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The effects of ecological restoration on belowground processes such as decomposition are generally
unknown. To assess the immediate effects of prescribed fire and mechanical thinning on belowground
processes, we measured the activities of five extracellular enzymes (phosphatase, b-glucosidase, b-N-
acetylglucosaminidase, phenol oxidase, and lignin-peroxidase) in soils and on decomposing Quercus
falcata leaf litter in unburned, burned, and burned and thinned plots in a mesic forest in northern
Mississippi. Decomposition rates of Q. falcata leaf litter were also assessed at each plot. Soil phosphatase
activity decreased after a prescribed burn and was related to an increase in soil organic matter in plots
that had been burned. Soil b-N-acetylglucosaminidase activity increased after a burn, and was related to
a decrease in leaf litter. Leaf litter enzyme activity showed no consistent patterns amongst treatments, or
between individual enzymes, while decomposition rates of leaf litter were slightly accelerated in the
treatment plots, but not significantly so. Decomposition rates were related to cumulative enzyme
activity, with phenol oxidase and lignin-peroxidase having the highest apparent efficiencies in degrading
the leaf material. Overall, the microbial degradation of Q. falcata leaf litter was more efficient in plots that
were burned and thinned than in the other plots. Increases in the efficiency of litter decomposition
coupled with reductions in litter inputs due to canopy thinning likely allows for increased solar pene-
tration to the soil, and could promote the restoration of the shade-intolerant species that once domi-
nated the understory. Post-burn increases in b-N-acetylglucosaminidase activity and decreases in
phosphatase activity also suggest a potential shift in the soil community from phosphorus limitation to
nitrogen limitation following a fire.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Charcoal deposits show that fire has been an integral part of
eastern North American forests for thousands of years, acting as
a natural disturbance that shapes community composition and
ecosystem function (Scott, 2000). Recurrent fires formed ecosys-
tems containing both fire-dependent and fire-sensitive plant
communities, which arguably increased biodiversity in pre-
settlement North America (Delcourt and Delcourt, 1998).
However, fire suppression became a common practice in the early
twentieth century resulting in the increased presence of fire-
sensitive mesophytic trees, which invade forest gaps and create
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a dense canopy that doesn’t allow for oak regeneration or herba-
ceous plant growth (Harmon, 1982). This “mesophication”
(Nowacki and Abrams, 2008) limits the amount of light reaching
the forest floor and selects for shade-tolerant vegetation that
outcompetes the typical shade-intolerant herbaceous understory of
a fire-maintained system. One example of such a system is found in
the woodlands of northern Mississippi, which historically were
fire-dependent open oak and pine woodlands rather than the mid-
successional and late-successional forests seen today (Brewer,
2001).

Fire-induced changes in aboveground vegetation, the accu-
mulation of moist fuels, and the absence of fire-produced
compounds such as charcoal in the soil likely lead to changes in
soil microbial communities and activity (Giai and Boerner, 2007),
however these fire-induced effects are complex at both the soil
and ecosystem levels (Neary et al., 1999). Relative to the effects of
fire on plant communities, the effects on soil microbiota are
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underrepresented in the restoration literature and there is a lack
of data for interpreting how basic belowground processes are
affected by fire. Soil organic compounds such as cellulose, lignin,
and chitin are degraded enzymatically, and assaying the activity of
extracellular enzymes can provide insights into the metabolic
requirements of the soil microbial community, as well as provide
information on nutrient and substrate availability (Burns, 1982;
Skujins, 1976). Fire-induced changes in the soil microbial
community could influence the production and activity of these
enzymes, although the effects of fire on soil extracellular enzyme
activity are potentially complex.

Activities of b-glucosidase and phosphatase have been shown to
increase in a tall-grass prairie following fire (Ajwa, 1999), and to
decrease or be unchanged in oak-hickory forests (Boerner et al.,
2000; Boerner and Brinkman, 2003; Eivazi and Bayan, 1996).
Greater soil phosphatase activity has been reported in forests that
were burned and thinned compared to unburned or burned only
treatments, although these differences were only apparent
a growing season later (Boerner et al., 2006). In contrast, when the
activities of various soil enzymes were examined in eight North
American forest ecosystems being restored by the use of prescribed
fire and mechanical thinning, fire lowered phenol oxidase activity
but did not affect phosphatase or chitinase activity (Boerner et al.,
2008). However, when the effects on forests in the eastern United
States were pooled together, phosphatase activity was lower in
areas that were both burned and thinned (Boerner et al., 2008).
Changes in soil enzyme activity in the years following a fire have
also been shown in grasslands, with wildfires decreasing overall
activity by 10e20% in the first year, 25e50% the following year, and
enzyme activities returning to pre-fire levels after three years
(Gutknecht et al., 2010). Overall, the effects of fire on soil microbial
enzyme activity are variable and may depend on both ecosystem
type and past site history, as well as time since fire event (Fritze
et al., 1993).

Microbial enzyme activity has been linked to rates of decom-
position (Jackson et al., 1995; Jackson and Vallaire, 2007;
Sinsabaugh et al., 1991, 1994), suggesting that fire-induced
changes in enzyme activity could affect organic matter decom-
position rates. Previous studies examining the effects of fire on
decomposition have yielded no general consensus as to how
decomposition rates are affected by fire, with both increases (e.g.
Gundale et al., 2005) and decreases (e.g. Monleon and Cromack,
1996) in organic matter degradation rate being reported
following prescribed burning, along with no differences in leaf
litter decomposition between burned and unburned areas (Grigal
and McColl, 1977; Hernandez and Hobbie, 2008). The fire history
of an area can affect litter characteristics, with litter in frequently
burned areas having a higher C:N ratio, which could reduce
decomposition rates (Hernandez and Hobbie, 2008). If fire does
alter organic matter decomposition rates, either through changes
in microbial enzyme activity or otherwise, this could be significant
at the ecosystem scale and result in changes in carbon and
nutrient cycling.

In this study we analyzed soil enzyme activities, leaf litter
decomposition rates, and leaf litter enzyme activities in forest plots
that have been burned, or burned and thinned as part of ongoing
restoration efforts. While others have related leaf litter decompo-
sition rates to enzyme activity (e.g. Carreiro et al., 2000; Sinsabaugh
et al., 1991) or soil enzyme activity to litter enzyme activity (Saiya-
Cork et al., 2002; Sinsabaugh et al., 2005), no other study has
examined all of these aspects, particularly in fire impacted systems
or in the context of ecological restoration. By measuring these
potentially interacting variables in relation to a particular
prescribed fire, we sought to determine what influence fire and
forest restoration practices have on belowground processes.
2. Methods

2.1. Study area and sampling plots

Sampling was conducted from April 2009eAugust 2010 at
Strawberry Plains Audubon Center, a 2500-acre sanctuary located
in Holly Springs, Mississippi (Huffman, 2005), where two restora-
tion sites approximately 2 km apart were established in 2004
(Brewer, 2007; Ryndock et al., 2012). Holly Springs, MS has an
average annual maximum and minimum temperature of 21.7 �C
and 8.6 �C respectively, and average annual precipitation of
143.4 cm. During the two years specific to this study, annual
precipitation was 164.8 cm and 132.4 cm for 2009, and 2010
respectively. Prior to restoration efforts, both sites contained
upland closed canopy deciduous forest dominated by a mixture of
oaks (Quercus spp.) and mesophytic species such as sweetgum
(Liquidambar styraciflua) that invaded upland portions of the
landscape following prolonged fire suppression in the twentieth
century (Ryndock et al., 2012; Surrette et al., 2008), along with
species that were historically restricted to floodplains and alluvial
terraces such as Nyssa sylvatica, Acer spp., Fraxinus spp., Juglans spp.,
and Q. alba dominating the mid and understory (Brewer and
Menzel, 2009). Site 1 consisted of three 70 � 75 m plots: one was
an untreated control plot, one was burned frequently (September
2004, October 2006, and July 2008) plus mechanically thinned of
tree species that were historically uncommon within the region
(e.g. N. sylvatica, L. styraciflua, Ulmus alata), and the third plot was
burned infrequently (one burn event in March 2005) plus
mechanically thinned of off-site tree species. Site 2 consisted of
three smaller (30� 30m) plots: an untreated control, a burned only
plot (burned in July 2008), and a third plot that was burned (July
2008) andmechanically thinned of off-site tree species. The burned
and thinned plots at both sites have less canopy cover and more of
the understory grasses typically associated with open woodlands
and savannas, and are approaching historical reference conditions
(Brewer and Menzel, 2009). All plots subject to burning were also
burned during the course of this study, on April 1st 2010.

A smaller 10� 30m sampling plot specifically for this study was
established within each of the six treatment plots in April 2009.
These smaller plots were established to reduce the chance of
sampling toward the edges of the larger treatment area. Within
each sampling plot, 15 sampling points were determined using
randomly generated numbers as plotting points for a Cartesian
coordinate system. Each sampling point was then used for the
duration of the study. Because sampling points were randomly
selected, distance between points varied, but were typically
between 1 m and 25 m apart. Tree canopy density was measured at
each sampling point in late summer of 2009 (mean of four densi-
tometer measurements), and litter depth was measured at each
sampling point in late fall of 2009 (mean of four depth measure-
ments). Measurements of litter depth were also taken after the
April 2010 fire to assess the immediate effects of fire. An attempt
was made to measure fire temperature; however the temperature
of the fire exceeded the 500 �C maximum of the temperature
gauges.

2.2. Soil sampling and processing

Soil samples for enzyme analysis were collected on a bi-monthly
basis from April 2009 through August 2010. Additional sampling
was also conducted minutes after the April 2010 fire, as well as 4,
10, and 21 days following the fire. On each sampling date, a surface
soil sample was collected from each sampling point (15 samples
from each 10 � 30 m plot) by filling a sterilized 50 ml centrifuge
tube with soil from the top 5 cm. Samples were returned to the
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laboratory (2e3 h) and each mixed with a spatula and separated
into six 0.2e0.4 g subsamples for enzyme assays, and a larger
(5e6 g) subsample for dry mass measurements. Subsamples for
enzyme assays (five enzymes plus one control) were transferred to
microcentrifuge tubes, weighed, and stored at room temperature
overnight until enzyme assays were conducted the next morning.
The subsample for mass measurements was weighed, dried (75 �C,
48 h) and reweighed to determine dry weight and % soil moisture.
The oven dried soil was then ashed (500 �C, 2 h) and reweighed to
determine organic matter (OM) content for each soil sample as ash
free dry mass.

2.3. Leaf litter decomposition

Leaf litter traps were placed under Quercus falcata (southern red
oak) trees throughout control plots at both sites in September 2009.
Leaves were only collected from control plots to avoid complica-
tions from potential fire history effects on C:N content of plant
material (Hernandez and Hobbie, 2008). Leaves were collected
from the litter traps on a bi-weekly basis for six weeks, when an
adequate amount of Q. falcata leaves had been collected. Leaves
were air dried at room temperature until constant mass was
obtained (7 d). Air dried leaves were weighed and placed in
20 � 24 cm litterbags made from 2 mm fiberglass mesh (approxi-
mately 4 g leaves per bag). A subsample of the air dried leaves was
weighed, oven dried (75 �C, 48 h), and then reweighed to obtain
a conversion factor between air dry weight and oven dry weight.

Litterbags were placed in the field in November, 2009. Three
groups of 20 bags were placed in each plot for a total of 360 bags (3
groups � 20 bags � 3 plots � 2 sites). Three bags from each plot
(one from each group of bags) were immediately collected to
account for initial handling. Subsequent collections (three bags per
plot) were made after 7, 14, 28, 55, 98, 126, 143, 180, 207, and 277
days. After each collection, bags were returned to the laboratory
and the contents weighed to determine field weight. A subsample
(1e3 g) was removed for enzyme assays, and the remaining
material was oven dried (75 �C, 48 h) and reweighed to convert
overall field weight into dry weight. During the April 2010 fire, bags
from all plots were taken up before the fire and set to the side of the
treatment plots. Bags were replaced following the fire, and
a collection of bags from each plot was immediately taken and
processed to assess any disturbance effects of this moving action.

2.4. Enzyme assays

Both soil and leaf litter samples were assayed for the activities of
five extracellular enzymes (phosphatase [EC 3.1.3.2], b-glucosidase
[EC 3.2.1.21], N-acetylglucosaminidase [NAGase, EC 3.2.1.52],
phenol oxidase [EC 1.10.3.2 and 1.14.18.1], lignin-peroxidase [EC
1.11.1.7]) following the same general analytical procedures as
Jackson et al. (2006). Substrates for the hydrolytic enzymes were
5 mM pNP-phosphate, 5 mM pNP-b-glucopyranoside, and 2 mM
pNP-b-N-acetylglucosaminide for phosphatase, b-glucosidase, and
NAGase, respectively. 5 mM L-3,4,-dihydroxyphenylalanine (L-
DOPA) was the substrate for both phenol oxidase and lignin-
peroxidase assays, the latter also received H2O2 to a final concen-
tration of 0.015%. All substrates were dissolved in 50 mM acetate
buffer and reaction incubation times were 0.5e1 h (phosphatase, b-
glucosidase), 1e2 h (phenol oxidase, lignin-peroxidase), or 3e4 h
(NAGase).

Assays of soil samples were conducted in microcentrifuge tubes
containing a knownmass of soil (0.2e0.4 g) and 300 mL of substrate.
After incubation, the microcentrifuge tubes were centrifuged
(4500 � g, 5 min) and 100 mL of each supernatant transferred to
a microplatewell containing 190 mL H2O and 10 mL of 1 MNaOH (for
assays using pNP-linked substrates) or 200 mL H2O (for assays using
L-DOPA). Absorbance was determined at 410 nm (pNP-linked
substrates) or 460 nm (L-DOPA) using a Synergy HT microplate
reader (Biotek, Winooski, VT). Final absorbance was adjusted
according to sample and substrate controls and enzyme activity
calculated as described by Jackson et al. (2006). Soil enzyme
activities were expressed as mmol substrate consumed h�1 g�1 dry
weight soil.

For leaf litter samples, 1e3 g of litter material was homogenized
in 20 mL of 50 mM acetate buffer using a Powergen 500 homoge-
nizer (Fisher, Pittsburgh, PA). For each enzyme assayed, 150 mL of
the resulting slurry was incubated with 150 mL of the appropriate
substrate solution in 96 deep-well blocks (four replicate reactions
per sample per enzyme). After incubation, the deep-well block was
centrifuged (3000 � g, 5 min), and 100 mL of each supernatant
transferred to a microplate and absorbance determined as for soil
enzyme assays. Leaf litter enzyme activity was calculated from the
mean of the four absorbance readings and expressed as mmol
substrate consumed h�1 g�1 dry weight leaf material.

2.5. Statistical analysis

Treatments themselves were not directly used in statistical
analyses because of concerns over pseudo-replication and differ-
ences between sites. Rather, discriminant analysis was used to
detect indirect relationships between soil enzyme activity and
treatments via environmental variables that were affected by
burning or burning and thinning treatments. Changes in soil
enzyme activity arising from the April 2010 fire event were deter-
mined by subtracting the means of all enzyme activity before the
fire (April 2009eMarch 2010) from themeans of all enzyme activity
after the fire (April 2010eAugust 2010). Change in soil organic
matter content and soil moisture were calculated the same way,
and change in litter depth was determined by subtracting litter
depth measurements taken immediately after the fire from those
taken the previous fall. Discriminant analysis was then used to
separate treatments based on the change in environmental vari-
ables after the prescribed burn, and to identify which variables
were the most important in separating the treatments. Changes in
enzyme activity were then used in a multi-source regression
against these environmental variables. Significant changes in soil
enzyme activity in response to variables that differed significantly
between control and burned plots were taken as evidence of
treatment effects on enzyme activity. All univariate analyses were
done using JMP v. 5.1.2 (SAS), while Primer-E v. 6 (Plymouth Marine
Laboratory) was used for permutational multivariate analysis of
variance (PERMANOVA) analysis to examine any site effects.

Leaf litter decomposition rates were determined from linear
mass loss regressions of % original dry weight remaining against
time (d). For each set of leaves, the decomposition constant (k) was
calculated as the slope and reported as % mass lost d�1. Differences
in decomposition rates between treatments and sites were
analyzed byMANOVA using JMP version 5.1.2. Mean activity of each
enzyme in the litterbags sampled per plot per datewas determined,
and cumulative activity was estimated by integrating mean activ-
ities over time. Apparent enzyme efficiencies were then deter-
mined for each enzyme by regressing % mass remaining as
a function of cumulative enzyme activity (Jackson et al., 1995;
Jackson and Vallaire, 2007; Sinsabaugh et al., 1994). Enzymes
showing significant relationships between cumulative leaf litter
enzyme activity and mass loss were combined into an integrated
index of microbial activity by standardizing enzyme activity for
each date and integrating this activity over time. Linear regressions
of this cumulative standardized activity against % initial mass
remaining (at each time step) were used to determine global
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Fig. 1. Discriminant analysis of two restoration sites (Site 1 shaded points, Site 2 open
points) in a Mississippi forest based on changes in litter depth, soil moisture, and soil
organic matter following a prescribed burn, as well as canopy density. Each site
included unburned control plots (diamonds), plots that had been burned infrequently
and thinned (Site 1; shaded triangles) or burned only (Site 2: open triangles), and plots
that had been burned frequently and thinned (Site 1: shaded circles) or burned and
thinned (Site 2: open circles). Large circles represent 95% confidence intervals of the
analysis and are designated as 1-C (Site 1 control plots), 2-C (Site 2 control plots), 1-B
(Site 1 burned infrequently and thinned plots), 2-B (Site 2 burned only plots), 1-T (Site
1 burned frequently and thinned plots) and 2-T (Site 2 burned and thinned plots). Lines
indicate directions of discrimination between plots by the environmental variables
measure. Axes are scaleless and 87.8% of variation is explained by axis 1.
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apparent enzyme efficiencies for each plot at each site (Alvarez and
Guerrero, 2000; Jackson et al., 1995; Jackson and Vallaire, 2007).

3. Results

3.1. Site differences in environmental variables

Canopy density was greatest in the control plots at both sites
(Table 1). Litter depthwas initially greatest in the control plot at Site
1, while it was similar in the control and burned only plots at Site 2
(Table 1). Surface litter was entirely removed by the April 2010 fire
in all treated plots. Prior to the April 2010 burn there were no
differences between plots in soil OM content at either site. While
soil OM increased after the burn in the burned infrequently and
thinned plot at Site 1 and the burned only plot at Site 2 and
decreased in all other plots (Table 1), these differences were not
statistically significant (p > 0.05). Soil moisture was lower in the
burned infrequently and thinned plot at Site 1 compared to the
other plots at this site (but not significantly so) and higher in the
burned and thinned plot at Site 2 compared to the other Site 2
treatments (but not significantly so; Table 1). Soil moisture was
generally unaffected by the April 2010 fire with post-fire values
being similar to pre-fire values (Table 1). When correlations
between environmental variables were examined, the only appre-
ciable relationship was between litter depth and canopy density at
Site 1 (r ¼ 0.70).

Canopy density and post-fire changes in litter depth, soil OM,
and soil moisture at all sample points distinguished by site and plot
were analyzed by discriminant analysis. The two unburned controls
were the most similar plots to each other, while burned plots
tended to group by site rather than treatment type (Fig. 1). PER-
MANOVA indicated a significant site effect (p < 0.05), so data from
the two sites was treated separately for subsequent analyses.
Table 1
Canopy density (% cover), litter depth (cm), soil organic matter (% dry weight), and
soil moisture (% field weight) at control and treatment plots at two sites in a Mis-
sissippi forest undergoing burning and thinning as part of ecological restoration.
Treatment plots were subject to a prescribed burn on April 1st 2010.

Canopy
densitya

Litter
depthb

Soil OMc Soil
moisturec

Before April 2010 fire
Site 1
Control 97.5 (0.3) 5.4 (0.3) 14.1 (1.2) 73.9 (1.3)
Burned infreq. þ thinned 88.9 (1.3) 3.8 (0.3)* 13.3 (0.7) 70.0 (0.5)
Burned freq. þ thinned 89.1 (1.0) 3.2 (0.2)* 13.5 (0.9) 72.0 (0.8)

Site 2
Control 91.0 (1.0) 3.9 (0.4) 10.3 (0.9) 77.3 (1.1)
Burned only 74.0 (2.8) 3.9 (0.6)* 11.5(0.7) 76.3 (1.1)
Burned þ thinned 71.0 (4.8) 1.1 (0.3)* 8.5 (1.9) 81.9 (1.1)

After April 2010 fire
Site 1
Control e 5.4 (0.3) 12.4 (1.1) 73.0 (1.0)
Burned infreq. þ thinned e 0 (0)* 16.4 (2.6) 69.6 (0.9)
Burned freq. þ thinned e 0 (0)* 11.6 (1.2) 72.3 (0.9)

Site 2
Control e 3.9 (0.4) 8.5 (0.8) 76.0 (1.4)
Burned e 0 (0)* 12.7 (0.9) 73.9 (1.4)
Burned þ thinned e 0 (0)* 7.6 (1.1) 80.6 (1.1)

*Denotes a significant (p < 0.05) difference after the prescribed burn.
a Canopy density was measured one time in summer 2009; values are means (SE)

of 15 sample points per plot.
b Litter depth was measured in November 2009 and following the April 2010 fire;

values are means (SE) of 15 sample points per plot.
c Soil OM and soil moisture values before the fire are the means (SE) of all

measurements prior to the fire (April 2009eMarch 2010; 7 sample dates); values
after the fire are the means (SE) of all measurements after the fire (April
2010eAugust 2010; 5 sample dates). On each date 15 sample points per plot were
measured.
Overall, discriminant analysis suggested that changes in litter depth
and soil OM after the prescribed burn were the most important
environmental variables distinguishing treatment plots from
controls (Fig. 1).

3.2. Soil enzyme activities

Soil enzyme activity was generally highest for phosphatase
(overall range of 1.8e62 mmol h�1 g�1 dry soil) followed by b-
glucosidase (0.2e11 mmol h�1 g�1; Figs. 2 and 3). Activity for these
enzymes was typically greatest in the control plot at each site, but
this pattern was not consistent across all sample dates (Figs. 2 and
3). The temporal patterns in activity for phosphatase and b-gluco-
sidasewere similar; activity increased in all plots during the second
spring of sampling and decreased after the April fire (Figs. 2 and 3).
NAGase activity was usually lower than the other hydrolytic
enzymes (0.05e7.1 mmol h�1 g�1) but showed the same pattern
between treatments at Site 1, in that the control plot typically had
the highest activity (Fig. 2). At Site 2 the burned plot exhibited
higher NAGase activity for most of the study period (Fig. 3). Activity
of the oxidative enzymes was more erratic: soil lignin-peroxidase
activity was generally higher than that of phenol oxidase
(0.25e16 mmol h�1 g�1 vs. 0e2.1 mmol h�1 g�1), and phenol oxidase
activity was undetectable in some samples. Phenol oxidase did not
exhibit any temporal patterns in activity, while lignin-peroxidase
activity was variable, but showed somewhat more defined
temporal patterns than phenol oxidase. Activities of both oxidative
enzymes were generally similar for all plots (Figs. 2 and 3).

Differences between both treatments and site were apparent
when discrimant analysis was used to examine the relationships
between soil enzyme activity and environmental variables
following the prescribed burn. At Site 1, b-glucosidase was the only
enzyme that showed a significant (p < 0.05) relationship between
its change in activity after the fire and any of the changes in envi-
ronmental variables; showing a negative relationship to soil
moisture. However, prior analysis of environmental variables had
suggested that changes in soil moisture were not related to differ-
ences between treatments. Site 2 showed more pronounced rela-
tionships between changes in soil enzyme activity and
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environmental variables after the April fire. The change in phos-
phatase activity was significantly (p < 0.05) and negatively related
to both changes in soil OM and soil moisture. While change in soil
moisture was not related to the treatment plots, change in soil OM
was, so the reduction in phosphatase activity following the fire can
be attributed to an effect of burning. The reduction in NAGase
activity following the prescribed burn at Site 2 showed a very
highly significant (p< 0.001) negative relationship to the change in
litter depth, as well as a weaker relationship to change in soil
moisture (p < 0.05). Change in litter depth was related to burning;
therefore the patterns in NAGase activity can be attributed to the
treatment affecting litter depth, where a larger reduction in litter
corresponded to a smaller reduction in NAGase activity. Post-fire
changes in phenol oxidase activity also showed negative relation-
ships to changes in environmental variables at Site 2, with changes
in soil moisture and litter depth both being significantly related to
phenol oxidase activity (p < 0.05). As with NAGase activity, the
change in phenol oxidase activity can be attributed to a treatment
affect on litter depth. Lignin-peroxidase shows no significant rela-
tionships with measured environmental variables at either site.

3.3. Leaf litter decomposition

After 277 days in the field, 77% of themass remained of Q. falcata
leaves placed in litterbags in the control plot at Site 1 compared to
73% in the burned infrequently and thinned plot and 71% in the
burned frequently and thinned plot (Fig. 4). Similar patterns were
seen at Site 2, 78% of the mass remained in the control plot, 73% in
the burned plot, and 70% in the burned and thinned plot (Fig. 4).
Linear decomposition models gave as good or better fits than
exponential or second order polynomial models, and yielded
decomposition rates ranging from 0.068% d�1 (in the control plot)
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to 0.082% d�1 (in the burned infrequently and thinned plot) at Site
1. The burned only and burned and thinned plots at Site 2 showed
similar decomposition rates (0.082% d�1 and 0.086% d�1, respec-
tively) while, as with Site 1, the decomposition rate for leaf litter in
the control plot at Site 2 was lower at 0.069% d�1. However, these
decay rates were not significantly different from one another
(p > 0.05) so there was no definite effect of treatments on leaf litter
decomposition rate.

3.4. Enzyme activities on decomposing leaf litter

Activities of extracellular enzymes associated with decompos-
ing Q. falcata leaf litter in litterbags showed no consistent patterns
amongst treatments or between individual enzymes (Fig. 5). b-
glucosidase had the highest overall leaf litter activity, ranging from
14.5 to 138 mmol h�1 g�1 litter dry weight. Its activity was initially
high but decreased over the first two months before it leveled off
for the duration of the study (Fig. 5). Phosphatase activity was also
high (14.7e89 mmol h�1 g�1) but was more variable than that of b-
glucosidase. As with b-glucosidase, phosphatase activity decreased
over the first few months of the study, but its activity increased on
the final collection date (Fig. 5). NAGase showed more variation in
leaf litter activity than the other hydrolytic enzymes, fluctuating
from one sample date to the next with no consistent temporal
pattern (Fig. 5). As with the soil enzymes, phenol oxidase showed
the most erratic patterns of the leaf litter enzymes, and was
undetectable in a number of samples. Lignin-peroxidase activity
was also undetectable in some litter samples, but was generally less
variable than phenol oxidase activity (Fig. 5).

Linear regressions of % dry litter mass remaining as a function of
cumulative leaf litter enzyme activity showed significant (p < 0.05)
relationships for all enzymes in all plots (Table 2). Phosphatase
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activity was the most correlated with mass loss at both sites, fol-
lowed by activities of NAGase and b-glucosidase. Phenol oxidase
activity was the least correlated to mass loss rates, although
regressions were still significant. The slopes of these regressions
indicate the apparent efficiency of each enzyme in degrading
Q. falcata leaf litter, and phenol oxidase activity had the greatest
apparent efficiency in both control plots, followed by lignin-
peroxidase and NAGase (Table 2). The same pattern was seen in
the treatment plots, although the apparent efficiency of phenol
oxidase in degrading leaf litter in the treatment plots at Site 1 was
higher than at Site 2 (Table 2). Regressions between mass
remaining and cumulative b-glucosidase and phosphatase activity
had the lowest slopes in all plots, and within each plot the slopes
for the two enzymes were generally similar (Table 2).

Since all cumulative enzyme activities were significantly related
tomass loss, all enzymeswere combined into an integrated index of
microbial activity for each plot. All relationships between cumu-
lative overall enzyme activity and mass loss were very highly
significant (p < 0.001) and accounted for at least 80% of the vari-
ation in mass remaining (r2 values 0.81e0.93). At Site 1 overall
microbial activity was more efficient at degrading Q. falcata leaf
litter in the burned frequently and thinned plot (slope �0.188),
compared to the control (slope �0.178), or burned infrequently and
thinned plot (slope �0.149). At Site 2, the greatest efficiency was
seen in degrading litter in the burned and thinned plot
(slope �0.204), followed by the burned plot (slope �0.176), and
control (�0.168).
4. Discussion

Prescribed burning is carried out in fire-suppressed closed
canopy deciduous forests to restore historical communities and
increase overall biodiversity. Burning coupled with thinning of the
canopy allows greater solar penetration to the forest floor and
promotes the germination of shade-intolerant herbaceous species
(Nowacki and Abrams, 2008). As well as shifting the plant
communities, ecological restoration practices can impact below-
ground microbial processes. Fire is thought to reduce soil moisture,
soil water retention capability and soil OM content (DeBano, 2000;
Gonzalez-Perez et al., 2004). Once correlations between environ-
mental variables were accounted for, burning did not result in
changes in soil moisture in this study. Similarly, the fire also didn’t
reduce soil OM, and the effects of fire on soil OM depended on fire
and thinning history. In areas with higher pre-fire litter amounts
(i.e. the infrequently burned or unthinned areas), the 2010 burning
was associatedwith either no change in OM content (Site 2) or even
an increase (Site 1). Prescribed burning also has a substantial effect
on the soil litter layer. In this study, the litter layer was completely
combusted in burned plots and, as might be expected, the magni-
tude of litter reduction was greatest in areas that had not been
thinned (the burned only plot at Site 2), or that had not been
burned in over six years (the burned infrequently and thinned plot
at Site 1). Such drastic reduction in the soil litter layer potentially
limits carbon and nutrient inputs to the soil in these systems, and
could affect the activity of the decomposer community.

Temporal patterns in soil enzyme activities were somewhat
consistent between enzymes, with activities peaking during the
second spring of sampling. Phosphatase was affected by the
restoration treatments, with a reduction in phosphatase activity
after the prescribed burn being related to an increase in soil organic
matter in plots that were either burned infrequently or burned
only. Other studies have shown reductions in phosphatase activity
after ecological restoration, with phosphatase activity being
reduced following a combination of burning and thinning (Boerner
and Brinkman, 2003; Boerner et al., 2004, 2008). The reduction in
phosphatase activity after the 2010 fire in this study was related to
both an increase in soil OM and a reduction in soil moisture. Since
fire can reduce soil moisture, this could affect extracellular enzyme
production (Sardans and Penuelas, 2005), although changes in soil
moisturewere not confined to the treatment plots in this study. The
increase in soil OM content after the burn was a response to the
treatments, and the effect of fire on soil OM appeared to at least
partly depend on the amount of leaf litter present before the fire.
Fire can release inorganic phosphate from organic matter (Boerner
et al., 1988; Certini, 2005; Rau et al., 2007) so one possibility is that
fire shifted some of the surface litter into the soil organic matter
pool and reduced microbial demand for phosphorus, decreasing
soil phosphatase production.

Activities of b-glucosidase and NAGase decreased after the
prescribed burn, although these reductions were related to changes
in soil moisture which were not related to the fire. However,
reductions in b-glucosidase activity were most noticeable in plots
that were burned and thinned, suggesting a possible treatment
effect that could not be confirmed because of the differences
between sites. Other studies have reported decreases in b-gluco-
sidase activity following fire (Ajwa, 1999; Boerner and Brinkman,
2003; Eivazi and Bayan, 1996); however, there is no evidence that
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the burn treatments directly affected b-glucosidase activity in this
study.

Microbial enzymes likely differ in how they are regulated. b-
glucosidase may be regulated primarily by substrate availability,
whereas phosphatase and NAGase are regulated by the soil
microclimate and chemical factors (Sinsabaugh et al., 1992, 1993).
Therefore, any changes in b-glucosidase activity could indicate
substrate alteration by fire, while changes in phosphatase may
indicate physicochemical alteration. Phosphatase, and to a lesser
extent b-glucosidase, showed greater reductions in activity in the
treated plots than in the control plots, suggesting that both the soil
microenvironment and substrate inputs could be affected by
restoration treatments. As the changes in the activities of b-
glucosidase and phosphatase were related to changes in soil
moisture and/or soil OM content, this suggests mechanisms by
which fire could affect enzyme activity. Reductions in soil moisture
change the soil microclimate while changes in soil organic matter
affect substrate availability, either of which can affect the activity of
specific soil enzymes. Alternatively, reductions in enzyme activity
following fire could simply reflect microbial mortality, although fire
does not necessarily lead to a strong reduction in soil microbial
biomass (Michelsen et al., 2004).

Phenol oxidase activity varied greatly over the study period,
a pattern also observed by Boerner et al. (2008). Reduced phenol



Table 2
Statistics from linear regressions of % dry leaf mass remaining in relation to
cumulative extracellular enzyme activity for Q. falcata leaves decomposing in
litterbags in control and treatment plots at two sites in a Mississippi forest under-
going burning and thinning as part of ecological restoration.

Treatment Enzyme Slope r2 p

Site 1
Control b-glucosidase �0.002 0.76 0.002

Phosphatase �0.002 0.87 <0.001
NAGase �0.010 0.82 0.001
Phenol oxidase �0.031 0.71 0.004
Lignin-peroxidase �0.014 0.52 0.028

Burned infreq. þ thinned b-glucosidase �0.002 0.84 0.001
Phosphatase �0.002 0.92 <0.001
NAGase �0.010 0.88 <0.001
Phenol oxidase �0.021 0.55 0.023
Lignin-peroxidase �0.011 0.55 0.021

Burned freq. þ thinned b-glucosidase �0.002 0.84 0.001
Phosphatase �0.002 0.89 <0.001
NAGase �0.011 0.86 <0.001
Phenol oxidase �0.037 0.60 0.014
Lignin-peroxidase �0.023 0.86 <0.001

Site 2
Control b-glucosidase �0.001 0.91 <0.001

Phosphatase �0.002 0.97 <0.001
NAGase �0.012 0.91 <0.001
Phenol oxidase �0.032 0.78 0.002
Lignin-peroxidase �0.015 0.81 0.001

Burned b-glucosidase �0.002 0.75 0.003
Phosphatase �0.002 0.90 <0.001
NAGase �0.011 0.78 0.001
Phenol oxidase �0.033 0.96 <0.001
Lignin-peroxidase �0.027 0.74 0.003

Burned þ thinned b-glucosidase �0.003 0.86 <0.001
Phosphatase �0.002 0.93 <0.001
NAGase �0.012 0.88 <0.001
Phenol oxidase �0.057 0.77 0.002
Lignin-peroxidase �0.019 0.78 0.002
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oxidase activity following the prescribed burn at Site 2 was related
to the reduction in litter depth following the fire (as was a reduction
in NAGase activity). In a study in a loblolly pine forest, neither
mechanical thinning nor burning had an effect on soil phenol
oxidase activity in the first year after treatment, although thinning
stimulated phenol oxidase activity in samples taken four years later
(Boerner et al., 2006). This suggests that soil phenol oxidase may
show long-term effects from restoration treatments, and also that
phenol oxidase activity may be tied to leaf litter availability as
thinning reduces the amount of leaf litter.

As with phenol oxidase, changes in NAGase activity at Site 2
were related to the amount of litter reduction. Litter depth distin-
guished the treatment plots from the controls, indicating that
changes in NAGase activity were related to the restoration treat-
ments. Both NAGase activity and litter depth were reduced
following the fire, however there was a negative relationship
between these parameters, indicating that larger reductions in leaf
litter corresponded to smaller reductions in NAGase activity. Fire
can result in greater nitrogen availability by increasing net nitrogen
mineralization and nitrification (Kaye and Hart, 1998). Given that
NAGase is tied to carbon and nitrogen acquisition, an increase in
nitrogen availability could result in a reduction in NAGase activity.
However, the negative relationship between reductions in NAGase
activity and reductions in litter depth suggests a more complex
interaction, and other factors may also be influencing NAGase
activity. One possibility is that firemay have reduced soil fungal and
invertebrate biomass. This would have reduced the amount of N-
acetylglucosamine (a component of chitin in fungal cell walls and
invertebrate exoskeletons) that is the substrate for NAGase activity.

Decomposition rates of oak leaf litter were consistent with those
of other studies (e.g. Hansen, 1999; Tietema and Wessel, 1994).
Decomposition was accelerated in the burned and burned and
thinned plots, but not significantly so. Fire produces charcoal which
can increase the rate of organic matter decomposition in soil
(Wardle et al., 2008), potentially by binding to phenolic and
aromatic compounds which can otherwise inhibit enzymatic
activity (Wetzel, 1992; Zachrisson et al., 1996). It is likely that the
charcoal content was higher in the treatment plots because of past
burn history, and increased further following the April 2010 burn.
Theoretically, this could increase decomposition rates in those plots
by binding potential enzyme inhibitors. However, leaf litter enzyme
activity did not increase following the fire, suggesting that if such
a mechanism applies, it may act in the longer term. It is also
possible that charcoal had an effect on soil enzyme activities;
however, enzyme activities generally decreased after the fire in this
study. If charcoal was a factor regulating enzyme activities in this
system, the activities of enzymes would theoretically increase
following release from inhibition by the now adsorbed humic and
aromatic materials (Wetzel, 1992). This was not observed, however,
indicating that charcoal is not likely to be important in this system.

Regressions of mass remaining and cumulative leaf litter
enzyme activity can be used to examine a particular enzymes
apparent efficiency at degrading a substrate (Jackson and Vallaire,
2007; Sinsabaugh et al., 1994). Phosphatase activity had the
closest relationship to mass loss for all plots, suggesting that its
activity may reflect overall microbial activity. A repression-
derepression mechanism exists for phosphatase production,
which represses enzyme synthesis when substrate is readily
available (Sinsabaugh et al., 1993), suggesting that the decompo-
sition of leaf litter at these sites may be phosphorus limited.
Nitrogen is an important regulator of decomposition rates (Fog,
1988; Harmon et al., 1986) and the relationship between NAGase
activity (an enzyme potentially associated with nitrogen acquisi-
tion) andmass loss was also strong in this study. NAGase is also tied
to carbon acquisition (Kang et al., 2005; Olander and Vitousek,
2000), so its role in organic matter decay may be as important, or
more important, than nitrogen acquisition in this system. However,
individual enzymes are only one component of a complex
decomposition system and individual enzyme efficiencies ignore
interactions between enzymes (Jackson and Vallaire, 2007). When
all of the enzymes measured were combined into global indices of
mass loss, microbial enzymes in the burned and thinned plots were
more efficient at degrading leaf litter than those in other plots,
suggesting that burned and thinned plots could contain different
microbial populations, or have altered environments resulting in
more effective organic matter degradation.

A major effect of burning is the removal or reduction of the soil
litter layer. In this study, the large reduction in leaf litter was related
to a relatively small (compared to other enzymes) reduction in the
activity of NAGase. Conversely, burning increased soil organic
matter in the treated plots, and this was related to a reduction in
phosphatase activity. Taken together, these patterns suggest that
burning shifted some of the organic matter from the leaf litter layer
to bulk soil organic matter pool andmay have shifted the balance of
nitrogen and phosphorus availability. Nitrogen is easily volatilized
and has many gaseous forms (Caldwell et al., 2002), so burning
could lead to a decrease in soil nitrogen, thereby increasing
nitrogen demand and limiting the reduction in microbial NAGase
activity after the fire. At the same time, burningmay have increased
the amount of available phosphate (Rau et al., 2007) and reduced
phosphatase activity. Overall, these results suggest that following
the 2010 fire, the soil community in this system shifted from being
more limited by phosphorus to being limited by nitrogen.

While not statistically significant, the decomposition of
Q. falcata leaves was slightly faster in the treatment plots as
compared to controls. Even small increases in litter decomposition
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rates could have implications for ecological restoration, as less leaf
litter can aid in the germination of desired herbaceous species that
are shade-intolerant (Molofsky and Augspurger, 1992). The effi-
ciency of microbial enzymes in degrading leaf litter was also higher
in the burned and thinned plots. Together, these changes suggest
additional benefits of restoration treatments geared to the
promotion of shade-intolerant understory species. Thinning of the
canopy reduces the amount of litter on the forest floor, and
microbial enzymes in these plots are also more efficient at
degrading leaf litter, further reducing the amount of litter. Thus, the
combination of burning and thinning can further a restoration
project by reducing the amount of litter through both a reduction in
inputs and more efficient decomposition of litter material. This
reduction in the litter layer allows for increased solar penetration to
the soil, and could allow the shade-intolerant species that once
dominated the understory to proliferate. Coupled with potential
shifts from phosphorus to nitrogen limitation in the soil microbial
community following fire, this shows that belowground processes
are not only affected by ecological restoration processes but may be
integral parts of a successful restoration strategy.
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