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Abstract. The soils underlying the 12 Fire and Fire Surrogates Network include six soil
orders and .50 named soil series. Across the network, pretreatment soils varied from 3.7 to
7.1 in pH, and exhibited ranges of twofold in bulk density, fourfold in soil organic C (SOC)
content, 10-fold in total inorganic N (TIN), and 200–1000-fold in extractable Ca and K.
Nonmetric multidimensional (NMS) ordination of pretreatment soil conditions arrayed the
FFS sites along gradients of pH/base cation status, net N transformation rates, bulk density,
and SOC. At the network scale, mineral soil exposure was significantly greater in fire-only
(mean of 9.2%) and mechanicalþ fire (5.0%) treatments than in the controls (1.5%) during the
first posttreatment year, and this persisted through the later sampling year (second through
fourth year, depending on site) in the fire-only treatment (fire 4.1%, control 1.1%). Bulk
density was not affected significantly at the network scale. TIN concentrations during the first
posttreatment year increased after all three manipulative treatments, but this effect did not
persist to the later sampling year. Neither SOC content nor soil C:N ratio was affected by any
of the treatments at the network scale. At the individual site scale, the combined mechanicalþ
fire treatment produced more significant site 3 treatment 3 year effects than did the fire-only
or mechanical-only treatments, though in most cases even the statistically significant
differences produced by the manipulative treatments were modest in magnitude. Ordination
of first-year standardized effect sizes produced no discernable separation of the three
manipulative treatments but did separate the three sites with the greatest fire severity (based on
proportional fuel consumption) from the majority of the network sites, with changes in pH,
TIN, SOC content, and soil C:N ratio correlating most strongly with this separation.
Ordination of the effect sizes from the later sampling year produced somewhat clearer
separation of treatments than did the first-year ordination, though fewer sites were represented
in this second ordination. Overall, the network-wide effects of the FFS treatments on soil
properties appear to have been modest and transient.
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INTRODUCTION

A considerable literature on the effects of wild and

prescribed fire on soil properties has developed over the

last half century, and has been the subject of several

recent literature reviews (Ice et al. 2004, Certini 2005,

Boerner 2006) and meta-analyses (Johnson and Curtis

2001, Wan et al. 2001). These syntheses suggest that the

effects of fire vary considerably among forest ecosystem

types, in proportion to fire severity, and over time.

Perhaps more importantly, the diversity of ecosystem

types, soil types, fires, response parameters, and

experimental designs is so great that developing general-

izations that are useful at the local management scale is

problematical.

As true as this is for fire, it is even more the case for

mechanical treatments (e.g., canopy or understory

thinning). Although there are a suite of studies examin-

ing the impact of clear-cutting and whole-tree harvesting

on forest floor and soil properties (e.g., Matson and

Vitousek 1981, Rummer et al. 1997, Klepac et al. 1999),

the literature on the effects of mechanical treatments at

intensities useful for ecosystem restoration and wildfire

hazard mitigation is sparse, at best (Boyle et al. 2005).

Furthermore, what generalities can be drawn from the

clear-cutting literature seem unlikely to be applicable to

the more modest mechanical treatments involved in such

restorative efforts.

To date, more than 30 published papers have

described the effects on soil biological, chemical, and
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physical properties of the prescribed fire, mechanical

treatments, and combined mechanical þ fire treatments
in one or more of the 12 individual sites of the Fire and

Fire Surrogate Network (Appendix A). The Fire and
Fire Surrogate Network project also presents a unique

opportunity to examine commonalities and differences
in the effects of fire and mechanical treatments on
forests that differ in vegetation, soil characteristics, and

macroclimate on a continental scale. Using the common
experimental design and suite of response variables of

the Fire and Fire Surrogate Network project, we sought
to test the following hypotheses:

1) Both fire and mechanical treatment will increase the
exposure of mineral soil, thus increasing the potential

for erosion; in contrast, mechanical treatment but not
fire will result in increased mean and/or variance in bulk

density.
2) Both fire and mechanical treatment will result in

increased soil pH and base cation (e.g., Kþ and Ca2þ)
availability, but this effect will be delayed in the

mechanical treatment until residues from that treatment
decompose.

3) Both fire and mechanical treatment will increase N
availability, at least in the short term. Increased N

availability will persist longer after mechanical treat-
ment than after fire.

4) Fire will result in no change or a small increase in
mineral soil organic matter content and an increase in

soil organic matter quality (measured as a decrease in
the carbon-to-nitrogen mass ratio); in contrast, mechan-
ical treatment will result in increased mineral soil

organic matter quantity and reduced quality.

METHODS

Study sites and methods

The 12 sites of the Fire and Fire Surrogate Network

were underlain by a range of soil types, of which
Alfisols, Ultisols, and Inceptisols were the most preva-

lent (Table 1). Mollisols were present in one site and
Entisols in two. Soil textures were dominated by loams
and silt loams, though sands and fine sands were present

in one site (Table 1).
The designated FFS experimental design was a

randomized complete block, with three blocks and four
treatments (control, prescribed fire, mechanical treat-

ment, and the combination of mechanical treatment and
prescribed fire) allocated at random to those three

blocks. Due to logistic constraints, three of the 12 FFS
sites were established as completely randomized designs

(CA-N, CA-S, WA; site codes are given in Table 1), with
the four treatments allocated at random among the 12

treatment units. One site (OR) established four repli-
cates of each treatment in a completely randomized

design.
Each treatment unit consisted of a minimum of 10 ha

with a buffer zone of at least 4 ha surrounding it. Both
the treatment unit and the buffer received the exper-

imental treatment designated for that unit. Among the

12 FFS sites, the treatment units ranged in size from

those approximating the minimum 14 ha to as large as

80 ha.

Each treatment unit was overlain with a 50- or 100-m

grid and a minimum of 36 grid points geo-located within

each treatment unit. In 10 of the 12 sites, 10 0.1-ha

rectangular permanent sampling plots were located at

random within each treatment unit, whereas in the other

two sites (CA-C, OR) a larger number of circular plots

of 0.04 ha were established. In all sites the permanent

sampling plots were anchored with one corner at a grid

point.

To maximize the usefulness of the results for future

fuels management decisions, prescribed fire and me-

chanical treatments were applied using prescriptions

consistent with established management practices at

each site (details are given in McIver 2001). To illustrate

the range of treatment intensities among the network

sites, the proportional change in tree biomass and the

surface and ground fuels (forest floor þ downed woody

debris) from the pretreatment to initial posttreatment

year are given in Table 2 (data from Boerner et al.

2008b).

Soils were typically sampled either near the corners of

the permanent sampling plots or in a subplot established

within the permanent sampling plot. Soils were sampled

during the pretreatment year in all sites, although not all

sites took a complete set of pretreatment samples. All

sites sampled soils during the first posttreatment

growing season and eight of the 12 sampled again

during a subsequent growing season (usually the second,

but the third or fourth in one to two sites each).

The organic (O) horizon, if present, was removed

prior to sampling the mineral soil. If no distinct

boundary occurred between the Oa subordinate organic

horizon (i.e., humic subhorizon) and the A master

horizon, the Oa was included in the sampling of the

surface mineral soil. In sites where a distinct horizon

boundary between the A and E occurred, samples were

taken either for the full depth of the A horizon or to 15

cm, whichever was less. Organic horizons (i.e., forest

floors) were sampled by clearing the forest floor around

an area of 0.25 m2 and removing separately each

discernable organic subordinate horizon (i.e., Oi, Oe,

and Oa) in that exposed 0.25-m2 area.

The area of each treatment unit in which bare mineral

soil was exposed was estimated at a minimum of 200 and

maximum of 2000 points per treatment unit. Bulk

density was determined gravimetrically on a minimum

of 20 samples per treatment unit in nine sites, and in

three sites estimated from a minimum of 200 soil

strength (penetrometer) measurements per treatment

unit using regressions of bulk density on soil strength

derived from sites that measured both.

We attempted to standardize laboratory methods

across the 12 network sites, and were, for the most part,

successful. The standard methods used in all network

sites were extraction of Kþ and Ca2þ with 1 mol/L
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NH4OAC (Thomas 1982), extraction of P with 0.01

mol/L CaCl2 (Olsen and Sommers 1982), extraction of

NH4
þ, NO3

�, and Al3þ with 1 mol/L KCl or 0.5 mol/L

K2SO4 (Keeney and Nelson 1982), quantification of

cations by atomic absorption spectrophotometry or

inductively coupled plasma photometry, quantification

of soil organic carbon (C) and total N by microDumas

oxidation, and quantification of inorganic N forms and

P by colorimetric methods or autoanalyzer protocols.

Soil pH was determined in 0.01 mol/L CaCl2.

Data analysis

Although analysis of the effects of the fire and fire

surrogate treatments on soil properties within a site

could be analyzed in a straightforward manner using

analysis of variance approaches, we felt this was not the

most appropriate manner in which to analyze the results

at the network scale. First, the specifics of the

experimental design varied in subtle though important

ways among the 12 sites. For example, some sites had

sufficient pretreatment measurements to use pretreat-

ment conditions as covariates whereas others did not.

Similarly, some sites established their treatment units in

a spatial manner that would permit analysis as a split-

plot or complete block design whereas others did not. In

light of such differences, we judged that resorting to a

least-common-denominator analysis of variance model

would serve little purpose. Second, the variations among

network sites in initial soil properties were so great and

the absolute magnitude of the effects of the fire and fire

surrogate treatment were so modest as to make any

single analysis of variance-based approach unproduc-

tive.

Instead, we took a meta-analytical approach, as this

would allow us to treat each network site as a single

experiment with n ¼ 3 units for each treatment at each

site (except OR in which n¼ 4). As the 12 sites had a mix

of completely randomized (CRD) designs and random-

ized complete block (RCB) designs, we investigated

whether we could treat each study site as a completely

randomized design. We did this by assessing the

magnitude and significance of the block variance

TABLE 2. Mean net change in aboveground biomass carbon and surface fuel carbon (forest floorþ downed woody debris) as the
result of treatment with prescribed fire, mechanical treatment, or their combination in 12 Fire and Fire Surrogate Network sites.

Site Site code

Aboveground biomass C (%) Surface fuel C (%)

Fire Mechanical Mechanical þ fire Fire Mechanical Mechanical þ fire

Southern Cascades CA-N �13.5 �29.4 �22.9 �74.4 NA NA
Central Sierra Nevada CA-C �15.5 �13.7 �29.9 �66.9 �22.5 �72.6
Northeastern Cascades WA 7.8 �33.8 �35.4 14.0 51.2 14.6
Southern Sierra Nevada CA-S �4.4 NA NA �73.7 NA NA
Blue Mountains OR 2.5 �28.3 �58.4 �73.5 �36.2 �62.9
Northern Rocky Mountains MT �6.5 �44.6 �57.0 �42.0 28.2 �24.9
Southwestern Plateau AZ 0.3 �46.4 �45.7 �10.2 108.9 �24.5
Gulf Coastal Plain AL �2.5 �24.3 �23.7 �17.3 �6.3 �34.7
Central Appalachian Plateau OH �0.7 �27.6 �22.5 �2.2 60.6 29.5
Southeastern Piedmont SC �9.9 �26.8 �42.0 �44.6 21.3 �16.0
Southern Appalachians NC �9.0 �4.4 �15.3 �35.4 15.4 �30.5
Florida Coastal Plain FL �17.1 �21.9 �5.3 �33.8 �22.2 293.8
FFS network mean FFS �5.7 �27.4 �32.6 �38.3 19.8 7.2

Notes: Data are from Boerner et al. (2008). ‘‘NA’’ indicates that the treatment could not be implemented at this site.

TABLE 1. Geographic and edaphic information for the 12 Fire and Fire Surrogate Network project study sites.

Geographic location Site name Code Soil order

Southern Cascades Range, CA Goosenest Adaptive Management Area (Klamath
National Forest)

CA-N Alfisols, Entisols

Central Sierra Nevada, CA Blodgett Experimental Forest CA-C Alfisols
Northeastern Cascades Range, WA Mission Creek (Wenatchee National Forest) WA Alfisols, Mollisols
Southern Sierra Nevada, CA Sequoia-Kings Canyon National Park CA-S Inceptisols
Blue Mountains, OR Hungry Bob (Wallowa-Whitman National Forest) OR Mollisols, Inceptisols
Northern Rocky Mountains, MT Lubrecht Experimental Forest MT Alfisols, Inceptisols

Southwestern Plateau, AZ Coconino and Kaibab National Forests AZ Alfisols, Mollisols

Gulf Coastal Plain, AL Solon-Dixon Forestry and Education Center AL Ultisols, Entisols
Central Appalachian Plateau, OH Tar Hollow and Zaleski State Forests, Vinton

Furnace Experimental Forest
OH Alfisols, Inceptisols

Southeastern Piedmont, SC Clemson Forest SC Ultisols, Inceptisols
Southern Appalachian Mountains, NC Green River Gamelands NC Ultisols, Inceptisols
Florida Coastal Plain, FL Myakka River State Park FL Alfisols, Spodosols

Notes: Sites are ordered by longitude from west to east. Abbreviations are: CA, California; WA, Washington; OR, Oregon; MT,
Montana; AZ, Arizona; AL, Alabama; OH, Ohio; SC, South Carolina; NC, North Carolina; FL, Florida.
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separately for each site that used a block design using a

subset of the response variables (mineral soil exposure,

soil pH, soil organic C, extractable Ca2þ). The block

effect was only significant in one site (SC), and the

significances of the treatment effects in that site were not
substantially different when analyzed as a RCB or a

CRD. Thus, we treated all 12 of the sites as CRD for the

purposes of the meta-analysis.

For each study site, the effect size (ES) was estimated

as

ES ¼ X̄t � X̄c

Sp

ð1Þ

where X̄t and X̄c were the means of treated and control

groups at a site and Sp was the pooled standard

deviations for the two groups. The pooled standard

deviation Sp was calculated as

Sp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s2
cðnc � 1Þ þ s2

t ðnt � 1Þ
nt þ nc � 2

s

ð2Þ

where nt and nc were the sample sizes for the treatment

(prescribed burn, mechanical, or mechanicalþburn) and
control groups, and st and sc were the standard

deviations for the treatment and control groups.

However, as the effect size calculated in this manner is

biased by the small number of replicates, we adjusted the

effect size for the sample size of n¼ 3 per treatment per
site (n ¼ 4 for OR) using Hedges’ d:

di ¼ 1� 3

4ðnt þ ncÞ � 9

� �

ES ð3Þ

where di was the adjusted effect size for each individual

study and ES was the unadjusted effect size. The

variance of Hedges’ d was estimated as

Vi ¼
nc þ nt

ncnt

þ di

2ðnc þ ntÞ
ð4Þ

and the corresponding 95% confidence interval (CI) of

effect size for an individual study was

di � 1:96
ffiffiffi

Vi

p
; di þ 1:96

ffiffiffi

Vi

ph i

: ð5Þ

To calculate the cumulative effect size at the FFS

network scale, we used a random effects model because

we assumed that variability among effect sizes was due

to both subject-level ‘‘noise’’ and true unmeasured

differences across studies (Raudenbush 1994, Rosenberg

et al. 2000). The cumulative effect size at the network

scale was estimated as

ES ¼
X

ðWiðrandÞ3 diÞ
X

WiðrandÞ
ð6Þ

where ES was the cumulative effect size, Wi(rand) was the

adjusted weight using the random-effects model. Wi(rand)

was calculated as

WiðrandÞ ¼
1

Vi þ r2
pool

: ð7Þ

This, in turn, required estimation of both the pooled

study variance, r2
pool and the total heterogeneity of a

given sample, QT, with the latter being used to test the

hypothesis that all effect sizes were equal using the v2

distribution with k � 1 degrees of freedom (Gurevitch

and Hedges 1993):

r2
pool ¼

QT � ðk � 1Þ
X

Wi �
X

W2
i

X

Wi

 ! ð8Þ

QT ¼
X

ðWi 3 d2
i Þ �

X

ðWi 3 diÞ
h i2

X

Wi

ð9Þ

where Wi was the weight of ith study site, which is the

inverse of Vi; and k was the number of the studies. When

r2
pool � 0, the effect sizes were calculated using a fixed-

effects model, where Wi(rand) in Eq. 6 was replaced by

Wi.

The variance of the cumulative effect size was

estimated as

S2

ES
¼ 1
X

WiðrandÞ
: ð10Þ

The 95% confidence interval of the cumulative effect size

was constructed using the t distribution:

½ ES � t0:025;ðk�1Þ3 SES ; ES þ t0:025;ðk�1Þ3 SES �:

All meta-analyses were conducted using MetaWin 2.0

(Rosenberg et al. 2000).

Nonmetric multidimensional scaling (NMS) ordina-

tion using PC-ORD Version 4 was used to visualize the

multivariate effects of the FFS treatments at the

network and site levels. In order to minimize the

influence of pretreatment variations in soil properties

TABLE 1. Extended.

Predominant soil series Soil textural classes

Belzar, Wintoner loam, silt loam

Holland, Musick loamy sand, sandy loam
Stemilt, Varelum, Cle Elum loam, silt loam
unknown not determined
Fivebit, Melhorn, Blocker clay loam, loam, silt loam
Winkler, Greenough,
Tevis-Mitten

silt loam, loam, sandy loam

unknown silty clay loam, clay loam,
silty clay, clay

Dothan, Bonifay sandy loam, loamy sand
Steinsburg, Gilpin, Shelocta silt loam, loam, sandy loam

Cecil, Madison, Pacolet sandy loam, clay loam
Evard, Cowee, Cliffield loam, silt loam
EauGallie, Myakka fine sand, sand
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among sites, the standardized effect sizes from the meta-

analysis were used as inputs to the ordination.

RESULTS

Variations in initial soil properties

Mean soil bulk density varied among sites from 0.53

Mg/m3 at CA-S and 0.65 Mg/m3 at OR to 1.26 Mg/m3

at AL and 1.34 Mg/m3 at FL (site codes follow Table 1),

with the sites in the eastern half of North America

having generally greater soil bulk density than those in

the western half (Fig. 1; Appendix B [note: full tabular

presentation of pretreatment (Appendix B) and post-

treatment means and standard errors by site and

treatment (Appendices C and D) is available through

Ecological Archives]). In the absence of any manipulative

treatment, the proportion of the mineral soil that was

exposed at the surface ranged from ,0.1 % in several

sites to 3.7% at CA-C (Appendix B).

Mean soil pH varied from 3.68 at OH to 7.11 at OR,

and the western sites typically had somewhat higher soil

pH than the eastern sites (Fig. 1, Appendix B).

Extractable Kþ and Ca2þ did not, however, follow this

geographical trend. Although availability of these two

cations varied by 200 to1000 fold among sites, there was

no apparent longitudinal trend, as soil parent materials

were likely more important than macroclimate in cation

content (Appendix B). Total inorganic N (TIN)

extracted from soil ranged from means of 12–18 kg

N/ha at the OH and NC sites to 1–2 kg N/ha at the CA-

N, AZ, and FL sites (Fig. 1). The two hardwood forest

FIG. 1. Variations in soil properties among Fire and Fire Surrogate Network sites. Sites are arrayed from west to east with a
gap between the western and eastern sites. Means and standard errors based on the three or four control units are shown. Site codes
follow Table 1.
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sites (OH, NC) and the CA-S mixed conifer site had the

greatest TIN content among the 12 FFS sites.

Soil organic C content varied by approximately

fourfold among sites (Fig. 1, Appendix B), but when

CA-C was eliminated from the comparison, the varia-

tion is less than threefold across the remaining sites. The

soil organic carbon-to-nitrogen mass ratio (C:N ratio)

was in the range of 20–26 for most of the sites; CA-S and

OR were notable exceptions, with soil C:N ratios of 37–

39 (Appendix B).

Nonmetric multidimensional (NMS) ordination of the

12 sites based on 12 initial soil properties arrayed the

sites along two axes that accounted for approximately

71% of the variance (Fig. 2). The WA, AZ, and MT sites

were located at the upper end of axis 2 (which accounted

for approximately 53% of the variance), with the OH site

at the lower end. This axis was positively correlated with

soil pH and extractable base cation content, and

negatively correlated with net N mineralization rate,

net nitrification rate, and the TIN pool size (Fig. 2). The

three CA sites (i.e., CA-C, CA-N, and CA-S) and the FL

site were located at the upper end of axis 1 (which

accounted for approximately 18 % of the variance), with

the SC and AL sites at the lower end of that axis. Axis 1

was positively correlated with bulk density and C:N

ratio, and negatively correlated with soil organic C

content and extractable P (Fig. 2).

When general vegetation types were overlain on the

ordination pattern, the ponderosa pine-dominated sites

(except for the OR site) and the western mixed conifer

sites each formed a relatively tight cluster, and the two

hardwood forest sites were located together at the lower

end of axis 2. In contrast, two of the southern pine sites

were clustered together while the third was spatially

arrayed with the western mixed-conifer sites (Fig. 2).

FFS treatment effects on soil properties

At the network scale, fire increased mineral soil

exposure both in the first growing season following

treatment and in the later sampling year (i.e., two or

three years posttreatment), and the same was the case

for the combined mechanicalþ fire treatment during the

first posttreatment year (Fig. 3). In contrast, mechanical

treatment alone did not significantly affect mineral soil

exposure during either sampling year (Fig. 3). At the

individual site level, fire alone increased mineral soil

exposure at CA-S and CA-C sites during the first

posttreatment sampling year and at the OH and CA-S

FIG. 2. Nonmetric multidimensional (NMS) ordination of pretreatment soil conditions among the Fire and Fire Surrogate
Network sites. Coefficients of variation for each of the axes and Pearson product-moment correlations between axes and individual
soil properties significant at P , 0.05 are shown. Symbols represent major vegetation types: open circles represent ponderosa pine-
dominated forests, half-filled circles represent western mixed-conifer forests, half-filled squares indicate southern pine forests, and
hourglass-filled squares indicate eastern deciduous forests. Site codes follow Table 1. For NMS axis 1, r2¼0.182; for NMS axis 2, r2

¼ 0.527.
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sites during the later sampling year (Fig. 3). Mechanical

treatment alone resulted in increased mineral soil

exposure only at the CA-N and OH sites during the

later sampling year. The combination of fire and

mechanical treatment had a significant, immediate effect

on mineral soil exposure at the CA-C and OR sites and a

significant, delayed effect in CA-N, OR, OH, and FL

(Fig. 3).

The effects of the FFS treatments on soil bulk density

were fewer (Fig. 4). There were no significant network-

wide effects of any of the three treatments on soil bulk

density in either sampling year, and site-level effects

were limited to a significant first year decreases in bulk

density in CA-N following the fire and mechanicalþ fire

treatments and significant first year increases following

fire in OR and following both the mechanical and

mechanical þ fire treatments in AL (Fig. 4).

At the network scale, soil pH was significantly higher

in soils of the mechanicalþfire treatment than in control

soils during the first year post treatment but not during

FIG. 3. Meta-analysis of the effects of Fire and Fire Surrogate treatments on mineral soil exposure. Mean effect sizes and
corresponding 95% confidence intervals are shown; site codes follow Table 1. The two histograms show network means (with
standard errors) for the four treatments during each sampling year.
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the later year (Fig. 5). At the site scale, during the first

posttreatment year fire alone significantly increased soil

pH in CA-N and CA-C, and the combination of

mechanical treatment and fire resulted in higher soil

pH at CA-C only, but neither of these effects was

present in the later sampling year (Fig. 5). Mechanical

treatment alone did not have a significant effect on soil

pH at any of the sites during the first-post treatment

year, but did significantly increase soil pH in SC during

the later sampling interval (Fig. 5).

There were no significant network-scale effects of the

three manipulative treatments on either extractable Ca2þ

(Fig. 6) or extractable Kþ (Fig. 7) during either sampling

period, but had the a priori a been 0.07 instead of 0.05,

the first year effects of fire alone would have been judged

to be significant (Figs. 5 and 6). Site-level effects of the

FFS treatments on extractable Ca2þ and Kþ were

uncommon. Significant increases in extractable Ca2þ

were present during the first year after mechanical

treatment in OR and during the later sampling period

following the combined mechanical þ fire treatment in

OR and OH (Fig. 6). The only significant effect on

extractable Kþ was a significant decrease in NC during

the later sampling interval (Fig. 7).

FIG. 4. Meta-analysis of the effects of Fire and Fire Surrogate treatments on soil bulk density. Mean effect sizes and
corresponding 95% confidence intervals are shown; site codes follow Table 1. The two histograms show network means (with
standard errors) for the four treatments during each sampling year.
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At the network scale, there were significant increases

in TIN soil pool sizes during the first year after all three

manipulative treatments, but not during the later

sampling year (Fig. 8). At the individual site level,

TIN increased significantly during the first year after

treatment as a result of fire alone in CA-N, CA-C, and

MT (and marginally [P , 0.07] in CA-S), as a result of

mechanical treatment alone in CA-C and OR, and as a

result of the mechanical þ fire treatment in CA-N, CA-

C, and MT (and marginally in OR; Fig. 8). There were

no significant effects of the three manipulative treat-

ments on TIN at any individual site sampled during the

later sampling year (Fig. 8). There were no significant

effects of the FFS treatments on plant available P during

either year at the network or individual site scale (Fig.

9).

Network-scale soil organic C content was not

significantly affected by any of the treatments during

the first posttreatment year, and only marginally

reduced by fire alone during the later sampling year

FIG. 5. Meta-analysis of the effects of Fire and Fire Surrogate treatments on soil pH. Mean effect sizes and corresponding 95%
confidence intervals are shown; site codes follow Table 1. The two histograms show network means (with standard errors) for the
four treatments during each sampling year. Site codes follow Table 1.
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(Fig. 10). At CA-S soil organic C was reduced margin-

ally (P , 0.06) by fire alone during the first posttreat-

ment year, and this effect was significant at P , 0.05

during the later sampling year (Fig. 10). Neither

network-scale nor individual site total soil N was

affected significantly by any of the three manipulative

treatments in either sampling year (Fig. 11). Given the

modest effects of the FFS treatments on soil organic C

and total soil N, significant effects on soil C:N ratio were

limited to a reduction following mechanical þ fire

treatment in SC (Fig. 12).

NMS ordination of FFS treatment effects

Nonparametric multidimensional scaling ordination

of the FFS first posttreatment year effect sizes (not the

posttreatment parameter means) arrayed most of the

site–treatment combinations in a loose grouping at the

upper end of NMS axis 2, with five site–treatment

FIG. 6. Meta-analysis of the effects of Fire and Fire Surrogate treatments on extractable Ca2þ. Mean effect sizes and
corresponding 95% confidence intervals are shown; site codes follow Table 1. The two histograms show network means (with
standard errors) for the four treatments during each sampling year.
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combinations separated from the main group and

arrayed along the lower half that axis (Fig. 13). These

five site-treatment combinations corresponded to the

fire-only treatments at CA-C, CA-N, and MT and the

mechanical þ fire treatments at CA-C and CA-N (Fig.

13).

NMS axis 2 accounted for approximately 87% of the

variance in the effect size matrix and was significantly,

positively correlated with the magnitude of the effects on

soil organic C concentration, soil C:N ratio, and soil

bulk density (Fig. 13). This axis was also negatively

correlated with the magnitude of the effect of the

treatments on soil pH and TIN. Thus, the five site–

treatment combinations located at the lower end of Axis

2 were those site-treatment combinations with the

strongest positive effects on pH and TIN pool sizes

and the largest negative effects on soil organic C

content, bulk density, and C:N ratio.

NMS axis 1 accounted for only approximately 15% of

the variance in the effect size matrix, and was

FIG. 7. Meta-analysis of the effects of Fire and Fire Surrogate treatments on extractable Kþ. Mean effect sizes and
corresponding 95% confidence intervals are shown; site codes follow Table 1. The two histograms show network means (with
standard errors) for the four treatments during each sampling year.
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significantly and negatively correlated with the magni-

tude of the effects of the treatments on extractable Ca2þ

and Kþ. There was no clear separation of treatments or

site groupings along axis 1.

We were not able to separate the three manipulative

treatments in this ordination, as the spread of site–

treatment combinations was dominated by the five

points that separated from the larger cluster of points.

This suggested that the treatments in CA-N, CA-C, and

MT that included fire had effects that were quantita-

tively distinct from the remaining site–treatment combi-

nations.

The NMS ordination of the later posttreatment

sampling year effect sizes arrayed the site–treatment

combinations along two axes that accounted for

approximately 75% of the variance in the effect size

FIG. 8. Meta-analysis of the effects of Fire and Fire Surrogate treatments on total inorganic N. Mean effect sizes and
corresponding 95% confidence intervals are shown; site codes follow Table 1. The two histograms show network means (with
standard errors) for the four treatments during each sampling year.
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matrix (Fig. 14). NMS axis 1 was positively correlated

with the magnitude of the effect on TIN and soil C:N

ratio, and negatively correlated with the magnitude of

the effect on mineral soil exposure and extractable Ca2þ

(Fig. 14). Thus, the three site–treatment combinations

located at the lower end of axis 1 (mechanical þ fire in

OH, OR, CA-N) were the ones in which the largest

effect on mineral soil exposure and extractable Ca2þ

pools but the smallest effects on TIN and soil C:N ratio

were present.

NMS axis 2 was positively correlated with the effect

on soil pH and extractable Kþ, and negatively correlated

with the magnitude of the effect on soil organic C

concentration (Fig. 14). The site–treatment combina-

tions at the extremes of axis 2 were the fire-only

treatment in NC at the lower end, and the mechanical-

only treatment in SC at the upper end (Fig. 14).

The point corresponding to the overall network mean

for the mechanicalþfire treatment was arrayed lower on

NMS Axis 1 than were those of the other two

FIG. 9. Meta-analysis of the effects of Fire and Fire Surrogate treatments on plant-available P. Mean effect sizes and
corresponding 95% confidence intervals are shown; site codes follow Table 1. The two histograms show network means (with
standard errors) for the four treatments during each sampling year.
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treatments, and five of the points arrayed lowest on

NMS Axis 1 corresponded to mechanical þ fire treat-

ments. This suggested that the combined treatment had

somewhat greater effects on soil TIN and extractable

Ca2þ pool sizes, soil C:N ratio, and mineral soil exposure

than did the mechanical-only and fire-only treatments.

The points corresponding to the fire-only and mechan-

ical-only treatments were interspersed along the middle

and upper portions of NMS axis 1, and their respective

network means were almost indistinguishable in ordi-

nation space (Fig. 14).

The fire-only treatment points were arrayed along the

full range of axis 2, whereas those corresponding to the

mechanical-only and mechanical þ fire treatments were

clumped in the middle of axis 2 (Fig. 14). Thus, the

variability in the effect of fire alone on soil pH,

FIG. 10. Meta-analysis of the effects of Fire and Fire Surrogate treatments on soil organic C content. Mean effect sizes and
corresponding 95% confidence intervals are shown; site codes follow Table 1. The two histograms show network means (with
standard errors) for the four treatments during each sampling year.
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extractable Kþ, and soil organic C content was consid-

erably greater than what resulted from mechanical

treatment alone or the combination of mechanical

treatment and fire.

DISCUSSION

Wildfires on steep terrain can result in considerable

erosion due to dry ravel, overland flow, and slope

failure, and these impacts can be exacerbated by logging

(Ice et al. 2004). All of these erosional processes are

affected by the local landforms and by the proportion of

the mineral soil surface exposed by fire (or mechanical

treatment). In contrast, low-severity fires that do not

consume the entire forest floor or fires that impact only

part of a watershed may not produce hydrological

changes that can be resolved by typical monitoring

FIG. 11. Meta-analysis of the effects of Fire and Fire Surrogate treatments on total soil N. Mean effect sizes and corresponding
95% confidence intervals are shown; site codes follow Table 1. The two histograms show network means (with standard errors) for
the four treatments during each sampling year.

INVITED FEATURE352
Ecological Applications

Vol. 19, No. 2



methods (Bethlalmy 1974). Prescribed fires typically

have lower severity than wildfires on similar sites

because the timing of prescribed fire can be manipulated

such that fires occur when fuels and soil moisture is

greater (Walstad et al. 1990).

At the FFS network scale, both prescribed fire and the

combination of fire and mechanical treatment increased

mineral soil exposure as the result of forest floor

combustion and, in the case of mechanical þ fire

treatment combination, as the result of vehicle oper-

ations. Mineral soil exposure tended to be greater in sites

that lacked a well defined, continuous Oa horizon (e.g.,

OH) or where fire severity was greater than was typical

across the network (e.g., CA-S). Yet, in only two of

twenty-five site-by-fire or mechanical þ fire treatment

combinations did first year mineral soil exposure exceed

FIG. 12. Meta-analysis of the effects of Fire and Fire Surrogate treatments on soil C:N ratio. Mean effect sizes and
corresponding 95% confidence intervals are shown; site codes follow Table 1. The two histograms show network means (with
standard errors) for the four treatments during each sampling year.
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15% of the ground area, and none exceeded 10% by the

second or later posttreatment year.

Mechanical treatment alone had no significant effect

at the network scale and few significant effects at

individual study sites. The proportion of the soil

exposed by mechanical treatment in these forests was

somewhat lower than that reported after harvesting in

other studies. For example, Rummer et al. (1997)

reported that mineral soil exposure in upland hardwood

forests in Alabama averaged as much as 25% of the

ground area, depending on cutting intensity, and Klepac

et al. (1999) observed soil exposure averaging 15% or

more after mechanical treatment of conifer stands in

Washington.

We observed no significant increase in soil bulk

density as a result of fire, mechanical treatment, or the

combination of these treatments. Although it has been

demonstrated in western conifer forests that severe or

repeated burning has the potential to increase soil bulk

density, such effects are typically less evident after low

severity fires (Moehring et al. 1966, Agee 1993), such as

those typical of most of the prescribed fires in the FFS

sites. Matson and Vitousek (1981) reported a similar

lack of consistent change in bulk density as the result of

clear-cutting of mixed-oak forests in Indiana. Other

studies, however, have shown significant soil compac-

tion (i.e., increase in soil bulk density and corresponding

reduction in total porosity) following tree harvesting

(e.g., Rummer et al. 1997, Berger et al. 2004).

One factor contributing to the apparent lack of such

an effect in this study may have been the considerable

variation among sites in the intensity and type of vehicle

use. Many of the western FFS sites were vehicle

intensive, in comparison both to common commercial

harvest treatments and to the practices in some of the

eastern sites. For example, CA-N used whole-tree

harvesting that required intensive vehicle access, while

MT used similar methods but left activity fuels on site.

In contrast, CA-C used a self-propelled masticator that

impacted a great amount of the soil surface whereas logs

were removed by helicopter in WA, thereby minimizing

wheeled vehicle impact. Among the eastern sites,

mechanical treatments included understory mastication

at FL, understory shrub removal with no vehicle traffic

at NC, and heavy vehicle traffic at OH. Another

contributing factor may have been the variation in

sampling protocols among sites, with some sites assess-

ing compaction randomly while others stratified their

sampling into areas impacted by vehicle traffic and

unimpacted areas (e.g., CA-C [Moghaddas and Stephens

2008]).

Other commonly reported effects of wildfire on soil

physical properties include changes in permeability,

water infiltration rate, and development of water-

repellant (hydrophobic) layers. Changes in surface soil

permeability or porosity may occur as the result of the

volatilization of organic compounds that had served to

cement soil aggregates (Dyrness and Youngberg 1957).

This can result in reduced porosity as impacted

FIG. 13. Nonmetric multidimensional ordination of standardized, first-year effect sizes of three Fire and Fire Surrogate
manipulative treatments on soil properties. Correlations significant at P , 0.05 between axis scores and soil parameters are shown.
For MNS axis 1, r2¼ 0.148; for NMS axis 2, r2¼ 0.869.
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aggregates crumble and plug large soil pores (Moehring

et al. 1966). Water-repellent layers often form after

relatively intense fire over soils with a significant organic

matter content (Ice et al. 2004), especially when the

forest floor material is rich in waxes and other volatile

organic compounds. Water-repellant layers are more

likely to form in coarse, sandy soils than in more fine-

textured soils (Neary et al. 2004), and though temporary

in nature, may reduce water infiltration by several orders

of magnitude while they are present (Ice et al. 2004).

Although there was no specific protocol established

for assessing water repellency as a potential impact of

the FFS treatments, none of the FFS sites reported

significant erosion or mass wasting after the fire or

mechanical treatments were applied. Based on the fire

severity classification described by Ice et al. (2004), the

prescribed fires applied to the FFS treatment units fell in

the very low, low, and moderate severity classes, of

which only the last would be expected to have produced

any significant water repellency (Ice et al. 2004).

The network-scale effects of the FFS treatments on

soil pH and the availability of Ca, Mg, K, and P were

modest, and were limited to an increase in extractable

Ca2þ during the first year after the combination of

mechanical treatment and prescribed fire and an increase

in soil pH following the same treatment during the later

sampling year. The individual sites in which significant

effects on soil pH or extractable Ca2þ were observed

were those in which fire severity was the greatest (CA-C

and CA-N) or in which pretreatment base status was the

lowest (SC).

Previous studies of the impact of fire on soil N pools

and processes in western conifer stands have demon-

strated a general pattern characterized by an almost

immediate increase in the soil NH4
þ pool size, an

increase in the NO3
� pool size that is delayed for up to a

year, and a lack of any significant difference in

inorganic-N pool sizes between burned and reference

sites after a few years (e.g., Covington et al. 1991,

Covington and Sackett 1992). In an extensive meta-

analysis of the effects of fire on N, Wan et al. (2001)

confirmed that general pattern, and interpreted the pulse

of NH4
þ as being the result of a combination of

liberation from organic matter degraded during the fire,

increased activity of heterotrophic soil biota, and N-

fixation by symbionts of newly established plants. The

delayed peak in soil NO3
� was interpreted as the result

of enhanced NH4
þ availability and increased activity of

autotrophic, nitrifying bacteria. When the results were

stratified by fire type or intensity, however, Wan and

others (2001) concluded that high intensity wildfires and

slash fires resulted in increased soil NO3
� and NH4

þ

pools, whereas prescribed burning did not.

FIG. 14. Nonmetric multidimensional ordination of standardized, second- to fourth-year effect sizes of three Fire and Fire
Surrogate treatments on soil properties. Correlations significant at P , 0.05 between axis scores and soil parameters are shown. For
NMS axis 1, r2 ¼ 0.235; for NMS axis 2, r2¼ 0.518.
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We observed a significant, positive effect of all three

manipulative treatments on total inorganic N (TIN)

during the first posttreatment year, but this effect had

dissipated by the later sampling year. Thus, the

transitory increase in TIN was consistent with what

has been reported in many other studies. At the same

time, we observed no significant network-scale effect of

either fire or mechanical þ fire treatment on the net N

mineralization rate, as measured by incubations in situ

(Boerner et al. 2008a). This result contrasted with those

of the many studies that have demonstrated increases in

net N mineralization after single fires (reviews by Raison

1979, Wan et al. 2001, Boerner 2006). Increases in net N

mineralization are often attributed to the alteration of

organic matter by fire in such a manner as to render it

more susceptible to microbial attack, to increases in

microbial activity, and to changes in microclimate (Hart

et al. 2005). However, Boerner et al. (2000, 2004)

quantified soil organic matter contents and net N

mineralization rates in four southern Ohio mixed-oak

forests subjected to annual or periodic burning and

found no consistent or persistent change in any index of

microbially mediated net N mineralization at the full

watershed scale. In that study, pre-fire conditions and

landscape characteristics were more important in

explaining changes in soil C and N dynamics than was

fire behavior (Boerner et al. 2000). A similar lack of fire

effect on net N mineralization has been reported for

oak-pine forests in Georgia and Tennessee (Hubbard et

al. 2003) and oak–pine stands in North Carolina

(Knoepp et al. 2004). Thus, the increases in TIN we

observed after fire and mechanicalþfire treatments must

either have been result of physiochemical factors

independent of the activity of N-mineralizing organisms,

or of a magnitude and variance that made resolving a

significant effect on net N mineralization unlikely given

our sampling design.

We observed no significant effect of the FFS treat-

ments on soil organic C content or on soil C:N ratio at

the full network scale, and few significant effects at the

individual study sites. The effect of fire and intensive

harvesting on soil organic C has been studied extensively

and frequently reviewed (e.g., Ice et al. 2004, Certini

2005, Boerner 2006). It is common to observe losses of

organic C from the surface mineral soils during and

shortly after fire, followed by gains in soil organic C over

a period of years thereafter, but these initial losses are

likely from just the top few centimeters of soil. As our

sampling integrated the top 15 cm of soil, it would

require considerable loss from the top few centimeters to

produce a significant decrease in soil organic C in the

full 0–15 cm stratum.

Johnson and Curtis (2001) evaluated the effects of

disturbance on soil organic matter in forests using a

meta-analysis, and they concluded that ecosystems that

had experienced fire approximately 10 years earlier

experienced an average 8% gain in soil organic C. They

attributed this change to a combination of factors,

including infiltration of organic matter from partially

combusted fuels into the mineral soil, conversion of

labile (easily decomposed) organic matter into recalci-

trant (stable) organic matter, and the effects of the

colonization of burned areas by plants which harbor N-

fixing symbionts. In contrast, Eivasi and Bayan (1996)

could not detect significant changes in soil organic C

content in the soils of a Missouri oak flatwoods

ecosystem even after more than 40 years of annual or

periodic burning.

Ordination of the first-year standardized effects of the

three manipulative treatments suggested that the effects

of the three treatments were confounded by differences

in fire severity (measured as the proportion of ground

fuels consumed) among sites. Five site-treatment combi-

nations covering three western sites (CA-C, CA-N, MT)

and both fire and mechanicalþfire treatments separated

from the remaining site-treatment combinations along

an ordination axis in a manner that was positively

correlated with the magnitude of the effects on pH and

TIN and negatively correlated with magnitude of the

effect on soil organic C content and C:N ratio. We

suggest that greater fire severity in these sites than the

others increases soil pH and TIN and decreases in

organic matter quantity and quality that were atypical

for the FFS network as a whole. Thus, the lack of

uniformity among fire treatments made resolving the

first-year network-scale effects of the three manipulative

treatments problematic.

In contrast, by the later sampling year (the second,

third, or fourth posttreatment growing season, depend-

ing on site), the effects of the mechanicalþfire treatment

diverged from those attributable to fire-only or mechan-

ical-only treatments, with the mechanical þ fire treat-

ments showing increased impacts on mineral soil

exposure and extractable Ca2þ and lesser impact on

TIN and soil C:N ratio than the other two treatments. In

addition, the site groupings tended to separate along

second ordination axis in the second, third, or fourth

year post treatment, with the western sites in the center

of the axis and the eastern sites at the upper and lower

ends. This suggested that the eastern sites had both the

greatest and least effects on pH, extractable Kþ, and soil

organic C content across the FFS network, with the

western sites being less variable among sites and

treatments.

Comparisons between the ordinations representing

the two sampling intervals must be done with consid-

erable caution, as fewer sites are represented in the later

than the earlier sampling interval. Still, the ordination of

the first year effects indicated a strong interaction

between sites and treatments, whereas the variations

among sites and among treatments began to resolve

somewhat into separate patterns by the second and third

years following treatment.

Across the full network and in most of the individual

study sites the impact of the FFS treatments on soil

physical and chemical properties were both modest in
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magnitude and transient in duration. This general

conclusion must be tempered by the understanding that

the both sampling design and the meta-analytical

methods we employed in this synthesis were unable to

capture several potentially important, scale-dependent

factors.

The first of these involves the study sites themselves.

All but perhaps two of the study sites have considerable,

landscape-scale variation among and within treatment

units in elevation, aspect, shape profile, and parent

materials. In some of the study sites (e.g., WA, CA-N),

the investigators restricted the treatment units to a single

aspect and elevation range in an effort to control this

landscape-scale variation. In other study sites, a

synthetic landscape metric (e.g., the landscape ecosystem

classification of Carter et al. [2000] at the NC site and

the integrated moisture index of Iverson et al. [1997] at

the OH site) was used to stratify the sampling locations

within and among treatment units. While such ap-

proaches can be incorporated as covariates into within-

site, analysis of variance-based approaches or into

structural equation modeling approaches, the meta-

analysis we used was not able to account for this source

of variation.

The second source of scale-dependent variation arises

as the result of the treatments themselves. Fire is

inherently patchy in space and time, and mechanical

treatments that involve the removal of a modest number

of individual trees create a patchy environment defined

by the pattern of cutting. The latter, in turn, is the result

of the intersection of ecological decisions (e.g., which

trees to cut to foster restoration or fuel hazard

reduction), economic decisions (e.g., what products

can we sell at a profit), and the legacies of past human

activities and natural disturbances. At a point or sample

plot scale, this patchiness can be defined by surrogate

measures of fire intensity (e.g., loss of forest floor mass

and tree basal area) or harvesting (e.g., tree basal area

loss by species/functional species group). In some cases,

these surrogates can be extracted directly from the FFS

database, as they were measured utilizing the same

spatial sampling protocol as were the soils (e.g., tree

basal area and species composition); in others, geo-

statistical methods will be necessary to generate esti-

mates for points where soils were sampled because the

FFS design called for sampling those variables using a

different spatial sampling structure (e.g., forest floor

mass loss). Once again, such measures of spatial

variation can be incorporated into within-site analysis

of variance-based approaches or among-site structural

equation modeling approaches, but cannot readily be

accounted for with meta-analytical approaches.
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APPENDIX A

Publications from the Fire and Fire Surrogate Network that focus on effects on soil biological, physical, and chemical properties
as of 15 April 2008 (Ecological Archives A019-014-A1).

APPENDIX B

Pretreatment soil conditions at the Fire and Fire Surrogate Network (FFS) scale and in the 12 individual FFS study sites
(Ecological Archives A019-014-A2).

APPENDIX C

First year posttreatment soil conditions at the Fire and Fire Surrogate Network (FFS) scale and in the 12 individual FFS study
sites (Ecological Archives A019-014-A3).

APPENDIX D

Second or third year posttreatment soil conditions at the Fire and Fire Surrogate Network (FFS) scale and in the 12 individual
FFS study sites (Ecological Archives A019-014-A4).
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