1

) were 

statistically different from one another in the amounts of mineralizable N and therefore 

suggests additions of forest floor have positively impacted mineralizable N rates in the 

second year of the pine forest rotation (Table 3, Figure 4).  An explanation for rankings 

of mineralized N in the forest floor treatments (2FF ≥ -FF ≥ FF) is that the H (humus) 

layer in the –FF was not completely removed during site preparation.  Therefore, 

substantial amounts of easily degradable N in the H layer on the –FF plots was 

mineralizing due to the removal of C from the site.  Other research has also found 
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significantly higher N mineralization rates in residue-retained treatments on the mineral 

soil (0 - 10 cm) and in the accumulated forest floor (O'Connell et al., 2004; Piatek and 

Allen, 1999; Zerpa, 2005).  One study found when the forest floor was removed net N 

mineralization in the mineral soil increased (Xiao et al., 2005) and the authors attributed 

this to an increase in soil temperature, which could be a phenomena occurring on our 

research site.  On similar coastal plain sites, Li et al. (2003) found organic matter 

removals in the form of either stem-only, whole tree or whole tree plus forest floor 

removal did not effect N mineralization in mineral soil but soil type (soil series) 

statistically impacted rates of N mineralization.  In fact, our study suggests that 

increasing additions of mulched branches and wood are related to decreasing 

mineralizable N.  The mulched branches and wood in comparison to forest floor additions 

were defined as poorer substrate quality according to our mineralizable N results (Figure 

4).  Mineralizable ammonium rates were negatively impacted by the mulched treatments 

(Figure 5).  Over the course of the 14-day lab incubation no changes in mineralizable 

nitrate levels were detected (Figure 5).  Mulched logging debris applications in the 

FF+1M and FF+2M represented additions of 36 and 73 kg N ha
-1 

(Table 1) but these 

logging residue and forest floor additions caused no significant change from the FF 

available N pools.  Since the C:N ratios of the mulched debris was 700:1 in 2004 (Maier, 

unpublished), and critical C:N ratios above 25-30 usually led to lower net N 

mineralization (Haynes, 1986); we suggest N mineralization rates were lower in these 

poorer quality substrates due to microbial N demand and stimulation of microbial 

immobilization.   
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Tree volume correlated best with mineralizable N (Figure 12), supporting the idea that 

tree growth was tied to the amount of mineralizable N in the mineral soil.  This positive 

correlation therefore suggests tree growth is limited by N availability which was possibly 

due to microbial populations sequestrating N into their biomass in the presence of high C 

and low N substrate (poor quality organic additions).  The 2FF had the highest rates of N 

mineralization and the FF+2M treatment had the lowest rates which exemplifies that 

different types of residues can have opposite effects on mineralizable N. One study found 

that tree growth in the early years was not correlated with net N mineralization 

(Smethurst and Nambiar, 1990) and similar to the present study’s findings another study 

found that early tree growth is strongly correlated with measures of net N mineralization 

(Maimone et al., 1991). Nitrogen dynamics and the subsequent release of N for tree 

growth has been attributed to substrate quantity and quality, environmental conditions, 

and microbial populations (Burger and Kluender, 1982; Burger and Pritchett, 1984; 

Goncalves and Carlyle, 1994; Gurlevik et al., 2003; Stanford and Smith, 1972) and this 

study has shown that substrate quantity and quality are important factors for 

mineralizable N. 

 

Extractable NO3
-
 pools were mainly responsible for treatment differences in extractable 

N in depth A and extractable NH4
+
 pools were the dominant component of total 

extractable N (NO3
- 
+ NH4

+
) which is typically found in loblolly pine forests (Gurlevik et 

al., 2003; Zerpa, 2005) (Figure 6).  Extractable N pools were found to range from 5.1 - 

9.4 ug g
-1 

(4.5 - 12.4 kg ha
-1

) which is larger than some studies (Zerpa, 2005) and similar 

to others (Gurlevik et al., 2003; Li et al., 2003).  During July, extractable N pools 
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averaged 12.6 kg ha
-1

 which is similar to those reported by Li et al. (2003) of 16 kg ha
-1 

for the same month.  Our data showed that increases in net N mineralization were 

associated with increases in extractable N (Figure 10).  2006 mineral soil N in depth A 

showed no significant difference across treatments which represent no changes in N pools 

two years after residue applications (Maier, unpublished).  These results show that 

differences on these sites were only detected at the microbial level with extractable and 

microbial measures and not on the total soil N scale. 

  

 

Several studies have shown microbial and mineralization measurements (C and N) 

associated with changes in C management regimes to be sensitive, early predictors of 

changes in total soil organic matter (Powlson et al., 1987; Rice et al., 1996; Uhlirova, 

2005).  Our N data support this idea because changes were only found at the microbial 

and mineralization level and not at the total soil N pool level.  Percentage of added N in 

the treatments for depth A only was negligible and change was only found when looking 

at total profile N (Table 1).   In order to construct a stronger treatment analysis and 

account for site variability, measurements of plot level total mineral C, N and P before 

treatment imposition may have assisted in testing for actual treatment effects.   

 

Extractable P and mineralizable P were not impacted by post-harvest residue additions.   

Treatment differences were also not detected in the mineral soil P pool (Table 2, 3) 

(Maier, unpublished).  Our average value of extractable P was similar to the value 

reported by Grierson et al. (1999).  Results from our study show soil moisture and 
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mineralizable P were statistically similar across treatments and concur with the findings 

of Grierson et al. (1999) of no differences after P applications.  Other work suggests that 

soil water potential and soil temperature have a larger positive influence on specific P 

mineralization (net P mineralization as a % of total P), regardless of P applications 

(Grierson, 1999).  In contrast, studies in New Zealand propose that management 

techniques of mixing litter into the soil have increased P availability due to the increase 

in local concentrations of organic acids (Comerford and Dyck, 1988; Comerford and 

Skinner, 1989).  Furthermore, July results show extractable P was positively impacted by 

labile C which suggests P release is controlled by amounts of labile C and is leading to 

higher available P for plant uptake (Table 11).  Despite lack of treatment differences, 

extractable and mineralizable P were strongly correlated with extractable and 

mineralizable N, suggesting N and P cycling may be occurring similarly in each 

treatment (Table 11).  Mineralization and immobilization are the dominant processes 

determining the concentration of P in soil solution in the surface horizon in similar soils 

found in Florida due to lack of sorptive surfaces (Fox, 1990) and our results support this 

idea because labile C and microbial biomass P and the seconded correlation of microbial 

biomass P and extractable P were strongly correlated (Figure 11).  However, we 

anticipated finding increases in mineralizable P in the 2FF compared to all other 

treatments but results did not support this theory.  Moreover, these P dynamic findings 

are aligned with the mineral soil fraction P results which were not impacted by treatment 

(Table 2), but P pools were well correlated with labile C and other P pools.   

 

Microbial C, N and P content  
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Average microbial biomass C and N were 260 and 43 ug g
-1

.  These values were lower 

compared to levels reported in a 6-year old loblolly pine plantation by Li et al. (2004) 

represented by 497 and 50 ug g
-1 

for microbial biomass C and N, respectively.  In this 

study for extreme treatment differences of C additions in depth A, the -FF had 557 kg C 

ha
-1

, 90 kg N ha
-1

, and 41 kg P ha
-1

 and the FF+2M 541 kg C ha
-1

, 105 kg N ha
-1

, and 47 

kg P ha
-1

 in the FF+2M, and showed no statistical treatment differences for microbial 

biomass C, N and P (Table 7). One compilation study reported that 800 kg C ha
-1

, 150 kg 

N ha
-1

, and 45 kg P ha
-1

 can be utilized by microbial populations found in the forest floor 

and top horizons of the mineral soil in an “average” forest ecosystem (Bauhus and 

Khanna, 1999).  Our results in comparison with the “average” forest ecosystem are 

interesting because microbial biomass C and N are lower for the –FF and FF+2M and are 

very similar for microbial biomass P.  In one meta-analysis study, microbial biomass C 

and N were strongly related to soil organic C and N levels (Wardle, 1992), and in the 

present study soil organic C was high after residue additions but microbial biomass C did 

not reflect a similar magnitude increase.  Low biomass values have been linked to low pH 

and can be considered just as important as levels of soil carbon (Jenkinson, Davidson and 

Powlson, 1979; Vance, Brookes and Jenkinson 1987; Wardle 1992). Hence, pH could be 

more influential than site organic C in explaining low microbial biomass C and N on our 

site since average pH was 4.2.    

 

 

 

Microbial influence on nutrient availability  
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Our average values for microbial biomass C in depth A ranged from 150-300 ug g
-1

 and 

were lower compared to some forest studies (Allen and Schlesinger, 2004; Li et al., 2004; 

Tietema, 1998) and similar to other sandy loam sites with ranges of 140-620 and 150-490 

ug g
-1

 reported by Borken (2002) and Ohtonen (1992), respectively.  Our microbial 

biomass C and microbial activity indices were generally higher in the “added OM” 

treatments (2FF, FF+1M, and FF+2M) and this trend of increasing microbial biomass C 

with increasing soil C was expected as it is generally acknowledged in the literature that 

microbial biomass and activity are positively related to organic matter content (Sparling, 

1992; Sparling et al., 1994; Vance, 1990).  Hence, microbial populations in these “OM 

added” treatments are generally larger in size and are more active in decomposing C in 

the soil.  The significance of microbial
 
immobilization of N in C-rich forest soils has been 

demonstrated
 
by several researchers (Bauhus and Khanna, 1999; Hart et al., 1994b; 

Raison et al., 1992; Vitousek, 1985; Vitousek and Matson, 1984).  Our microbial biomass 

N ranges were similar to those found in a coastal plain pine forest (Li et al., 2004). 

Statistically higher levels of microbial biomass N in the FF+2M provides evidence that 

microbial biomass N assimilation is elevated in this treatment (Figure 4) due to the high 

quantity and low quality of the C substrate additions. Substrate quality of organic matter 

(e.g. low % N, high C:N, high lignin, low extractable N) is important in relation to 

microbial biomass N size since N immobilization may occur due to inadequate N supply 

for microbial activity (Melillo et al., 1982). It has been shown that increasing C 

availability stimulates N uptake into microbial biomass because a higher active 

heterotrophic biomass requires greater N concentrations to supply their metabolic 

maintenance needs (Hart et al., 1994a).  For example, the FF+2M had the greatest 
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microbial activity and microbial biomass N, which supports Hart’s theory of a larger and 

more active heterotrophic microbial population needing more N for basic growth 

requirements. Microbial biomass pools, soil mineralizable C and N fraction amounts have 

been thought to be highly related (Myrold, 1987; Voroney, 1984).  Interestingly this 

relationship does not reflect this study’s findings since different types of residue 

incorporations have changed typical relationships between N mineralization and 

microbial growth.  

 

For treatments –FF, FF and 2FF, a significant positive correlation between mineralizable 

N and microbial biomass N was found (Figure 9).  This suggests increases in high quality 

organic additions in the form of forest floor have a positive effect on both microbial 

biomass N and mineralizable N and will increase N cycling through microbial mediated 

processes.  It has been proven that microbial populations have a preference for NH4
+
 and 

under high and steady inputs of labile C most NH4
+
 would be immobilized and little NO3

-
 

would be produced (Davidson et al. 1992; Hart et al 1992).  In this study’s aerobic 

incubations, mineralizable NH4
+ 

 levels were statistically lower in the mulch treatments 

compared to other treatments, which suggests less N is available for microbes to utilize 

(Figure 5) and above evidence shows that storage of N is occurring in the FF+2M 

microbial biomass N when NH4
+ 

-N levels are low (Figure 5).  Microbial biomass N in 

the  –FF, FF and 2FF has increased along the increasing gradient of forest floor N 

applications, which implies higher forest floor additions will increase net N 

mineralization and will subsequently increase tree volume (Figure 9, 11).  Amato and 

Ladd (1980) have shown that N turnover from dead microbial cells is about five times 
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faster than from nonbiomass-N in the soil, which underscores the potential importance of 

the microbial pool as a readily available source of N in the future life of this stand, 

especially when the microbes have a high quality substrate to mineralize.  
 

 

Some research has shown N to limit microbial biomass and activity (Wardle 1992, 

Gallardo and Schlesinger 1994; Hart and Stark 1994) and our results suggest that C is 

more limiting since microbial biomass C increased with increasing labile C and 

extractable N indices (instantaneous extractable N and net N mineralization data) were 

not correlated to microbial biomass C estimates (Table 11).  Data from the same study 

site suggests that CO2 respiration patterns after C, N and P lab additions treatments point 

toward microbial limitations of C (Tisdale, unpublished). 

   

In addition to treatment differences in microbial biomass C and N, microbial biomass P 

was also found to increase with carbon additions and was highly correlated with 

microbial biomass C (Figure 5, Table 11).  Our treatment ranges of microbial biomass P 

were 12.7 - 29.2 ug g
-1

 and were similar to  a study that added different types of plant 

materials to a sandy loam Alfisol (7.8 – 21.1 ug P g soil
-1

) (Kwabiah et al., 2003).  A 

strong linear relationship between microbial biomass P and C existed for depth A values 

(Table 11) and this type of relationship was also reported by Brookes et al. (1984).  The 

strong correlation between labile C and microbial biomass P suggests that available C to 

microbes is an important control on P cycling rates and increases in soil C will increase P 

sequestration into microbial cells. For the July sampling date, microbial biomass P was 

also correlated with extractable P which suggests that microbes are increasing along with 
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P nutrient release regardless of the quality of organic residues applied (Figure 11).     

 

Labile C importance 

Our labile C values fall within those reported by Zou (2005) in which a large range from 

0.80 - 13.15 mg g
-1

 was reported across many soil series and geographic locations.  Since 

the potential labile carbon turnover rates (k) represents the rate at which labile C  is 

consumed by the decomposer communities (Kucera and Kirkham, 1971) it is essentially a 

measure of microbial activity.  The k values were similar for all treatments, despite 

microbial biomass C and microbial activity treatment, which were found to be significant 

by treatment.  These conflicting results between labile carbon turnover rates (k) and 

microbial activity may be explained by the length of time each assay was carried out.  

Comparatively, the 3 day microbial activity assessment showed treatment differences 

reflective of current microbial biomass C values and suggest that as labile C increases, 

rates of activity also increase (Figure 8).  Previous microbial activity assessment studies 

agree with the conclusion that increasing labile C increases microbial activity (Montano 

and Garcia-Oliva, 2007).    

 

Concentration vs. content 

Since these pine forest soils have been highly manipulated with organic matter it is 

important to quantify nutrient pools on an area basis in order to understand total soil 

profile impacts.  Bulk density in depth A differed by treatment and average bulk densities 

in the –FF and FF were larger than all other treatments (Maier, unpublished data).  
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Therefore expressing microbial measures on a content basis rather than a concentration 

basis changed rankings of certain variables and also reduced treatment significance.  For 

several variables, treatment differences in concentrations were in opposite relation to 

treatment differences in bulk density resulting in no treatment effects for content data.  

For example, significantly higher bulk densities were observed in -FF and FF and 

microbial pools were low in these treatments and in the opposite scenario bulk densities 

were low in FF+2M and microbial pools were high for this treatment.  Therefore 

treatment effects diminished when bulk densities were considered for calculating 

microbial pools.  Despite bulk density influence, mineralizable and extractable N in depth 

A and extractable N in the soil profile were impacted by treatment.  This suggests the 

importance of accounting for bulk density when calculating available nutrients, microbial 

nutrient immobilization potentials and nutrient mineralization rates on a stand basis, 

especially when treatments include different amounts and types of organic matter which 

significantly impact densities.    

 

Soil profile assessments 

Soil profile assessments of labile C, microbial biomass C and N showed no treatment 

differences (Table 3, 10).  This lack of treatment differences  at the microbial level 

contrasts with measurements taken on the study site for profile mineral and coarse 

fractions (soil particles > 2 mm) of C and N which were strongly significant (p >0.001) 

(Maier, unpublished data) (Table 2).  Additions of post logging residues increased 

mineral C over 100% in the FF+2M and mineral N over 50% in the 2FF in comparison 

with the –FF treatment.  Even though the mineral pools were statistically changed, N was 
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not readily available for plant growth due to microbial immobilization of N in the FF+2M 

in the presence of high C.  Several studies have shown that microbial biomass C is a 

sensitive early predictor of changes in total soil organic matter caused by C management 

regimes (Powlson et al., 1987; Rice et al., 1996; Uhlirova, 2005) which our depth A 

results support but with which our profile results disagree.  Possibilities for lack of 

differences in microbial soil profile assessments include: soil variability on site, 

variability within each treatment caused by incorporation of logging residues, the fact 

that C site additions were a degree of magnitude greater than other studies additions 

which only ranged from 2 - 5 Mg  ha
-1

 and the quality of added material in other studies 

had lower C:N substrate ratios which allowed the availability of these nutrients to 

become accessible to microbial degradation sooner.  Research also suggests that 

composition and structure of the soil matrix are important factors determining the 

decomposition of organic matter (Van Veen and Kuikman, 1990) and consequently 

nutrient cycling from this substrate.  A caveat in the interpretations of microbial biomass 

C and other assessments in the present study is that these data only represents how 

treatments have impacted microbial biomass C in the mineral soil fraction (soil particles 

< 2 mm) and not total soil microbial biomass C which includes chipped wood and litter 

inputs.  One lab study has shown that microbial biomass C was only affected within 4 

mm of straw incorporation and the microbial community within 1 mm of the substrate 

was immobilizing significant portions of 
13

C from the straw (Gaillard et al., 1999).   In 

our present experiment, we removed organic matter larger than 2 mm and therefore 

differences in the FF+1M and FF+2M compared to other treatments were not as sensitive 

since a large portion of microbes growing on the logging residues were removed from the 
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sample.   

 

Collection time influence 

Time effects for microbial biomass C and N concentrations were mainly due to high 

October values (Table 4).  Other research concurs with microbial immobilization of N 

occurring late in the growing season (Jaeger et al., 1999). We suggest the lack of time 

influence on microbial biomass P pools is due to the stable nature of P in the soils and a 

lack of P limiting conditions for microbes. An idea for high levels of extractable N and P 

in July in the upper soil horizon (0 – 20 cm) causing the significant time influence were 

possibly due to accelerated microbial death and subsequent release of N and P occurring 

due to constraining microbial growth conditions in the form of reduced soil moisture. 

Mineralization rates of N and P were different across sampling dates which contrasts with 

one study which reported in situ net N mineralization for 10 months spanning March to 

December revealing no date effect (Li et al., 2003).  A study by Li et al. (2003) reported -

0.16 kg N ha
-1

 mineralizing two weeks in May which is similar to the low mineralizable 

N results which were approximately 0 kg N ha
-1

 for the same month in this study.  

Microbial activity in October was significantly lower than in May and July suggesting 

microbes are less active in the fall.  Decreased microbial activity in October could be due 

to soil cooling and less microbial competition with plants for soil nutrients because plant 

growth is also reduced this time of year.  At the same time, microbial biomass C was the 

largest in October suggesting accumulation of microbial nutrients at the end of the 

growing season due to increased root exudates from trees and understory.  Small changes 

in soil moisture (Kieft, 1987) and temperature (McGill et al., 1986) can play a critical 
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role in microbial nutrient dynamics and this data documents how increases in soil 

moisture are related to increases in microbial biomass (C, N and P) and labile C (Table 

11). 

 

CONCLUSIONS 

This study’s results have pertinent implications for the management of these common 

southeastern US forest soils.  Since early productivity in pine forest plantations seems to 

be highly linked to N cycling, appropriate manipulation of residues in the form of forest 

floor can increase N availability and mulch residues can assist in the N retention of the 

site through increased microbial immobilization.  Recalcitrant residues, such as this 

study’s mulch treatments, have reduced pools of NH4
+
 and this retention of N in the 

mulch treatments can lead to slower release of N throughout the stand.   Tree volume was 

positively correlated with net N mineralization with low values of tree volume and net N 

mineralization occurring in the mulched treatments and therefore stifling tree growth in 

the first couple years (Figure 12).  A lack of treatment differences for mineralizable P 

was attributed to site variability.  Interestingly, increases in microbial biomass and 

extractable P were related to soil labile C suggesting that P cycling generally increases 

with logging residues applications regardless of quality (Table 10, Figure 11).  Further 

research into how post-harvest residues continue to affect N and P availability, microbial 

pools, and soil temperature throughout the life of the stand will assist in understanding 

which treatment will provide the greatest nutrition at certain points in the rotation and 

which treatment yields less N limitations later in pine forest development.   
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Table 1.  The organic matter treatments and corresponding total C, N and P 

removed or added with treatments on bedding rows.  

 

Treatment 

  
Total amount  Type of organic residue residuals 
     Mg ha

-1      
 

*C 
Mg ha

-1  
 

N 
Kg ha

-1      
 

P 
Kg ha

-1      
 

                      **Pre-treatment total profile nutrients 52.7 1305 264 

 

-FF 

 

  

        -25         forest floor removed by manual raking                                                                     

 

-12.2 -136 -11.8 

FF 

 

         25          forest floor left intact 

 
0 0 0 

2FF 

 

 

         50         forest floor intact + 25 Mg ha
-1

 forest floor                                                    

c                    from raked plot 

 

24.4 272 23.6 

FF+1M 

 

 

         50         forest floor intact + 25 Mg ha
-1

 mulched  

                      logging debris 

 

25.3 36 10 

FF+2M 

 

 

       100         forest floor intact + 50 Mg ha
-1

 mulched  

                      logging debris 

 

50.6 73 20 

*Nutrient data was taken in May 2004 (Maier, unpublished data).  Added nutrients of 

forest floor represent litter that did not pass through a 6 mm sieve.   

**Represents C, N and P in the 0 – 60 cm soil profile.  Assessments taken in May 2004. 
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Table 2. Influences of post-harvest residue additions and incorporation on total soil carbon (C), nitrogen (N) and 

phosphorus (P) nutrient content in the soil profile (0-60 cm) (Maier, unpublished data). 

 

 Treatment 

Soil pools 

Mg ha
-1

 

 

-FF FF 

% 

relative 

to -FF 

2FF 

% 

relative 

to -FF 

FF+1M 

% 

relative 

to -FF 

FF+2M 

% 

relative 

to -FF 

Significant effects 

Soil mineral C 17.6 24.9 141 30.4 173 33.8 192 37.0 210 T 

Coarse fragment C 24.6 31.4 128 36.3 148 36.7 149 47.8 194 T 

Total soil C 42.2 56.4 134 66.7 158 70.5 167 84.8 201 T 

           

Soil mineral N 0.62 0.76 123 0.94 152 0.80 129 0.91 147 T 

Coarse fragment N 0.39 0.46 118 0.52 133 0.43 110 0.55 141 T 

Total soil N 1.01 1.22 121 1.46 145 1.23 122 1.46 145 T 

           

Soil mineral P 0.40 0.42 105 0.67 168 0.47 118 0.47 118 no T 

Coarse mineral P - -  -  -  -   

Mineral soil fraction is < 2 mm and organic soil fraction is > 2 mm. 

Measurements taken in January 2006. Values in parentheses represent percent of C, N or P compared to -FF treatment.   

Treatment effects = T.
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Table 3. Mixed model p-values for time, treatment and treatment x time interaction 

effects on soil microbial pools, extractable N and P, and fluxes of C, N and P for 

concentration and content by depth and total soil profile content.   

Variable 
Depth Treatment Time Treatment*Time 

Microbial biomass carbon  

 

 

 

A 

B 

C 

0.068 

0.305 

0.607 

          0.018 

0.001 

0.001 

0.778 

0.232 

0.596 

Microbial biomass carbon (kg ha-1) 

 

 

 

 

A+B+C 

A 

B 

C 

0.411 

0.412 

0.300 

0.351 

0.001 

0.016 

0.001 

0.001 

0.731 

0.447 

0.824 

           0.033 

Microbial biomass carbon to labile C ratios A 0.618 - - 

 B 0.628 - - 

 C 0.663 - - 

Soil labile carbon* 

 

 

A+B+C 

A 

B 

C 

0.010 

0.124 

0.175 

0.344 

- 

- 

- 

- 

- 

- 

- 

Soil labile carbon (kg ha-1)* 

 

 

 

 

   A+B+C 

       A 

B 

C 

0.476 

0.800 

0.418 

0.680 

- 

- 

- 

- 

- 

- 

- 

- 

Potential soil labile carbon turnover rate 

(k)* 

A 

B 

C 

0.272 

0.806 

0.525 

- 

- 

- 

- 

- 

- 

Microbial activity A 0.086 0.013           0.396 

Microbial biomass nitrogen 

 

 

 

 

A 

B 

C 

0.033 

0.181 

0.114 

0.001 

0.018 

0.012 

0.019 

0.239 

0.835 

Microbial biomass nitrogen (kg ha-1) 

 

 

 

 

A+B+C 

       A 

B 

C 

0.831 

0.485 

0.496 

0.175 

0.173 

0.003 

0.007 

0.011 

0.149 

0.028 

0.177 

0.805 

Extractable nitrogen 

 

 

 

 

A 

B 

C 

          0.041 

0.304 

0.035 

         0.001 

0.001 

0.001 

           0.447 

0.824 

0.033 

 *samples were only measured once. 
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Table 3. continued 

 

 

Variable 

 

Depth Treatment Time Treatment*Time 

Extractable nitrogen (kg ha-1) 

 

 

 

 

   A+B+C 

       A 

B 

C 

0.053 

0.020 

0.318 

0.099 

0.001 

0.001 

0.001 

0.001 

0.244 

0.209 

0.776 

0.043 

Extractable ammonium A 0.380 0.001 0.472 

 B 0.325 0.001 0.517 

 C 0.003 0.001 0.010 

Extractable ammonium (kg ha-1) A+B+C 0.101 0.001 0.190 

 A 0.357 0.003 0.513 

 B 0.330 0.002 0.840 

 C 0.016 0.001 0.016 

Extractable nitrate A 0.001 0.001 0.073 

 B 0.017 0.001 0.044 

 C 0.584 0.001 0.803 

Extractable nitrate (kg ha-1) A+B+C 0.001 0.001 0.041 

 A 0.001 0.001 0.041 

 B 0.001 0.001 0.034 

 C 0.552 0.001 0.782 

Mineralizable nitrogen A 0.010 0.001 0.851 

Mineralizable ammonium A 0.007 0.001 0.868 

Mineralizable nitrate A 0.185 0.017 0.491 

Mineralizable nitrogen (kg ha-1) A 0.010 0.001 0.652 

Mineralizable ammonium (kg ha-1) A 0.357 0.003 0.513 

Mineralizable nitrate (kg ha-1) A 0.001 0.001 0.041 

Mineralizable phosphorus A 0.623 0.038 0.649 

Mineralizable phosphorus (kg ha-1) A 0.425 0.052 0.688 

Soil moisture (g cm3) 

 

 

 

 

 

 

A+B+C 

A 

B 

C 

0.289 

0.975 

0.613 

0.277 

0.001 

0.001 

0.001 

0.001 

0.216 

0.738 

0.720 

0.178 

*samples were only measured once. 
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Table 4. Influences of post-harvest residue additions/removals on depth A (0 – 20 cm) concentration values for all C, N and P 

soil pools and fluxes measured in May, July, and October. 

 

Soil and microbial 

nutrient pools 

Field Treatments  

-FF FF 2FF FF+1M FF+2M SE 

 May July Oct              

Microbial biomass carbon (ug g
-1

) 216 149 259 70 165 249 198 253 482 273 332 359 239 304 358 42a 

Soil labile carbon (mg g
-1

) - 1.84 - - 2.00 - - 2.40 - - 2.79 - - 3.05 - 0.32b 

Microbial biomass carbon : soil labile carbon ratio - 0.08 - - 0.08 - - 0.12 - - 0.12 - - 0.10 - 0.02b 

Potential  labile carbon turnover rates
 
(cycles

-1
) - 0.24 - - 0.21 - - 0.15 - - 0.18 - - 0.26 - 0.03b 

Microbial activity (ug CO2-C g
-1

 h
-1

) 18.9 16.7 6.2 20.6 19.1 9.1 25.2 20.5 29.8 41.3 22.5 14.4 39.4 25.4 21.8 3.9a 

Microbial biomass nitrogen (ug g
-1

) 29.9 30.1 41.0 33.0 64.8 36.8 24.1 37.3 54.4 30.3 21.8 69.8 45.3 45.1 81.4 4.9a 

Extractable nitrogen (ug g
-1

) 5.6 10.03 1.43 9.52 15.51 3.02 8.64 9.95 1.37 4.61 9.13 4.14 4.02 8.90 2.45 0.97a 

Extractable ammonium (ug g
-1

) 3.50 3.70 1.43 4.87 5.32 2.59 6.83 5.20 1.37 3.70 5.90 2.98 3.48 5.77 2.27 0.58a 

Extractable nitrate (ug g
-1

) 2.11 6.33 0 4.65 10.19 0.43 1.81 4.75 0 0.96 3.23 1.16 0.56 3.13 0.18 0.43a 

Mineralized nitrogen (ug g
-1

) 1.8 8.7 3.6 -1.5 11.3 0.8 4.5 9.9 3.9 -1.8 6.6 2.3 -3.8 3.6 2.8 1.2a 

Mineralized ammonium (ug g
-1

) 1.48 7.83 5.42 1.17 9.60 1.15 23.08 8.66 2.26 -2.11 6.01 0.11 -3.18 2.70 0.74 0.41a 

Mineralized nitrate (ug g
-1

) 0.28 1.02 1.63 -2.67 1.78 0.25 1.36 1.38 1.79 0.67 0.73 0.02 -0.71 1.05 1.93 0.30a 

Microbial biomass phosphorus (ug g
-1

) 12.7 17.2 15.7 18.5 16.6 16.8 22.3 19.7 24.1 20.0 20.5 25.5 25.1 24.7 29.2 1.30a 

Extractable phosphorus (ug g
-1

) 3.02 3.17 1.22 3.61 3.40 1.69 3.89 3.69 1.20 2.59 3.89 1.25 3.03 4.51 0.61 0.40a 

Mineralized phosphorus (ug g
-1

) 1.64 1.41 2.5 0.78 2.97 1.7 2.00 2.08 2.2 0.58 2.54 2.7 -1.99 0.90 0.68 0.52a 

SE is the standard error of the mean.  
 a
 SE was calculated using repeated measures analysis for 3 collection periods. 

b
 SE was calculated using data from the July collection period.   
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Table 5. Influences of post-harvest residue additions/removals on depth B (20 – 40 cm) concentration values for all C, N and P 

pools and fluxes measured in May, July, and October. 

 

                      

Soil and microbial nutrient pools  -FF  FF 2FF FF+1M FF+2M SE 

 May July Oct              

Microbial biomass carbon (ug g
-1

) 185 89 364 122 112 313 152 188 249 133 201 313 137 313 569 35.7a 

Soil labile carbon (mg g
-1

) - 1.51 - - 1.72 - - 1.70 - - 2.14 - - 2.73 - 0.34b 

Microbial biomass carbon : soil labile carbon ratio - 0.07 - - 0.06 - - 0.03 - - 0.06 - - 0.08 - 0.12b 

Potential  labile carbon turnover rates
 
(cycles

-1
) - 0.22 - - 0.22 - - 0.17 - - 0.22 - - 0.20 - 0.03b 

Microbial biomass nitrogen (ug g
-1

) 19.6 49.5 39.3 37.2 16.4 36.1 21.2 34.7 73.0 32.2 22.5 44.1 34.8 36.1 51.9 5.6a 

Extractable nitrogen (ug g
-1

) 4.08 4.99 2.32 6.72 6.82 3.21 6.65 4.84 1.44 6.43 4.69 2.67 6.43 7.63 4.11 0.53a 

Extractable ammonium (ug g
-1

) 3.36 2.59 2.27 5.08 2.96 3.05 5.24 2.59 1.44 5.48 3.33 2.65 6.04 5.84 4.09 0.86a 

Extractable nitrate (ug g
-1

) 0.76 2.40 0.04 1.65 3.86 0.16 1.41 2.25 0 0.95 1.36 0.01 0.26 1.79 0.02 0.21a 

Microbial biomass phosphorus (ug g
-1

) 6.9 13.6 12.3 15.5 14.1 9.0 15.4 15.7 18.8 16.7 16.1 20.1 13.8 9.0 20.9 1.6a 

Extractable phosphorus (ug g
-1

) 2.25 2.99 1.24 3.30 2.76 1.41 3.12 3.12 1.04 3.12 4.06 1.52 4.25 1.41 1.94 0.24a 

SE is the standard error of the mean.  
 a
 SE was calculated using repeated measures analysis for 3 collection periods. 

b
 SE was calculated using data from the July collection period.   
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Table 6. Influences of post-harvest residue additions/removals on depth C (40 – 60 cm) concentration values for all C, N and P 

pools and fluxes measured in May, July, and October. 

 

   Field Treatments  

Soil and microbial nutrient pools   -FF  FF 2FF FF+1M FF+2M SE 

 May July Oct              

Microbial biomass carbon (ug g
-1

) 36 50 69 26 28 125 6 57 87 40 3 125 55 50 132 17
a
 

Soil labile carbon (mg g
-1

) - 0.59 - - 0.50 - - 0.68 - - 0.61 - - 0.79 - 0.10
b
 

Microbial biomass carbon : soil labile carbon 

ratio 
- 0.07 - - 0.06 - - 0.06 - - 0.003 - - 0.06 - 0.04

b
 

Potential  labile carbon turnover rates
 
(cycles

-1
) - 0.19 - - 0.26 - - 0.19 - - 0.26 - - 0.28 - 0.05

b
 

Microbial biomass nitrogen (ug g
-1

) 35.1 30.0 10.5 17.9 16.5 8.7 21.9 26.6 17.8 43.4 48.1 13.4 33.2 31.0 18.3 5.2
a
 

Extractable nitrogen (ug g
-1

) 0.62 2.62 0.93 4.02 2.02 1.12 2.68 2.66 0.87 2.61 2.01 2.11 5.63 3.54 2.03 0.35
a
 

Extractable ammonium (ug g
-1

) 0.55 1.67 0.83 3.21 0.85 1.02 2.05 1.66 0.79 2.25 1.16 2.08 5.48 2.78 1.98 0.31
a
 

Extractable nitrate (ug g
-1

) 0.07 0.95 0.10 0.81 1.17 0.10 0.63 1.00 0.08 0.36 0.85 0.04 0.15 0.76 0.05 0.18
a
 

Microbial biomass phosphorus (ug g
-1

) 0.97 1.54 2.05 2.3 0.55 1.31 4.3 3.01 5.31 3.2 2.23 2.12 4.2 2.16 2.64 0.5
a
 

Extractable phosphorus (ug g
-1

) 0.52 0.57 0.51 0.75 0.50 0.23 0.47 0.68 0.31 0.93 0.61 0.45 1.24 1.11 0.60 0.10
a
 

SE is the standard error of the mean.  
 a
 SE was calculated using repeated measures analysis for 3 collection periods. 

b
 SE was calculated using data from stated collection period.   
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Table 7. Influences of post-harvest residue additions/removals on depth A (0 – 20 cm) content values for all C, N and P pools 

and fluxes measured in May, July, and October.  

 

Soil and microbial 

nutrient pools 

   Field Treatments 

-FF FF 2FF FF+1M FF+2M SE 

Kg ha
-1

 May July Oct              

Microbial biomass carbon 292 197 347 91 218 336 214 268 509 316 370 398 217 273 321 53a 

Soil labile carbon  - 2484     - - 2643 - - 2559 - - 3128 - - 2711 - 395b 

Microbial biomass nitrogen  40 40 60 44 86 48 26 39 57 33 25 80 42 43 73 7.6a 

Extractable nitrogen  7.7 13.7 1.9 12.3 20.8 4.2 9.1 10.5 1.4 5.1 10.3 4.8 3.6 7.7 2.2 1.3a 

Extractable ammonium 4.8 5.0 1.9 6.3 7.1 3.6 7.3 5.5 1.4 4.1 6.7 3.4 3.2 5.0 2.1 0.78a 

Extractable nitrate 2.9 8.6 0 6.0 13.7 0.6 1.9 5.0 0 1.0 3.7 1.4 0.5 2.8 0.2 0.68a 

Mineralized nitrogen  2.4 11.7 5.0 -1.5 14.9 1.0 4.7 10.5 4.0 -1.4 7.5 2.7 -3.4 3.1 3.0 1.1a 

Microbial biomass phosphorus  17 23 22 24 22 22 24 21 25 22 23 28 23 22 26 3.1a 

Extractable phosphorus  4.1 4.3 1.7 4.7 4.5 2.3 4.1 3.9 1.3 2.9 4.3 1.4 2.6 4.1 1.6 0.73a 

Mineralized phosphorus  2.12 1.70 3.38 0.93 3.80 2.18 2.08 2.17 2.30 0.60 3.01 3.00 -1.08 0.79 0.51 1.2a 

Soil moisture % (g cm
3
) 14.0 18.9 25.1 14.1 15.5 21.2 10.7 16.4 17.4 12.0 17.5 20.1 9.6 18.4 20.5 1.9a 

SE is the standard error of the mean.  
 a
 SE was calculated using repeated measures analysis for 3 collection  

periods.  
b
 SE was calculated using data from stated collection period.   
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Table 8. Influences of post-harvest residue additions/removals on depth B (20 -40 cm) content values for all C, N and P pools 

and fluxes measured in May, July, and October.  

 

 Field Treatments  

Soil and microbial nutrient pools -FF           FF                  2FF              FF+1M             FF+2M  SE 

Kg ha
-1

 May July Oct              

Microbial biomass carbon  221 204 664 226 173 597 261 96 426 173 243 579 242 369 1042 81
a
 

Soil labile carbon  - 2728 - - 3337 - - 2893 - - 4050 - - 5009 - 754b 

Microbial biomass nitrogen  35 30 71 52 99 69 37 84 121 62 66 84 62 39 94 14
a
 

Extractable nitrogen  7.4 9.0 4.2 13.0 12.8 6.3 7.8 8.2 2.5 12.5 9.1 5.0 11.4 14 7.4 1.8
a
 

Extractable ammonium 6.1 4.7 4.2 10.1 5.7 6.0 6.1 4.4 2.5 10.7 6.5 5.0 11.0 10.5 7.4 1.84
a
 

Extractable nitrate 1.4 4.3 0.1 2.9 7.1 0.3 1.6 3.8 0 1.8 2.6 0 0.5 3.2 0 0.26
a
 

Microbial biomass phosphorus 13 26 22 28 28 19 26 23 32 31 29 38 25 30 38 3.8
a
 

Extractable phosphorus  4.1 5.0 2.3 6.6 6.5 2.8 5.3 5 1.8 5.8 5.8 2.8 7.7 7.5 3.5 1.1
a
 

Soil moisture % (g cm
3
) 8.8 16.0 19.8 10.7 18.6 22.1 13.0 15.3 21.4 13.5 18.8 23.6 12.2 19.8 26.2 0.97

a
 

SE is the standard error of the mean.  
 a
 SE was calculated using repeated measures analysis for 3 collection periods. 

b
 SE was calculated using data from stated collection period.   
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Table 9. Influences of post-harvest residue additions/removals on depth C (40 – 60 cm) content values for all C, N and P pools 

and fluxes measured in May, July, and October.   

 

 Field Treatments  

Soil and microbial nutrient pools -FF FF 2FF FF+1M FF+2M SE 

Kg ha
-1

 May July Oct              

Microbial biomass carbon   74 151 212 48 76 366 18 170 239 108 6.6 367 147 136 367 44
a
 

Soil labile carbon  - 1817 - - 1460 - - 1953 - - 1746 - - 2172 - 318
b
 

Microbial biomass nitrogen  107 92 32 54 47 26 64 76 51 130 140 40 88 84 51 15
a
 

Extractable nitrogen  2.1 8.0 2.9 11.8 6.0 3.2 7.7 7.7 2.5 7.6 5.8 5.9 15.5 9.8 5.7 1.0
a
 

Extractable ammonium 1.6 5.1 2.6 9.6 2.5 2.9 5.9 4.8 2.3 6.6 3.3 5.8 15.2 7.8 5.5 1.07
a
 

Extractable nitrate 0.5 2.9 0.3 2.4 3.4 0.3 1.8 2.9 0.2 1.0 2.4 0.1 0.4 2.0 0.1 0.51
a
 

Microbial biomass phosphorus  3.0 4.7 6.3 7.0 1.4 3.9 12.7 8.7 15.5 8.8 6.3 6.1 11.9 6.2 7.4 1.4
a
 

Extractable phosphorus  1.6 1.7 1.6 2.4 1.5 0.7 1.3 1.9 0.9 2.6 1.7 1.3 3.5 3.1 1.7 0.29 

Soil moisture % (g cm
3
) 3.0 17.7 22.2 10.0 17.8 22.9 6.0 15.3 19.0 4.9 15.7 21.1 7.1 16.3 20.4 0.72

a
 

SE is the standard error of the mean.  
 a
 SE was calculated using repeated measures analysis for 3 collection periods. 

b
 SE was calculated using data from July collection period.   
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Table 10. Influences of post-harvest residue additions/removals on full profile (0 – 60 cm) content values for all C, N and P 

pools and fluxes measured in May, July, and October.  

 

 Field Treatments  

Soil and microbial nutrient 

pools 
-FF FF 2FF FF+1M FF+2M SE 

Kg ha
-1

 May July Oct              

Microbial biomass carbon (CFE)  587 552 1222 365 468 1299 493 533 1174 597 620 1345 606 777 1730 108
a
 

Soil labile carbon  - 7028 - - 7440 - - 7405 - - 8924 - - 9892 - 974
b
 

Microbial biomass nitrogen  182 162 159 150 232 143 126 199 229 225 231 203 192 166 218 27
a
 

Extractable nitrogen  17 31 9 37 40 14 25 26 6 25 25 16 31 31 15 2.8
a
 

Extractable ammonium 13 15 9 26 15 12 19 15 6 21 16 14 29 23 15 2.6
a
 

Extractable nitrate 5 16 0.4 11 24 1 5 12 0.2 4 9 1 1 8 0.3 1.1
a
 

Microbial biomass phosphorus  33 54 50 59 51 45 63 53 73 63 58 73 59 57 72 6.6
a
 

Extractable phosphorus  9.8 11.1 5.5 13.7 12.5 5.8 10.8 10.9 3.9 11.3 11.8 5.5 13.9 14.7 6.8 2.2
a
 

SE is the standard error of the mean.  
 a 

SE was calculated using repeated measures analysis for 3 collection periods. 
b
 SE was calculated using data from July collection period.  
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Table 11.  Pearson correlation coefficients for concentration values for soil nutrient pools, nutrient fluxes and soil moisture in 

depth A (0-20 cm) and B (20-40 cm).   

 

r- values Labile 

C 

Microbial 

biomass C 

Microbial 

biomass N 

Microbial 

biomass P 

Extractable 

N 

Extractable 

P 

Mineralizable 

N 

Mineralizable 

P 

Soil 

moisture 

Depth A          

Microbial activity 0.91 0.27 -0.10 0.36 0.04 0.21 -0.26 -0.33 -0.08 

Labile C  0.66 -0.01 0.83 0.03 0.64 -0.16 -0.10 0.66 

Microbial biomass C    0.22 0.48 -0.24 -0.02 -0.05 -0.15 0.46 

Microbial biomass N    0.43 -0.15 -0.23 0.17 0.14 0.34 

Microbial biomass P     -0.07 0.26 -0.03 -0.18 0.44 

Extractable N      0.69  0.44 0.06 -0.05 

Extractable P        0.16 -0.14 0.08 

Mineralizable N        0.34 0.02 

Mineralizable P         -0.00 

Depth B          

Labile C  0.76 -0.15 0.61 -0.10  0.51 - - 0.95 

Microbial biomass C   0.24 0.31 -0.35 -0.31 - - 0.67 

Microbial biomass N    0.29 -0.34 -0.30 - - 0.41 

Microbial biomass P     -0.07 0.16 - - 0.45 

Extractable N      0.60 - - -0.32 

Extractable P       - - -0.26 

Correlations are between all concentration values for three collection periods.  Significance (n=45) r < 0.24 then p > 0.10; (bold) r > 

0.29 then p < 0.05; (bold) r > 0.46 then p < 0.01.  For labile C correlations are for July only (n=15). 
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Figure 1.  Diagram of random soil sampling points within a plot (38 x 48 m). 
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Figure 2.  Influences of harvest residues on microbial biomass carbon (MBC) in 

depth A (0 – 20 cm) across all dates.  Bars represent the SE (n=9). 
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Figure 3. Influence of harvest residues on soil labile C (total respired C in an 8 cycle 

sequential fumigation assay) in depth A (0 – 20 cm) and B (20 – 40 cm). Bars 

represent the SE (n=3).       
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Figure 4. Influences of harvest residues on microbial biomass nitrogen (MBN) and 

mineralizable N concentrations in depth A (0 – 20 cm) across all dates. MBN 

corresponds to the left axis and net N mineralization to the right axis. Upper and 

lower case letters correspond to MBN and mineralizable N.  Bars represent the SE 

(n=9).  
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Figure 

5. 

Influence of harvest residues on mean mineralizable NH4
+
 in depth A (0 – 20 cm) 

across all sampling dates. Bars represent the SE (n=9).   

(a) 
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Figure 6.   Influence of harvest residues on total extractable N, NO3
-
-N, and NH4

+
-N  

in depth A (a), depth B (b) and depth C (c).  Bars represent the SE (n=9).  

 

(b) 

(c) 

   -FF             FF            2FF            FF+1M       FF+2M 
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Figure 7.  Influence of post-harvest residues on microbial biomass phosphorus 

(MBP) and mineralizable P concentrations in depth A (0 – 20 cm) across all dates.  

MBP corresponds to the left axis and mineralizable P to the left. Upper and lower 

case letters represent MBP and mineralizable P.  Bars represent the SE (n=9). 
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Figure 8.  Relationship between microbial activity and labile C in depth A (0-20 cm) 

for July measurements. 
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Figure 9.  Relationship between net N mineralization and MBN for the treatments,   

-FF, FF and 2FF (treatments with only forest floor manipulations) across all 

sampling dates.    

-FF 
FF 
2FF 
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Figure 10.  Relationship between extractable N and net N mineralization across all 

sampling periods.  The FF square outlier point was not included in the regression. 
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Figure 11. Relationships between microbial biomass P and labile C (a) and 

extractable P and microbial P (b) for July measurements.   
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Figure 12.  Relationship between individual tree volume and net N mineralization 

for July measurements.  


