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Miesel, J. R., Boerner, R. E. J. and Skinner, C. N. 2011. Soil nitrogen mineralization and enzymatic activities in fire and fire
surrogate treatments in California. Can. J. Soil Sci. 91: 935�946. Forest thinning and prescribed fire are management
strategies used to reduce hazardous fuel loads and catastrophic wildfires in western mixed-conifer forests. We evaluated
effects of thinning (Thin) and prescribed fire (Burn), alone and in combination (Thin�Burn), on N transformations and
microbial enzyme activities relative to an untreated control (Control) at 1 and 3 yr following treatment in northern
California. N mineralization and net nitrification were reduced by Thin and by Burn in year 1, and N mineralization was
increased by Thin�Burn in year 3, relative to the Control. In general, all experimental treatments reduced soil enzyme
activity. To identify overall treatment effects on the below-ground ecosyste\m, we combined these data with soil
physicochemical data from this site to perform non-metric multidimensional scaling (NMS) ordination. NMS ordination
showed that Burn and Thin�Burn produced the greatest overall effects on soil, and that overall differences in soil
characteristics among treatments diminish over time. These results provide an important benchmark for monitoring
ecosystem effects of large-scale wildfire hazard reduction strategies over the long term.
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Miesel, J. R., Boerner, R. E. J. and Skinner, C. N. 2011. La minéralisation de l’azote et l’activité enzymatique dans le sol lors
des feux de forêt et des traitements de substitution en Californie. Can. J. Soil Sci. 91: 935�946. Les coupes d’éclaircie et les
feux contrôlés figurent parmi les stratégies employées pour réduire la quantité de combustible avant qu’elle devienne
dangereuse et déclenche des feux catastrophiques dans les forêts mixtes de l’Ouest. Les auteurs ont évalué les répercussions
des coupes d’éclaircie et des brûlis, séparés ou combinés, sur la conversion du N et sur l’activité des enzymes microbiennes,
puis ont comparé ces résultats avec ceux obtenus sur des parcelles non traitées (témoin) un an et trois ans après le
traitement, dans le nord de la Californie. Comparativement aux parcelles témoins, les coupes d’éclaircie et les brûlis
réduisent la minéralisation du N et la nitrification nette la première année, la combinaison des deux traitements accroissant
la minéralisation du N la troisième année. Dans l’ensemble, les traitements expérimentaux diminuent l’activité des enzymes
dans le sol. Pour préciser les conséquences générales du traitement sur l’écosystème souterrain, les auteurs ont regroupé ces
données avec celles sur la physicochimie du sol recueillies sur le site, de manière à permettre l’ordination d’une analyse
multidimensionnelle non métrique. Cette ordination révèle que les brûlis et la combinaison coupes d’éclaircie/brûlis ont les
plus grandes répercussions sur le sol et que la variation générale des propriétés du sol entre les différents traitements
s’atténue avec le temps. Ces résultats constitueront un important point de comparaison pour surveiller les répercussions
des vastes stratégies de réduction des risques de feux de forêt sur l’écosystème à long terme.

Mots clés: Feux et traitements de substitution, sol, forêts mixtes, coupes d’éclaircie, brûlis

Descriptions of the pre-settlement mixed-conifer forests
of northern California and southern Oregon indicate the
presence of open, park-like stands of trees, with Pinus
ponderosa (Ponderosa pine) the most abundant tree
species (Laudenslayer and Darr 1990; Covington and
Moore 1994). In contrast, the California mixed-conifer
forests of today often differ substantially from historic
conditions in many characteristics, and livestock graz-
ing, logging and aggressive fire suppression policies have
all contributed to post-settlement changes in stand
composition and structure (Weaver 1951; Agee 1993).
The historical fire regimes of the southern Cascade
range were characterized by frequent, low-intensity fires
in the low to middle elevations and mixed-intensity fires

in the upper montane, resulting in regular, natural
thinning of developing stands (Taylor 2000; Skinner
and Taylor 2006; Taylor et al. 2008). Fire has largely
been excluded since the logging that occurred in the
early 1900s, and forests that were historically dominated
by Ponderosa pine now contain a large percentage of
Abies concolor (white fir) and other shade-tolerant
species. Stem density in these stands is much greater
today than at the time of European settlement (Zack
et al. 1999; Taylor 2004; Ritchie and Harcksen 2005),

Abbreviations: FFS, Fire and Fire Surrogate; GAMA, Goosenest
Adaptive Management Area; LHPIS, Little Horse Peak
Interdisciplinary Study; USDA, United States Department of
Agriculture
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and accumulations of both surface and vertical fuels
have produced conditions conducive to the development
of fires with intensity and severity far greater than the
historical condition. The high intensity fires that will
likely be promoted by these fuel-heavy stands (Agee and
Skinner 2005) will further lengthen the time necessary to
restore the historical structure of western forests.

The problem of hazardous fuel conditions in forests
has received substantial attention in recent years as land
managers attempt to reduce the threat of catastrophic
fires. Reduction of fuel loads, especially in areas of
wildland-urban interface, has been conducted primarily
via thinning from below, although prescribed burning or
combinations of thinning and burning have also been
used. Although these forest management strategies may
be effective in reducing fire severity (Agee and Skinner
2005; Prichard et al. 2010), and thinning may success-
fully restore pre-settlement tree species composition, size
distributions, and spatial patterns, such management
interventions also have the potential to influence long-
term forest health and sustainability in less obvious
ways via effects on the forest soil.

For example, nutrient availability and cycling and the
accumulation of organic matter in mineral soil influence
site productivity and ecological functioning (Attiwill
and Adams 1993, Tripler et al. 2006). Soil nutrient status
is affected by nutrient content of litter produced by the
plants (Ferrari 1999; Prescott 2002), the spatial arrange-
ment of tree stems on the landscape (Parsons et al. 1994;
Bauhus and Barthel 1995), and harvesting methods
(Thiffault et al. 2006). Physical disturbance or destruc-
tion of forest soil organic layers due to fire or thinning
may also affect soil nutrient availability (Raison 1979;
Nave et al. 2010) and microbial activity (Saa et al. 1993;
Boerner et al. 2000). Thus, the effects of forest manage-
ment strategies on the characteristics of forest soil
may vary according to the resulting stand structure
and composition as well as the physical and chemical
disturbance caused by forest management activities
(Stone 1975). Consequently, seemingly minor above-
ground differences among forest fuel reduction strate-
gies may in the long term result in significant ecological
differences between stands across a landscape.

The interdisciplinary national Fire and Fire Surrogate
(FFS) network study was initiated in 2000 and was
designed to evaluate long-term ecological effects of
thinning and prescribed fire in forests that historically
experienced frequent, low-intensity fire (McIver et al.
2008). The Klamath National Forest of northern
California represents one of the 12 network sites, and
serves as the location for the study presented here. The
need for large-scale fuel-reduction treatments in fire-
adapted forests is urgent (Covington 2000) and although
fuel reduction treatments effectively reduce real and
predicted fire behavior (e.g., Agee and Skinner 2005;
Schmidt et al. 2008), the effects of such treatments
on ecosystem processes are less clear (Sierra Nevada
Ecosystem Project 1996). Consequently, many ecologi-

cal questions remain, such as: (1) How do wildfire
hazard reduction treatments affect below-ground pro-
cesses such as nutrient cycling? (2) How do the effects of
thinning differ from those of prescribed fire, and are
effects increased or decreased when the two approaches
are combined? (3) Are potentially negative ecological
effects likely to persist in the long-term? The differences
in severity between commercial clearcut and the inten-
sity of thinning used for wildfire hazard reduction, and
between wildfire and prescribed fire, preclude the use of
much of the existing literature for evaluating alternative
management strategies designed to restore ecosystem
resilience and reduce catastrophic fire (McIver et al.
2009). The national FFS study is the first to address the
ecological effects of a suite of wildfire hazard reduction
treatments, and the study we present here therefore
provides much-needed data on the individual and
combined effects of thinning and prescribed fire on
soil in a western forest.

Our objectives were (1) to quantify the effects of
forest thinning and prescribed fire on soil nitrogen
dynamics and soil enzyme activities (processes indicative
of the rate of organic matter turnover), and (2) to
investigate how these properties in combination with the
site physical and chemical data presented by Miesel
(2009) reveal overall response of a mixed-conifer stand
to experimental forest management regimes. Here, we
present first and third year post-treatment effects of
FFS treatments on nitrogen cycling and soil enzyme
activity in a northern California mixed-conifer eco-
system. We also present a multivariate analysis that
indicates overall differences among treatments and over
time for these parameters and soil physical and chemical
characteristics.

MATERIALS AND METHODS

Study Site
This study took place in the Goosenest Adaptive
Management Area (GAMA) of the Klamath National
Forest in Siskiyou County, CA (lat. 41835?N, long.
121853?W). The forests of GAMA were logged between
1900 and 1920, and all merchantable trees were removed
over large areas. The gentle, dissected landscape of
GAMA is the result of recent volcanic activity. Slopes
are generallyB10% but can locally be�50%, with
elevation ranging from 1500 to 2000 m. Pinus ponderosa
P. & C. Lawson (ponderosa pine) and Abies concolor
(Gord. & Glend.) Lindl. ex Hildebr. (white fir) are
dominant in the forest canopy, together typically com-
prising �90% of the basal area. P. lambertiana Dougl.
(sugar pine), Calocedrus decurrens (Torr.) Florin (in-
cense cedar), Abies magnifica A. Murr. var. shastensis
Lemmon (Shasta red fir), and P. contorta Dougl. ex
Loud. var. murrayana (Grev. & Balf) Englem. (Sierra
lodgepole pine) are also present at low density. The
shrub layer is sparse, ranging in cover from 0.0 to 5.4%
of the ground area. Shrubs present include Ceanothus
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spp. (ceanothus), Arctostaphylos spp. (manzanita), Pur-
shia tridentata (Pursh) DC. (antelope bitterbrush),
Cercocarpus ledifolius Nutt. (curl-leaf mountain maho-
gany), Chrysothamnus spp. (rabbitbrush), and Artemisia
spp. (sagebrush) (United States Department of Agricul-
ture (USDA) Forest Service 1996). Forb and grass cover
ranged from 3.2 to 18.3%, and averaged 8.5% among
our treatment units.

The soils of the experimental area are dominated by
the Belzar�Wintoner complex of inceptisols and alfisols
(USDA Forest Service 1982). The Belzar series is
classified as loamy-skeletal, mixed, superactive, frigid
Andic Haploxerepts (corresponding to the Canadian
Great Group Melanic Brunisol), and covers the great
majority of the study area. Interspersed within the
matrix of the Belzar series are areas of somewhat
thinner pumice deposits in which the Wintoner series
(pumice overburden phase), classified as fine-loamy,
mixed, superactive, frigid Ultic Haploxeralfs (corre-
sponding to the Canadian Great Group Gray Luvisol),
are mapped (USDA Forest Service 1982; Soil Survey
Staff 2011). Both of these soil types have high sand and
silt content (mean and SE of sand: 3292%, silt: 6392%
and clay: 591% across the study area), drain rapidly,
have relatively low water-holding capacity, and are
relatively low in nutrient availability (USDA Forest
Service 1982). The mean pre-treatment duff (partially to
fully decomposed organic material located between the

litter and mineral soil) across the study area was 35.619
4.44 kg ha�1 in mass and 8.2491.03 cm in depth; data
collected on litter mass and depth were not reliable and
we are therefore unable to quantify the total organic soil
layer. The climate is Mediterranean-type, and the study
site receives most of the 25�100 cm annual precipitation
as winter snowfall (USDA Forest Service 1996).

Experimental Design
The GAMA Fire and Fire Surrogate study (FFS) is a
completely randomized design consisting of four treat-
ments each replicated three times. The treatment units of
this study were overlaid on existing research units of the
Little Horse Peak Interdisciplinary Study (LHPIS) that
was established in 1998 to accelerate the development of
late-successional characteristics of eastside pine forests
(Zack et al. 1999; Ritchie 2005). Unmanipulated con-
trols (hereafter Control), units that were thinned from
below (hereafter Thin), and units given a combination of
thinning and prescribed fire (hereafter Thin�Burn)
were replicated in five experimental units for the LHPIS
study, three of which were randomly selected in 2000 for
the FFS study. Treatment units for FFS prescribed fire-
only treatments (hereafter Burn) were interspersed
among the Little Horse Peak in 2001 (Fig. 1). In each
of the twelve 10-ha treatment units used in this study,
ten 20-m�50-m (0.1-ha) random, permanent sampling

Fig. 1. Map of the Goosenest Adaptive Management Area in northern California showing the placement of treatment units for the
Little Horse Peak study. Map legend indicates treatments applied to each unit of the Little Horse Peak and Fire and Fire Surrogate
studies: units used for the Fire and Fire Surrogate study were Control units 4, 10, and 18, Thin units 5, 9, and 12, Burn units F1, F2,
and F3, and Thin�Burn units 6, 13, and 15. Darker lines represent logging roads and lighter lines represent 50 m elevation
contours.
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plots were established on a 50-m grid and the corners
marked with permanent posts.

Thinning was conducted in Thin and Thin�Burn
units using whole-tree harvesting techniques, and pro-
cessing followed standard harvesting procedure for
forests in this region (Ritchie 2005). Whole trees were
transported to central processing landings where all
boles, limbs, and tops of trees were removed; tops and
limbs of trees and sub-merchantable trees were chipped
at the landings and removed; thus, all the slash
generated by the thinning was removed from the units.
Sub-merchantable understory trees were hand-cleared
from both treatments within 1 yr after larger trees were
thinned from below; this material was scattered on site.
For Thin and Thin�Burn treatments, thinning was
completed at the end of 1998 for one of the three units in
each treatment, and in the mid- to late-growing season
of 1999 in the remaining two units in each treatment.

A late fall prescribed fire was conducted in the Thin�
Burn units in 2001. Burn units were not thinned prior to
burning, and a late fall prescribed burn was conducted
in these units in 2002. Firing techniques used in the
prescribed burns in the Thin�Burn and Burn treatment
units were strip-head firing and tree-centered spot
ignition (Weatherspoon et al. 1989). Weather and fuel
moisture conditions (air temperature Burn 6958C
(mean9standard deviation), Thin�Burn 12958C; rela-
tive humidity Burn: 24913%, Thin�Burn: 32916%;
wind speed Burn: 1.791.3 km h�1, Thin�Burn: 2.69
1.6 km h�1) combined with the ignition pattern to
produce low-intensity surface fires in each unit (flame
length Burn: 24911 cm, Thin�Burn: 40918 cm).

Soil Sampling and Laboratory Analysis
In June�August of 2002�2004 soil samples to 10 cm
depth were taken from the fairly homogenous mineral
A horizon (after removing organic horizons) from six
points in each FFS 0.1-ha plot as follows: Control, Thin,
and Thin�Burn 2002, Burn 2003, and Control, Thin,
Burn, and Thin�Burn 2004. There were no subordinate
distinctions within the A master horizon, and these soils

have an ochric epipedon (Soil Survey Staff 2011). Soil
samples on successive dates in each treatment unit were
taken within 1.0 m of those from the previous year. All
samples were returned to the laboratory under refrig-
eration. As this study was initiated in 2001 and no
below-ground component existed in the original Little
Horse Peak study that began in 1998, no pre-thinning
soil sampling was done in the Thin and Thin�Burn
treatments. Pre-burn soil samples were collected in the
Thin�Burn and Burn treatments, and have been
published as part of Miesel et al. (2007). Thus, here we
present among-treatment comparisons at two time
periods, using samples from untreated Control units in
place of pre-treatment samples. Soil pH, total C and N,
C:N ratio, and available P for each treatment and time
period are presented in Table 1.

Because this FFS study was overlain on the pre-
existing LHPIS study in 2001, the thinning treatments in
Thin and Thin�Burn were conducted 2�3 yr before the
prescribed fire in the Thin�Burn treatment, and the
prescribed fire in the Burn treatment was conducted 1 yr
after the fire in the Thin�Burn treatment. Thus, the
first FFS post-treatment sampling year was not the same
calendar year for the Burn treatment as for the other
treatments. Within the FFS network, this complication
is unique to this location. Because our objective was to
compare the effects of thinning and prescribed fire on
forest soil at two time periods, we performed prelimin-
ary analyses to evaluate the effect of calendar year on
soil properties. We used ANOVA (SAS Institute, Inc.
2004) to test for differences in soil chemical character-
istics (see Table 2 for a list of soil characteristics) among
calendar years, using samples collected from Control
units in 2001�2004. These analyses indicated that, in
general, soil chemical characteristics within individual
units did not differ significantly across years (P�0.05).
We concluded that the effect of calendar year on
background soil characteristics was minor at this site,
relative to the influence of the manipulative treatments
within the context of this large-scale study. Thus, we
used samples taken in 2002 (Control, Thin, and Thin�

Table 1. Soil chemical properties in Fire and Fire Surrogate treatments at the Goosenest Adaptive Management Area, Klamath National Forest,

California. Shown are means (9SE) for pH, total C (g kg
�1

) and N (mg kg
�1

), C:N ratio, and available P (mg kg
�1

) for N�3 units. Adapted from

Miesel (2009)

Treatment

Variable Year Control Thin Burn Thin�Burn

pH 1 5.20 (0.04) 5.10 (0.10) 5.85 (0.6) 5.45 (0.04)
3 5.29 (0.05) 5.24 (0.05) 5.78 (0.7) 5.44 (0.04)

C 1 46.21 (2.28) 48.49 (2.71) 27.71 (1.69) 47.21 (2.22)
3 43.44 (1.83) 35.59 (2.87) 27.85 (1.93) 41.06 (2.53)

N 1 1.80 (0.11) 1.90 (0.10) 1.08 (0.09) 1.94 (0.08)
3 1.63 (0.12) 1.41 (0.12) 1.16 (0.12) 1.61 (0.12)

C:N 1 26.82 (0.55) 25.54 (0.69) 28.71 (1.07) 24.07 (0.61)
3 30.69 (1.32) 26.12 (0.62) 27.48 (1.23) 26.94 (0.93)

Available P 1 75.40 (8.34) 71.98 (15.46) 78.62 (7.11) 69.66 (15.46)
3 106.49 (12.48) 103.55 (16.24) 74.48 (9.67) 83.76 (14.75)
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Burn) and 2003 (Burn) to represent the first year of
observations following implementation of the full suite
of FFS treatments (hereafter referred to as year 1 data),
and samples taken in 2004 to represent the third post-
FFS treatment study year for all treatments except the
Burn treatment (hereafter referred to as year 3 data).

To evaluate among-treatment differences in soil
chemical and microbial characteristics, soil samples
were passed through a 2-mm sieve to remove stones
and root fragments and air-dried following FFS proto-
col. We estimated N mineralization and nitrification
using aerobic, in situ incubations following the method
of Raison et al. (1987). Groups of three 10-cm deep PVC
soil cores were taken at each of the six sampling points
around each FFS plot. One was returned to the lab
immediately whereas the remaining two were incubated
in situ for 20�30 d. One of the in situ cores was covered
with a PVC cap, while the other remained open. All
three cores from a given sampling point were sieved as
above, extracted with 0.5 M K2SO4 (Keeney and Nelson
1982), and analyzed for NO3

� and NH4
� using the

microtiter methods of Hamilton and Sims (1995).
Calculations of NO3

� and NH4� were corrected for
soil moisture content. Calculations for net N miner-
alization and net nitrification were made using concen-
trations from initial and incubated samples made
according to Robertson et al. (1999). As the results
from capped and uncapped cores were not significantly
different, they were pooled for later data analysis.

To evaluate the activity of microbes important in
decomposition, we measured the activity of the micro-
bial exoenzymes acid phosphatase (EC 3.1.3.2), chiti-
nase (b�1,4-N-acetylglucosaminidase, EC 3.2.1.14), and
phenol oxidase (EC 1.14.18.1, 1.10.3.2), which together
provide insight into changes in both the microbial
community and the organic matter complex. Samples
for analysis of these enzyme activities were taken from
two corners of each of the 10 FFS plots in each unit

in each of the sampling years and returned to the lab
under refrigeration. These samples were sieved through
a 2-mm screen to remove roots prior to analysis fol-
lowing standard protocol to measure potential activities
of microbial exoenzymes. Measurements of activities
include the activities of membrane-bound, stabilized,
and free enzymes (Wallenstein and Weintraub 2008).

Enzyme activities were determined on field-moist soil
using methods developed by Tabatabai (1982) as modi-
fied by Sinsabaugh (Sinsabaugh et al. 1993; Sinsabaugh
and Findlay 1995). Enzymes were assayed from a
homogenized suspension of fresh soil sample in 50
mM NaOAc buffer at pH 5.0. Acid phosphatase and
chitinase activities were determined using p-nitrophenol
(pNP)-linked substrates, and spectrophotometric analy-
sis was performed at 410 nm following incubation for
1 h (acid phosphatase) or 2 h (chitinase). Phenol oxidase
activity was measured by oxidation of L-DOPA(L-3,
4-dihydroxyphenylalanine) and analyzed at 460 nm.
Parallel oxidations using standard horseradish per-
oxidase (Sigma Chemical) were used to calculate the
L-DOPA extinction coefficient.

Although Turner (2010) showed that the optimum
assay pH may differ among enzymes and among soils
for the same enzyme, published protocols for simulta-
neous assays of multiple enzymes typically use a
common buffer with a pH determined by the soil pH
range (Sinsabaugh et al. 1999; Saiya-Cork et al. 2002).
This standardized approach allows general comparisons
with studies conducted on contrasting soils (Stemmer
2004) and provides maximum simplicity during labora-
tory analyses of large numbers of soil samples. We
acknowledge that the use of a common buffer may not
allow estimation of maximum potential activity for each
enzyme, and that buffer pH may actually influence the
measured enzyme activity (Sinsabaugh et al. 2008;
Turner 2010). We emphasize that the methods we used
in this study allow comparisons of enzyme activities
among a suite of large-scale restoration treatments,
rather than quantification of maximum potential soil
enzyme activity.

Data Analysis
The unit of replication for this study was the treatment
unit (N�3 for each treatment). For all treatments,
we had 60 samples per unit (180 samples per treatment)
for N mineralization and nitrification, and 20 samples
per unit (60 samples per treatment) for soil micro-
bial exoenzymes. Statistical significance is reported at
P�0.05.

Log-normal distributions are common with soil
nutrient and microbial activity data, and using log or
square root transformations to normalize distributions
is likewise common (e.g., Thiet et al. 2005). The year 1
variables acid phosphatase, chitinase activity, and
phenol oxidase activity were log-normally distributed
and were log-transformed prior to analysis. Soil N
mineralization and net nitrification were non-normally

Table 2. ANCOVA of soil characteristics in Fire and Fire Surrogate

treatments at the Goosenest Adaptive Management Area, Klamath

National Forest, California. Main effects of the model were treatment

and units nested within treatments; all analyses were performed with

elevation as the covariate

Variable Year Treatment
Units/

treatment
Elevation
covariate

N mineralization 1 109.41*** 0.02 0.34
3 5.57** 3.02* 6.42*

Net nitrification 1 10.88*** 2.44* 1.19
3 2.28 0.84 0.46

Acid phosphatase 1 18.14*** 3.04** 2.07
3 20.77*** 1.57 0.04

Chitinase 1 2.05 3.07** 3.68
3 8.10*** 0.69 0.37

Phenol oxidase 1 4.04** 7.86*** 0.01
3 5.14** 5.81*** 3.37

F statistics for all parameters are given, with significance indicated as
*PB0.05, **PB0.01, ***PB0.001.
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distributed, and were therefore ranked prior to analysis.
The year 3 variable net nitrification was normally
distributed, whereas activities of all three microbial
exoenzymes were log-normally distributed and log-
transformed prior to analysis. Year 3 N mineralization
data could not be converted to normality with any
standard transformation and were therefore ranked
before analysis. We performed a one-way analysis of
covariance (ANCOVA; PROC GLM, SAS Institute,
Inc. 2004) on N mineralization and net nitrification
rates and microbial activities, using sample plot eleva-
tion as a covariate; the 2 yr were analyzed separately.
The Ryan-Einot-Gabriel-Welsch Multiple Range test
was used for means separation, as this approach
minimizes the risk of Type I errors (SAS Institute, Inc.
2004).

To visualize how FFS treatments affected a suite of
15 soil physical, chemical, and microbial parameters
simultaneously, we used Non-metric Multidimensional
Scaling (NMS) ordination (Kruskal 1964; Mather 1976).
Field and laboratory methods for measuring soil para-
meters not presented here (soil disturbance and compac-
tion, soil organic C and total N, available P, extractable
Ca and K, and pH) are described in detail in Miesel
(2009); these parameters are not re-presented here for
the sake of brevity. NMS analysis was done using PC-
ORD for Windows, version 4.0 (McCune and Mefford
1999) using the Euclidean distance measure, after
standardizing the data to correct for the effect of
different measurement units. For each axis, we also
calculated the mean difference in position between each
manipulative treatment (Thin, Burn, and Thin�Burn)
and the Control for year 1 and year 3 units, and used
ANOVA (PROC GLM, SAS Institute, Inc. 2004) to
identify which treatments resulted in the greatest overall
effects relative to the Control at each time period.

RESULTS

N Mineralization and Net Nitrification
Year 1 N mineralization rate was significantly greater in
the Control and Thin�Burn treatments than in the
Thin or Burn treatments (Table 2, Fig. 2A). Relative to
the Control, N mineralization rate was decreased by
48% in the Thin treatment, and by 49% in the Burn
treatment (Table 2, Fig. 2A). The rate of net nitrification
in Year 1 was reduced by 48% in the Thin treatment and
in the Burn treatment, relative to the Control, and the
Control and Thin�Burn treatments did not differ
significantly from each other (Table 2, Fig. 2B).

In year 3, the rate of N mineralization did not differ
among the Control, Thin, or Burn treatments, and
ranged from �0.001 mg kg�1 d�1 in the Control to
0.02 mg kg�1 d�1 in the Burn treatment. The Thin�
Burn treatment exhibited the greatest N mineralization
rate (52 times greater than the Control) (Table 2,
Fig. 2A). Net nitrification ranged from 0.001 mg kg�1

d�1 in the Control to 0.05 mg kg�1 d�1 in Thin�Burn,

and there were no differences in rate among treatments
(Table 2, Fig. 2B).

Soil Enzyme Activity
Relative to the Control, acid phosphatase activity in
year 1 was reduced 33% in Burn and 22% in Thin�
Burn. In year 3, acid phosphatase activity was reduced
by 31% in Thin, 53% in Burn, and 61% in Thin�Burn,
relative to the Control (Fig. 3A). There were no
significant differences in chitinase activity among treat-
ments in year 1 (Table 2, Fig. 3B). In year 3, chitinase
activities in the Thin treatment and Burn treatment
were significantly lower than in the Control (Table 2),
by an average of 35% for Thin and 44% for Burn
(Fig. 3B). Chitinase activity in the Thin�Burn soils was
significantly lower than in the soils from the other
three treatments, and the difference relative to the
Control averaged 59% (Fig. 3B). Phenol oxidase activity
was affected significantly by treatment in both years
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Fig. 2. (A) N mineralization (mg kg soil�1 d�1) and (B) net
nitrification (mg kg soil�1 d�1) in Fire and Fire Surrogate
treatments in the Klamath National Forest, California. Shown
are means9standard errors of N�3 units for each treatment.
Letters indicate significant differences within years, determined
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(Table 2). In year 1, activity in the Burn treatment was
reduced by an average of 20% relative to the Control
(Fig. 3C). In year 3, phenol oxidase activity was reduced

in Burn by 23% and in Thin by 29%, relative to the
Control (Table 2, Fig. 3C).

Non-Metric Multidimensional Scaling Ordination
NMS ordination arrayed the 24 treatment unit-by-year
combinations along three axes, which together ac-
counted for 91% of the variation (Fig. 4); final stress
of the ordination was 9.0 (63 iterations). The year 1
Burn and Thin�Burn units were arrayed to the right on
Axis 2, and the separation among units along Axis 1 was
similar within the Burn and Thin�Burn treatments, and
Thin�Burn units were arrayed above the Burn units in
ordination space. There was a more distinct separation
between the placement of Burn and Thin�Burn units
and that of Control and Thin units for year 1 than for
year 3. The distribution of Thin treatment units along
Axes 1 and 2 was similar to that of the Control units,
whereas there was much greater variability among Thin
units along Axis 3 than for Control units, for both years
(Axis 3 not shown). The variability among all 24
treatment units along was greater in year 1 than in
year 3, for each of the three axes.

NMS Axis 2 explained the largest proportion of the
variation (46%), and was positively correlated with soil
disturbance and pH, and negatively correlated with N
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(B) chitinase activity (mmol kg soil�1 h�1), and (C) phenol
oxidase activity (mmol kg soil�1 h�1) in Fire and Fire
Surrogate treatments in the Klamath National Forest,
California. Shown are means9standard errors of N�3 units
for each treatment. Letters indicate significant differences
within years, determined at PB0.05.
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mineralization and acid phosphatase and chitinase
activities (Table 3). Thus, Burn and Thin�Burn units
at the upper end of NMS Axis 2 were those with the
greatest pH and soil surface disturbance, and lowest
chitinase activity. NMS Axis 1 explained 30% of the
variation, and was positively correlated with soil
strength (an index of bulk density), Soil C and N, net
nitrification, and acid phosphatase and phenol oxidase
activities. Axis 1 was negatively correlated with soil
surface disturbance, pH, K, and available P (Table 3).
NMS Axis 3 explained only 14% of the variance, and
was positively correlated with soil surface disturbance,
pH, available P, extractable Ca, and phenol oxidase
activity; Axis 3 was negatively correlated with soil N and
chitinase and acid phosphatase activities (Table 3).

The difference between the average position of year
1 manipulative treatment units and the Control units
on Axis 2 was greatest for the Thin�Burn treatment,
intermediate for the Burn treatment, and least for the
Thin treatment (Table 4). Thus, relative to the Control,
the year 1 Thin�Burn units shifted in a similar direction
as did the Burn units, whereas the Thin units shifted
in the opposite direction along Axis 2 (Fig. 4). Along
Axis 1, the difference between average Control and
treatment unit positions was greater for Burn than for
Thin and Thin�Burn, and there was no difference
between the Thin and Thin�Burn (Table 4). All
treatments shifted in a similar direction along Axis 1.
For Axis 3, the magnitude of difference between year 1
manipulative treatment units and Control units was
statistically similar among the Thin, Burn, and Thin�
Burn (Table 4). Similarly, there were no differences
among treatments for changes in the position of year 3
units, relative to the Control, along any of the axes

(Table 4). Together, these results indicate that Burn and
Thin�Burn had the greatest overall effects on soil
properties, relative to the Control.

DISCUSSION
The overall objective of this study was to evaluate the
response of soil processes to a suite of alternative forest
management strategies in a northern California mixed-
conifer ecosystem. Because no below-ground sampling
was included with the Little Horse Peak Interdisciplin-
ary Study, it is important to interpret these FFS study
results as among-treatment comparisons only, rather
than as a representation of direct treatment effects.

N Mineralization and Net Nitrification
The Thin treatment and the Burn treatment reduced N
mineralization and net nitrification rates in Year 1,
whereas the Thin�Burn treatment increased N miner-
alization and net nitrification rates in Year 3. Earlier
studies have reported persistent reductions in N miner-
alization following prescribed fire (Monleon et al. 1997;
DeLuca and Zouhar 2000) and wildfires (Durán et al.
2009). The reduction of soil organic matter quality that
occurred in Year 1 at this site (Miesel 2009), along with
the observed decrease in microbial activity, could both
contribute to reduced N mineralization in the Burn
treatment. It is unclear why the Thin treatment
decreased N mineralization, as this treatment increased
soil organic matter quality relative to the Control
(Miesel 2009) and an earlier study of pre-commercial
thinning (similar to the thinning for wildfire hazard
reduction used in this study) documented increases in
N mineralization rates relative to unthinned stands
(Nobles et al. 2009). The year 3 difference in N
mineralization rate between the Thin�Burn and Con-
trol treatments shows that thinning increases the effect
of fire at this site, when the two approaches are
combined. A similar trend is evident at the Sierra
Nevada mixed-conifer FFS site, although no statistically
significant differences among treatments were found
(Moghaddas and Stephens 2007). Together, these stu-
dies of below-ground responses to wildfire hazard
reduction treatments suggest that specific impacts on
N mineralization in these forests are somewhat idiosyn-
cratic and site-specific (Kaye and Hart 1998; Hart et al.
2006).

Soil Enzyme Activity
The suite of three exoenzymes we assayed gives an
indication of changes in the activity of several compo-
nents of the microbial community (Hanzlikova and
Jandera 1993). In general, soil microbial activity, as
measured by the enzymes acid phosphatase, chitinase
and phenol oxidase, was reduced by Thin, Burn, and
Thin�Burn. Acid phosphatase activity is strongly
related to the release of N and P to the soil solution
(Boerner et al. 2000). Chitinases sensu latu are a series of
bacterial enzymes that catalyze the breakdown of chitin,

Table 3. Correlation coefficients of variables with axes determined by

NMS ordination of 15 variables in 3-dimensional ordination space

Variable Axis 1 Axis 2 Axis 3

Current study
N mineralization 0.368 �0.931* �0.248
Net nitrification 0.474* �0.004 �0.207
Acid phosphatase activity 0.590* �0.683* �0.487*
Chitinase activity 0.338 �0.469* �0.561*
Phenol oxidase activity 0.585* �0.210 0.418*

Soil physical and chemical variablesz

Soil strength (90 mm)y 0.412* 0.225 �0.021
Soil strength (150 mm)y 0.502* 0.190 0.254
Soil disturbance �0.405* 0.582* 0.505*
Soil C 0.853* �0.006 �0.348
Soil N 0.784* 0.025 �0.423*
Soil C:N �0.071 �0.102 0.319
Available P 0.305 �0.205 0.735*
Extractable Ca �0.291 0.353 0.815*
Extractable K �0.452* 0.182 0.395
pH �0.779* 0.456* 0.427*

zData from Miesel (2009).
yAn index of soil bulk density.
*Indicates correlations significant at PB0.05.
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a by-product of the death of both fungi and arthropods,
into carbohydrates and inorganic N. Phenol oxidase is
produced primarily by white rot fungi, and is specific for
highly recalcitrant organic matter, such as lignin (Carlile
and Watkinson 1994). Other studies have shown equal
or greater decreases in acid phosphatase levels following
fire in a variety of ecosystems (Saa et al. 1993; Boerner
et al. 2000; Hammon et al. 2008), and activity may
remain depressed for as long as 4 yr after fire (Staddon
et al. 1998). These reductions can result from high fire
intensity or severity (Fioretto et al. 2005; Staddon et al.
2007), elevated post-fire pH (Acosta-Martı́nez and
Tabatabai 2000; Staddon et al. 2007), and decreases in
microbial biomass (Kandeler and Eder 1993), microbial
biomass N (Clarholm 1993), fungal hyphal length
(Häussling and Marschner 2005), and N mineralization
(Decker et al. 1999). Similar to these reports, the
reductions in acid phosphatase activity we observed
paralleled increases in soil pH (Miesel 2009), whereas
there were no consistent similarities with the treatment
effects on N mineralization. In contrast to our results,
Boerner et al. (2006) found that thinning and the
combination of thinning and fire increased acid phos-
phatase, chitinase, and phenol oxidase activity in a
P. taeda forest. Boyle et al. (2005) showed that phos-
phatase activity increased in a composite treatment
(thinning, burning and litter reduction) and was not
affected by thinning alone, relative to a control; how-
ever, this effect was observed only during wet rather
than dry soil conditions.

A decrease in chitinase activity such as we observed
indicates a reduction in bacterial abundance, a reduction
in the importance of chitin as a source of C and N, or an
increase in the availability of more labile forms of
organic matter (Hanzlikova and Jandera 1993). As
chitin is intermediate in its resistance to microbial
metabolism, its synthesis is only induced when other,
more labile C and N sources are absent (Hanzlikova and
Jandera 1993). In general, this trend is consistent with
our results, as chitinase activity and C:N ratios were
reduced relative to the Control in year 3 (Miesel 2009).
This pattern is less consistent in year 1, when organic
matter quality was reduced in the Burn treatment
relative to the Control and differences in chitinase
activity among treatments were not significant. The
decrease in phenol oxidase activity that we observed

contrasts with the neutral or positive effects of fire
on this enzyme reported by Giai and Boerner (2007) and
Hammon et al. (2008). Other studies have shown
that phenol oxidase activity increases with fungal
biomass, soil pH, lignin content of plant litter, decom-
position time, and reductions in soil organic matter,
whereas activity decreases as N availability increases
(Sinsabaugh 2010). Our results do not show clear
agreement with these reported relationships, as we
observed the lowest phenol oxidase activity in both
years in the Burn treatment, in which the greatest
increase in soil pH and greatest decrease in soil C
content occurred relative to the Control (Miesel 2009).
In this study, the disturbance caused by the Thin and
Burn treatments may provide the strongest explanation
for the reductions in activity that we observed (Waldrop
2003).

Soil microbial activity can be reduced following fire if
the heat produced by the fire reaches lethal temperatures
(60�1008C), or if the organic substrates required for
metabolism are destroyed (DeBano et al. 1998). In a
study of wood decomposition in a range of ecosystem
types, Sinsabaugh et al. (1992, 1993) found that acid
phosphatase and chitinase activities are controlled
primarily by microclimate and edaphic factors, whereas
phenol oxidase activity is controlled by substrate avail-
ability. Our data show fairly consistent reductions in
enzyme activities relative to the Control, indicating that
treatments modified the microclimate and structure of
the forest floor as well as the composition of organic
matter in the soil (Boerner et al. 2000).

NMS Ordination
The ordination illustrated that, relative to the Control
units, the Burn and Thin�Burn treatments resulted
in the greatest overall effects on soil characteristics in
year 1, and that the overall effects in year 3 did not differ
among Thin, Burn, and Thin�Burn. The lack of
significant differences among year 3 treatments indi-
cates that the magnitude of treatment effects diminished
over time. In contrast to the effects of low-intensity
prescribed fires such as those conducted for this study,
the effects of wildfire on soil may be severe and lasting
(Neary et al. 2008; Hebel et al. 2009). In general,
Thin resulted in the smallest effects on soil character-
istics, and was most similar to the Control in both years.

Table 4. Difference in NMS axis position between treatment and Control units by year. Shown are mean (SE) axis units for N�3 treatment units

Year Axis Thin Burn Thin�Burn F P

1 1 �0.30 (0.28)b �1.36 (0.18)a �0.58 (0.20)b 6.30 0.034
2 �0.36 (0.04)c 0.89 (0.04)b 1.09 (0.05)a 91.29 B0.0001
3 �0.01 (0.45)a 0.58 (0.24)a 0.47 (0.26)a 0.92 0.449

3 1 �0.46 (0.17)a �1.07 (0.23)a �0.59 (0.28)a 2.14 0.138
2 0.23 (0.13)a 0.56 (0.15)a 0.87 (0.10)a 2.80 0.199
3 0.27 (0.44)a 0.42 (0.24)a 0.49 (0.27)a 0.11 0.894

a, b Letters indicate significant differences among means at PB0.05.
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We also note that the three Control units were much
more dispersed in the ordination space than were
the three units for any of the manipulative treatments
in both years, suggesting that each of the three manipu-
lative treatments reduced overall variability in soil
characteristics within a landscape.

CONCLUSIONS
This study showed that wildfire hazard reduction
treatments measurably altered N cycling and microbial
activity in a northern California mixed-conifer ecosys-
tem. In general, fire produced similar effects to thinning
for N dynamics and microbial activities, and both
treatments in combination had an additive effect.
When these data were combined with the soil physical
and chemical characteristics presented by Miesel (2009),
NMS ordination indicated that overall differences in soil
characteristics relative to the Control were greatest for
Burn and Thin�Burn treatments, and decreased over
the study period. These results provide further support
for forest restoration strategies designed to mitigate
wildfire severity in mixed-conifer forests, by demonstrat-
ing that the effects of thinning and prescribed fire
treatments were modest relative to an untreated Con-
trol, and that the overall effects diminished within a few
years following treatment.

Because a century of fire suppression has dramatically
altered the structure, species composition and fire
regime of northern California mixed conifer forests
from their historical conditions, these FFS treatments
provide a relatively early view of the ecological effects of
restorative forest management strategies. As compar-
isons with forests that have not experienced fire
suppression are complicated by the rarity of such forests
as well as by differences in soil type, species composi-
tion, or location, we are unable to determine the
similarity between post-FFS treatment soils and soils
from forests that represent pre-Euro-American settle-
ment conditions, nor accurately predict the long-term
effects of the differences among approaches that were
conducted in this site. Thus, this study provides a short-
term comparison of alternative forest management
strategies designed to reduce the threat of catastrophic
fire in California mixed-conifer forests, and will serve as
an important benchmark for monitoring longer-term
effects on forest health and ecosystem processes.
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