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a b s t r a c t

Sequestering carbon (C) in forest soils can benefit site fertility and help offset greenhouse gas emissions.
However, identifying soil conditions and forest management practices which best promote C accumu-
lation remains a challenging task. We tested whether soil incorporation of masticated woody residues
alters short-term C storage at forested sites in western and southeastern USA. Our hypothesis was that
woody residues would preferentially stimulate soil fungal biomass, resulting in improved C use efficiency
and greater soil C storage. Harvest slash at loblolly pine sites in South Carolina was masticated (chipped)
and either (1) retained on the soil surface, (2) tilled to a soil depth of 40 cm, or (3) tilled using at least
twice the mass of organics. At comparative sites in California, live woody fuels in ponderosa pine stands
were (1) masticated and surface applied, (2) masticated and tilled, or (3) left untreated. Sites with clayey
and sandy soils were compared in each region, with residue additions ranging from 20 to 207 Mg ha�1.
Total and active fungal biomass were not strongly affected by residue incorporation despite the high
input of organics. Limited response was also found for total and active bacterial biomass. As a conse-
quence, fungal:bacterial (F:B) biomass ratios were similar among treatments at each site. Total soil C was
elevated at one California site following residue incorporation, yet was significantly lower compared to
surface-applied residues at both loblolly pine sites, presumably due to the oxidative effects of tilling on
soil organic matter. The findings demonstrated an inconsequential effect of residue incorporation on
fungal and bacterial biomass and suggest a limited potential of such practices to enhance long-term soil C
storage in these forests.

Published by Elsevier Ltd.
1. Introduction

Soil organic matter has long been revered as a critical constit-
uent of soil physical, chemical, and biological quality (Doran and
Parkin, 1994; Stevenson, 1994; Jurgensen et al., 1997; Nambiar,
1997; Grigal, 2000). Societal concerns for global warming have
further sparked interest in soils and their ability to sequester C in
stable organic forms to mitigate increasing atmospheric CO2

concentrations (Lal, 2001). While not a panacea for mitigating
global warming (Swift, 2001), opportunities for increasing soil C
storage have been projected and are receiving considerable scrutiny
from the scientific community, land managers, and policy analysts
rnment employees on official
t subject to copyright.
: þ1 530 226 5091.

Ltd.
(Kimble et al., 2003). Increasing C storage in forest ecosystems may
not come easily, however, as the mechanisms that control the input
of detrital C and the internal cycling of soil organic matter are
complex (Stevenson, 1994). This is best recognized by the variable
response of soil C storage to forest management practices such as
afforestation, fire, harvesting, and vegetation control (Richter et al.,
1999; Johnson and Curtis, 2001; Sanchez et al., 2006).

Forest soil C levels are predicated by the balance between
organic matter inputs (plant residues) and losses (microbial
decomposition, fire-induced consumption, erosion, and leaching),
which vary by climate, disturbance regime, plant and microbial
community composition, soil parent material, and time (Jenny,
1994). Studies in forest and grassland ecosystems highlight the
importance of microbial community structure and, in particular,
fungal:bacterial (F:B) ratios in regulating soil C storage (Sakamoto
and Oba, 1994; Bailey et al., 2002; Brant et al., 2006; Högberg et al.,
2007). Six et al. (2006) noted that fungal-dominated soils have slow
C turnover rates because (1) fungi incorporate more C into biomass
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than bacteria, (2) they have more recalcitrant cell walls than
bacteria, and (3) they facilitate C stabilization and protection by
enhancing soil aggregation. In addition, fungi are traditionally
credited with greater growth efficiency (biomass production/
respiration) compared to bacteria, although this putative attribute
was recently refuted as a mechanism for increased C storage (Thiet
et al., 2006).

Coupled with the premise that fungal-dominated soils enhance
C storage are observations that F:B ratios can be manipulated by
management practices. A good example is the decline in fungal
dominance in cultivated soils compared to native and no-till soils
(Frey et al., 1999; Bailey et al., 2002). Likewise, the surface addition
of woody residues in conifer forests (Brant et al., 2006) and the
addition of high C/N substrates (Bossuyt et al., 2001) were shown to
increase F:B ratios, while declines in F:B ratios were found
following N fertilization and herbicide applications (Bardgett et al.,
1996; Frey et al., 2004; de Vries et al., 2006; Ratcliff et al., 2006).
Collectively, these observations suggest that coarse-scale microbial
community structure is pliable and may influence C storage.

The charge remains to identify forest management practices
that not only affect F:B ratios and soil C storage, but that are envi-
ronmentally sound, practical, and cost effective. Afforestation of
degraded agricultural soils is a potential candidate. Estimates of
potential C sequestration are considerable (Heath et al., 2003),
although early evidence from studies of soil C accumulation
following forest conversion is inconsistent (Richter et al., 1999; Paul
et al., 2002; Wang et al., 2006). Incorporating harvest residues in
mineral soil also offers promise for improving long-term C storage.
Buford and Stokes (2000) suggested that incorporating residual
slash from short-rotation hybrid poplar plantations may increase
soil C concentrations without incurring excessive costs. Using
a predictive model of carbon accumulation (CO2FIX), Buford and
Stokes (2000) estimated a 60% increase in soil C storage during
simulation runs of incorporated harvest slash from consecutive
poplar rotations. Early results from related field studies, in fact,
support their predictions. Sanchez et al. (2000, 2003) found
moderate increases in soil C concentration at several study sites in
the initial 1.5 years after incorporation of loblolly pine (Pinus taeda)
slash.

The aim of our study was to determine whether incorporating
forest residues would preferentially increase fungal biomass and
promote an environment capable of storing more C. The loblolly
pine sites of Sanchez et al. (2003) in South Carolina, USA were used
to test this objective, along with two ponderosa pine (Pinus pon-
derosa) sites in the Mediterranean climate of western California.
Study installations in both regions included sites of contrasting soil
texture (clayey versus sandy soil) to compare relative changes in
microbial community structure and C storage as a function of the
soil physical environment.

2. Materials and methods

2.1. California study sites and treatment design

Two sites were located in northern California on the western
slope of the Sierra Nevada (CA-1) and the Cascade Range (CA-2).
They are part of a larger study examining the effects of alternative
fuel reduction methods on ecosystem function at the forest–urban
interface (http://www.fs.fed.us/psw/programs/ecology_of_west-
ern_forests/projects/fuel_reduction/). The climate is Mediterra-
nean with cool, wet winters and warm, dry summers. Mean annual
temperature at CA-1 is 15 �C with 65 cm of annual precipitation.
Mean annual temperature at CA-2 is 10 �C with 160 cm of annual
precipitation. The soil at CA-1 is a Cohasset clay loam (fine-loamy
mixed superactive mesic Ultic Haploxeralf) with a pH of 6.2 and an
organic matter content of 142 g kg�1. The soil at CA-2 is
a Washougal sandy loam (medial amorphic mesic Pachic Mela-
noxerand), with a pH of 6.9 and an organic matter content of
85 g kg�1. Site productivity for ponderosa pine is high at CA-1
(SI50¼ 36 m) and moderate at CA-2 (SI50¼ 30 m). The stands at
both sites were 25- to 40-year-old ponderosa pine plantations, with
understory vegetation comprised of either an extremely dense
layer of hardwood trees and shrubs (CA-1) or a moderately dense
layer of woody shrubs (CA-2).

Three treatments were installed at CA-1 in 2001 and at CA-2 in
2003. Understory vegetation was either left untreated (NT);
masticated with all residues retained on the soil surface (S); or
masticated with residues incorporated to a soil depth of 20 cm (I).
Plot size was 0.4 ha, with four replicates of each treatment arranged
in a randomized block experimental design. A Rayco mower/
mulcher (Wooster, OH, USA) was used to masticate understory
trees and woody shrubs, producing chips of irregular shape from 1
to 5 cm in width and 3 to 15 cm in length. Chips were incorporated
in the mineral soil using an industrial rototiller attached to a farm
tractor. Estimated dry mass for S and I treatments was 75 Mg ha�1

at CA-1 and 20 Mg ha�1 at CA-2 (R. Powers, data on file).

2.2. South Carolina study sites and treatment design

Two sites (SC-1, SC-2) were selected within the Department of
Energy’s Savannah River Site, a National Environmental Research
Park, located in Aiken, Barnwell, and Allendale counties in the
South Carolina upper Coastal Plain (33�0 250N, 81�25 500W). The
sites are within 5 km of each other, and were in agricultural
production until their conversion to loblolly and longleaf pine
(Pinus palustris) plantations in the early 1950s. The climate is sub-
tropical with an average annual temperature of 18 �C and annual
precipitation of 121 cm spread throughout the year. The soil at SC-1
is a clay, characterized by a shallow surface layer of 30 cm or less
overlying an argillic horizon, and is in the Orangeburg (fine-loamy,
kaolinitic, thermic Typic Kandiudults) and Dothan (fine-loamy,
kaolinitic, thermic Plinthic Kandiudults) soil series. The soil at SC-2
is a sand (<10% clay and silt content), characterized by a deep sandy
surface layer between 85 and 130 cm overlying an argillic horizon,
and is classified as either Blanton (loamy, siliceous, semiactive
thermic, Grossarenic Paleudults) or Fuquay (loamy, kaolinitic,
thermic, Arenic Plinthic Kandiudults) soil series. Both soils are
moderately acidic (pH 4.6–5.1) and have low C concentrations (0.5–
1.0 g kg�1). Site productivity for loblolly pine is poor (SI50¼ 27 and
25 m for SC-1 and SC-2 sites, respectively).

Three treatments were installed at each site following clearcut
harvesting in 1999. Slash (>15 cm diameter) was removed off the
plots. The residual debris and stumps were either replaced on the
soil surface (S); incorporated as masticated chips to a depth of
40 cm using a CMI RS-500 road reclaimer (CMI Corp., Oklahoma
City) (I); or incorporated with at least twice the mass of masticated
residues (I2). Wood chips ranged from 1 to 7 cm in width and 3 to
20 cm in length. Plot size was 0.2 ha, with four replicates of each
treatment per site arranged in a completely randomized experi-
mental design. Additional wood-chip residues for the I2 plots were
obtained from adjacent powerline clearing operations. Residue dry
matter was estimated respectively at 28.5, 32.2, and 67.2 Mg ha�1

for S, I, and I2 treatments at SC-1, and 46.8, 37.6, and 204.6 Mg ha�1

at SC-2 (Sanchez et al., 2003). After tillage, dolomite lime was
applied at a rate of 3.4 Mg ha�1 and disked into the soil to achieve
a target soil pH of 6.5.

2.3. Sample collection and analyses

Soil samples were collected in April 2005 at the California sites
(0–15 cm depth), and in June 2005 at the South Carolina sites (0–
30 cm depth). Depth of sampling varied between regional studies
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Table 1
Large organic residue content (g kg�1) at a depth of 0–15 cm in the mineral soil at
the California sites. Understory trees and woody shrubs were either left intact (NT);
masticated and left on the soil surface (S); or masticated and incorporated (I). Means
within a column followed by different letters are significantly different by Bonfer-
roni’s adjusted means comparison.

Residue treatment CA-1 CA-2

NT 31.3 b 13.5 b
S 47.0 ab 12.0 b
I 60.5 a 34.3 a

Common s.e. 7.3 7.3
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based on the effective depth of the incorporation treatments. Six to
eight samples were collected per plot along two, systematically
located transect lines. Soils were collected using a 7.3 cm-diameter
corer at the California sites to ensure inclusion of large organic
fragments. A smaller corer (2.5 cm-diameter) was used at the South
Carolina sites since large organics were not discernible in the
mineral soil at the time of sampling. Soil cores were combined into
one composite sample per plot. Samples from the California sites
were transported on the day of collection to our laboratory facility
in Redding, CA, while samples from South Carolina were delivered
to the Redding laboratory within 72 h of collection.

Soil from the California sites was separated by sieving and hand
sorting into fine (<2 mm), coarse organic (>2 mm), and rock
(>2 mm) fractions. Gravimetric moisture content was determined
using subsamples from each fraction, and the relative dry-weight
proportion of each was calculated. The rock fraction was then dis-
carded. Soil from the South Carolina sites was sieved (2 mm), and
the fine fraction retained. De-ionized water was added to bring the
fine-fraction samples to 60% water-filled pore space. No additional
water was needed for the coarse-fraction samples. All samples
were then covered and incubated at room temperature for
a minimum of 11 d prior to analyses to subside spurious microbial
activity associated with sampling disturbance. This incubation
period was determined in preliminary experiments as a minimum
before CO2 production declined to steady state (basal respiration).
Thus, all analyses should be considered measures of soil potential
and may not reflect conditions at the time of sampling.

All samples were analyzed for total C (Carlo Erba C/N/S analyzer,
Fisons Instruments, Danvers, MA), microbial biomass (substrate-
induced respiration), basal respiration, fungal hyphal biomass, and
bacterial biomass. Microbial biomass and basal respiration were
determined using 25 g of mineral soil (dry-weight equivalent) or 1–
2 g of large organics (dry-weight equivalent). Optimal glucose
concentrations for microbial biomass (5 g kg�1 for soil and
0.3 g kg�1 for organics) were determined in preliminary tests, and
CO2 production was analyzed 1–2 h after the addition of glucose.
Basal respiration was determined as the amount of accumulated
CO2 during a 24 h period without added glucose.

Fungal biomass was estimated by fluorescent microscopy using
fluorescent brightener 28 (FB28; Sigma–Aldrich, St. Louis, MI) to
determine total hyphal biovolume and fluorescein diacetate (FDA)
to determine active hyphal biovolume (Söderström, 1977; Ingham
and Klein, 1982, 1984). Hyphae were extracted from soil by
agitating 10 g (dry wt. equivalent) soil in 95 ml dilute Ringers
solution (2.25 g NaCl, 0.11 g KCl, 0.12 g CaCl2, 0.05 g NaHCO3, and
1.0 L filter-sterilized-H2O) for 10 min using a wrist-action shaker.
Following shaking, the samples were diluted in 0.3 M phosphate
buffer to a final dilution of 1 mg soil ml�1. Hyphae were extracted
from organic samples (1–3 g dry wt. equivalent) in 100 ml Ringer’s
solution using a high speed Waring blender for 1 min. This was
determined in a preliminary experiment as the optimal recovery
time for hyphae, in agreement with previous reports (Söderström,
1979; West, 1988). The organic samples were then diluted with
0.3 M phosphate buffer to a final dilution of 1.5 mg ml�1.

All diluted samples (1 ml) were stained with 0.5 ml FB28
(0.002 mg ml�1 filter-sterilized H2O clarified with 1 M NaOH) for
30 min. at room temperature in the dark. Following staining, the
samples were filtered onto 0.2 mm blackened Millipore filters, and
viewed using a Zeiss Axioscop fluorescent microscope at 400�
magnification with a 01 filter set. Hyphal lengths and widths were
measured on 20 fields per sample, and converted to biomass using
the method of Bottomley (1994). For active fungal biomass, diluted
samples (1 ml) were stained for 3 min with 20 ml FDA (2 mg ml�1

acetone). Stained samples were then filtered onto 0.2 mm black-
ened polycarbonate filters, and viewed at 400�magnification using
Zeiss filter set 09.
Bacteria were stained with SYBR Green I (Invitrogen Corp.,
Carlsbad, CA) to measure total cell volume, and with propidium
iodide to measure membrane-compromised cells (Williams et al.,
1998; Luna et al., 2002). Soil extractions were made on the same
day and followed the same methods as those for determining
fungal biomass. The samples were frozen (�20 �C) for two weeks
before microscope analyses, while the fungal samples were being
quantified by epifluorescence. Preliminary tests showed no signif-
icant change in bacterial number or biomass resulted due to
freezing. Following thawing at room temperature, the samples
(1 ml) were filtered onto 0.02 mm Whatman anodisc filters using
<80 mm Hg pressure (Kepner and Pratt, 1994). Each filter was then
double-stained with 15 ml SYBR Green I (10�3 dilution in filter-
sterilized H2O) and 15 ml propidium iodide (0.1 mg ml�1 filter-ster-
ilized H2O) as described by Noble and Fuhrman (1998). Filters were
incubated in the dark for 15 min, and viewed using a Zeiss filter set
09 for SYBR Green and filter set 15 for propidium iodide. Cell
numbers and diameters were measured on 10 fields per sample for
each stain, averaging 20–50 cells per field. Total biomass was
calculated using the method outlined by Bottomley (1994). Active
bacteria were calculated by subtracting propidium iodide biomass
(compromised cells) from total bacterial biomass.

2.4. Statistical analyses

The effects of residue treatment and site location on soil prop-
erties were tested by two-way ANOVA using PROC MIXED (SAS)
with a ‘‘variance component’’ covariate structure. Separate analyses
were made for the California and South Carolina datasets since the
treatments and sampling depths differed between the studies. Data
were log or square-root transformed, as necessary, to account for
unequal variances, and then backtransformed following statistical
analyses for presentation purposes. Bonferroni’s adjusted means
comparison test was used to compare treatment means within
a site. Statistical significance was considered at a¼ 0.10.

3. Results

3.1. Coarse fraction C

Coarse fraction C (>2 mm organics) was inconspicuous in the
South Carolina samples, reflecting both the warm, moist climate
for decay and the length of time since incorporation. We collected
samples in the 6th year after treatment at the South Carolina
sites, compared to the 4th and 2nd years after treatment at CA-1
and CA-2, respectively. In comparison, coarse fraction C
comprised 3–6% of the soil mass in the incorporated treatment at
the California sites (Table 1). This equated to 9–15% of the total
soil volume, calculated using site bulk density values of
0.32 g cm�3 for coarse fractions and 0.85 g cm�3 for the whole
soil (Busse, data on file). Differences in coarse fraction C between
incorporated and surface-applied treatments were significant at
CA-2 only.
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3.2. Soil C

Total soil C (fine and coarse fraction C) was 8-fold higher on
average at the California sites than the South Carolina sites (Fig. 1).
Treatment differences also varied by region. Incorporated residues
resulted in significantly lower soil C compared to surface-applied
residues at both South Carolina sites, whereas the opposite trend
was found in California. Even increasing the mass of incorporated
residues (I2) to 67 Mg ha�1 at SC-1 or 204 Mg ha�1 at SC-2 did not
produce a sizeable change in soil C relative to native slash levels (I).
Microbial biomass C followed a similar trend as total soil C,
increasing slightly due to residue incorporation in California and
decreasing in South Carolina. No differences in the metabolic
quotient (qCO2) were found between the surface and incorporated
residue treatments, as soil respiration was proportional to micro-
bial C at each site. Only the non-treated plots at CA-2 had a higher
qCO2 compared to the residue treatments.

3.3. Fungal and bacterial biomass

Fungal biomass was generally unaffected by incorporating
masticated residues at the California sites. No differences in active
or total fungal biomass were found between the S and I treatments
in the fine or coarse fractions, with the exception of lower active
biomass in the coarse fraction following residue incorporation at
CA-1 (Fig. 2). Two additional observations were of note. First, active
fungal biomass was low for all treatments, ranging from 1 to 20% of
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and woody shrubs were either left intact (NT), masticated and left on the soil surface (S), or
was either left on the surface (S), incorporated (I), or incorporated with twice the amount
different by Bonferroni’s adjusted means comparison (a¼ 0.10). Error bars represent s.e.
the total fungal biomass. Second, coarse fraction organics
comprised nearly 50% of the total fungal biomass of S and I treat-
ments at CA-1. Untreated plots had the highest fungal biomass in
mineral soil at CA-1 and the lowest fungal biomass in coarse frac-
tion organics. This likely reflected the unique stand conditions
(extremely dense layer of understory vegetation) and the low mass
of coarse fraction C in the NT plots.

Active and total bacterial biomass in the mineral soil were
substantially greater for I compared to either S or NT plots at CA-1
(Fig. 3). No differences in bacterial biomass were found among
treatments at CA-2, however. The majority of the bacterial biomass
at the California sites was active and found in the mineral soil
fraction. The active F:B ratio was 0.29� 0.09 (s.e.) at CA-1 and
0.25� 0.09 at CA-2, with no significant treatment differences at
either site.

Few treatment differences in fungal or bacterial biomass were
found at the South Carolina sites. Residue additions of 67 Mg ha�1

(I2) resulted in higher fungal biomass than surface-applied residues
at SC-1 only, while additions of 207 Mg ha�1 resulted in the greatest
active bacterial biomass at SC-2 (Fig. 4). Similar to the response at
the California sites, active fungal biomass was generally under 10%
of the total fungal biomass, while a larger proportion of the
bacterial biomass was active. The active F:B ratio was 0.34� 0.10 at
SC-1 and 0.49� 0.09 at SC-2, with no significant treatment differ-
ences at either site. No differences in total F:B biomass ratios were
detected among residue treatments at the four sites (Fig. 5). Site
differences were considerable, however, ranging from 1.1 to 5.0.
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4. Discussion

4.1. Coarse fraction C

Most studies investigating management impacts on total soil C
only utilize the fine fraction C (<2 mm) and ignore coarse fraction C
(>2 mm organics). A justification for this practice is that the coarse
fraction C is generally very labile (Cambardella and Elliott, 1992;
Sollins et al., 1996) and consequently does not represent a long-
term C pool. This reasoning may be valid at sites with rapid
decomposition rates, such as the South Carolina sites in this study,
where the coarse fraction C is rapidly lost and constitutes a very
small fraction of the total soil C pool. However, in sites with slow
decomposition rates, coarse fraction C may persist and may
constitute a sizable component of the total soil C pool. This was
apparent in our study, particularly at CA-1. Here, the coarse fraction
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C contributed nearly one-third of the total soil C (data not shown)
and one-half of the total fungal biomass on residue-incorporation
plots. Coarse fraction C also contributed about one-fourth of the
total soil C pool at CA-2, even though the input of masticated
residues was substantially lower at CA-2 than any other site. Thus,
omitting coarse fraction C during soil C analyses may result in
incomplete or inaccurate results, and should be reconsidered on
a case-by-case basis.

4.2. Soil C

Most models on soil organic matter dynamics, including the
CO2FIX model used by Buford and Stokes (2000), assume decom-
position follows first-order kinetics and that a linear relationship
exists between soil C content and C input (Six et al., 2002).
A consequence of this assumption is that soil C can increase
indefinitely so long as there is a continual C source. The presumed
lack of a C saturation point for soils is not realistic. Some long-term
agricultural studies on soils with high initial C contents have shown
little or no increase in soil C despite considerable increases in
C inputs (Campbell et al., 1991; Paustian et al., 1997; Solberg et al.,
1997). In a forestry example, Sanchez and Bursey (2002) found
that soil C concentrations adjacent to first-order root systems
of 40-year-old loblolly pines were 55% greater than the soil
C concentrations away from major root systems. They attributed
the increase in soil C to the continual input of dead fine roots and
root exudates. However, 13C nuclear magnetic resonance analysis
of the soil extracts indicated that the additional C around root
systems was highly labile and transient in nature (Sanchez and
Bursey, 2002).

Some models have been developed that include a C saturation
point for soils that is intimately tied to the silt and clay content of
the soil (Hassink and Whitmore, 1997; Six et al., 2002). However,
the contribution of clays (and presumably silt) in stabilizing C
decreases with weathering (Torn et al., 1997). Additionally, the
influence of climate on decomposition and C stabilization cannot be
ignored. Sites with rapid decomposition rates, such as the South
Carolina sites in this study, are further limited in their potential to
stabilize C (Six et al., 2002). These findings suggest that weathered
soils in climates that favor rapid decomposition of organic matter
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would have a low C saturation point and would thus be limited in
their potential to sequester C. This hypothesis is consistent with the
observations of C stabilization at the California and South Carolina
sites. In the South Carolina sites, soil C decreased with incorpora-
tion of organic matter despite the large amount of residue added,
especially in the I2 treatment (Fig. 1). This effect was consistent for
the sandy and clayey sites indicating that the clay content did not
effectively stabilize C at these sites. The observed loss of soil C was
probably a consequence of the action of tillage which promotes
oxidation of previously protected soil C (Balesdent et al., 2000).
These observations do not necessarily mean that the South Carolina
sites have reached their C saturation point. Hassink and Whitmore
(1997) estimated that approximately 21% of a soil’s protective
capacity (e.g. C saturation point) was influenced by factors other
than clay and silt content. Soil C can be stabilized by other mech-
anisms including physical (aggregation, inclusion into small pore
volumes) and biochemical (proportion of recalcitrant compounds
such as lignin) protection (Balesdent et al., 2000; Six et al., 2002).
Experiments that assess aggregate formation and the effects of
substrate quality (e.g. lignin content) may provide insight as to the
potential of these sites to sequester C. In California, the combination
of a cool/dry climate and higher activity clays resulted in C being
stabilized into the soil despite the degradative effects of tillage
(Fig. 1). Consequently, this study suggests that land management
efforts that include forest slash incorporation may have a greater
potential to sequester C in sites where the climate moderates
decomposition and the soil includes less weathered clay material.
Continued assessment of the California sites is needed, however, to
clarify whether the stabilization of organic residues is short- or
long-lived.

4.3. Fungal and bacterial biomass

Our hypothesis that the incorporation of woody residues would
preferentially stimulate soil fungal biomass was not supported at
the four study sites. We found no increases in F:B ratios among
treatments, while the only absolute increase in total fungal biomass
was found at SC-1 for the 67 Mg ha�1 residue-incorporation treat-
ment. Instead, the residues treatments had an inconsistent effect on
coarse-scale microbial community structure. This is somewhat
surprising since the amount of added organics, which ranged from
20 to 75 Mg ha�1 in California and from 32 to 205 Mg ha�1 in South
Carolina, was not trivial and likely represented the upper range of
practicable residue additions in managed forests. The reason for
this modest response is not clear, yet presumably reflects the
physical and chemical properties of the large masticated residues
(low surface area-to-volume ratio; low nutrient content; and high
lignin content).
Fungal:bacterial ratios determined using an assortment of
analytical methods typically range from 1.0 to 2.0 in forest mineral
soil (Scheu and Parkinson, 1994; Alphei et al., 1995; Bailey et al.,
2002; Ananyeva et al., 2006), although higher values have been
measured in acidic soils (Blogodatskaya and Anderson, 1998; Bååth
and Anderson, 2003). Results from our study sites show a wider
range in F:B ratio than previously reported for forested sites. Morris
and Boerner (1999) reported that F:B ratios varied depending on
spatial scale in eastern USA hardwood forests. They found that F:B
ratios were relatively constant within watersheds and individual
forest stands, but differed considerably between geographically
isolated sites. Our findings are in agreement with those of Morris
and Boerner (1999). Within-site differences were minor, while
a five-fold range in values existed among the four isolated sites.
Interestingly, the soils with the lowest F:B ratio (CA-1, SC-2) had the
highest total C content in their respective regions, which is counter
to concept that the F:B ratio increases with increasing soil organic
matter content (Bailey et al., 2002). In addition, we saw no trend in
the F:B ratio as a function of soil texture, as the ratio was the lowest
in the clayey soil in California and the highest in the clayey soil in
South Carolina.

The microbial metabolic quotient (respiration-to-biomass ratio;
qCO2), an indicator of the C-use efficiency of the microbial
community, was similar among the residue treatments at each site.
This result compliments our findings for F:B community structure
and supports the apparent insensitivity of the microbial commu-
nity to woody-residue incorporation. Differences in qCO2 among
the four sites were also generally small (Fig. 1) despite considerable
site differences in soil quality characteristics (total C content,
microbial C biomass, clay content, and pH) and climate. Whether
the similarities in qCO2, both within and between sites, are a simple
reflection of the common vegetation type (young conifer planta-
tions) and its influence on soil organic matter quality, or whether
they reflect the insensitivity of the qCO2 measurement to depict
ecosystem development (Wardle and Ghani, 1995) is unclear.
Further assessments of microbial C-use efficiency across diverse
ecosystem types and climates are needed to help improve our
understanding of microbial regulation of soil C sequestration.

No clear trend in active fungal or active bacterial biomass was
found among treatments at the four sites. Similar to results from
other studies (Söderström, 1979; Klein and Paschke, 2000), active
fungi comprised only a small fraction of the total fungal biomass.
Whether this reflected the true physiological state of the soil
hyphae and their ability to produce cytoplasm-free, ‘‘ghost’’ hyphae
(Klein et al., 1995), or was an underestimation of hyphal activity by
the FDA-staining method (Söderström, 1979) is unknown. Still, the
similarity in treatment response between active and total fungi,
regardless of their absolute values, substantiates the general
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indifference by fungal hyphae to the residue treatments. Unlike
fungal biomass, the majority of bacterial biomass was found to be
active in these soils. Active bacterial biomass was two- to four-
times greater than active fungal biomass across all sites. Again, this
may reflect the optimal soil moisture and temperature conditions
for bacterial activity during sample incubation, or it may be
a consequence of the propidium-iodide staining method, which
measures bacterial cell-wall integrity but not necessarily metabolic
activity (Williams et al., 1998).

Some caution is also recommended when comparing results for
fungal biomass, bacterial biomass, and F:B ratio among published
studies. Common methods currently reported in literature include
fluorescent microscopy (Bottomley, 1994); selective inhibition of
glucose-amended soil (Anderson and Domsch, 1973); and phos-
pholipid fatty acid analysis (PLFA; Frostegård and Bååth, 1996).
While each method has its strength, each is a distinct measure of
biomass that does not necessarily agree quantitatively with the
others (Velvis, 1997; Bailey et al., 2002; Bååth and Anderson, 2003).
For example, PLFA provides a coarse-scale, comparative measure of
fungi and bacteria diversity based on soil lipid fractionation, but it
does not directly assess total biomass, while the selective-inhibi-
tion method is a measure of the glucose-active fungal and bacterial
biomass. In comparison, fluorescent microscopy provides a true
measure of hyphal and bacterial biovolume which can be separated
into total and active biomass using complementary stains. Thus,
any comparison of fungal and bacterial biomass between these
methods should be limited to the identification of broadscale
treatment responses, while avoiding comparisons of absolute
biomass quantities.

5. Conclusions

We assessed changes in microbial community structure and C
dynamics in response to surface-applied and soil-incorporated
woody residues in western and southeastern USA forest soils. High
levels of residue incorporation generally had little effect on fungal
biomass, bacterial biomass, F:B ratios, or qCO2, likely due to the
large fragment size of the added organics (California sites) or the
rapid decay of the residues (South Carolina sites). Short-term
changes in total soil C were noted, although they varied by region. A
decline in soil C was found in the sixth year after residue incor-
poration in South Carolina, presumably due to the ideal climatic
conditions for decomposition, the dominant clay mineralogy
(inactive 1:1 kaolinite), and the disturbance effects of tillage on soil
physiochemical properties. In contrast, soil C was somewhat
greater in the California soils two to four years after residue
incorporation. However, we question the potential for long-term
soil C accrual following residue incorporation in these forest soils
given the variable effect on soil C pools and the inconsequential
effect on fungal or bacterial biomass.
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