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ABSTRACT

The increase in forest-wildfire events around the
world has revived the old debate regarding the
practice of salvage logging and its effectiveness
in comparison to the unlogged, natural regen-
eration of burned forests. Since the logging of
burned trees may have undesirable outcomes in
soil systems, such as soil compaction and nu-
trient losses, these changes could further cause
disturbances to soil microbial-community activ-
ity. The aim of this study was to examine che-
mical and biological changes in soil under two
post-fire practices: salvage logging and un-
logged, natural regeneration of burned areas, in
the recently burned Byria Forest in Israel. Re-
sults indicated that salvage logging had a short-
lived effect on soil chemical and biological pro-
perties that was confined mostly to the first year
after logging. Soil moisture was greatly affected
by salvage logging, and drier conditions were
found in the logged compared to the unlogged
burned areas. Moreover, logging had a negative
effect on microbial biomass, with reduced bio-
mass in the logged compared to unlogged areas,
which was more evident during the first year
after fire. These findings support the recom-
mendations in the literature to postpone post-
fire practices such as logging or, in turn, to
combine the two practices in order to create a
mosaic of burned-logged and burned-naturally
regenerated areas.

Keywords: Microbial Community; Natural

Regeneration; Post-Fire Practice; Salvage Logging;
Wildfire

1. INTRODUCTION

Wildfires are disturbances that occur in forests around
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the world and affect various aspects of these ecological
systems at a variety of spatial and temporal scales. Ac-
cording to climate models, a 30% - 50% increase in the
occurrence of forest wildfires is predicted over the next
century [1,2]. This raises issues on proper pre-fire pro-
tection and post-fire restoration practices [3-5]. One of
these issues is the question of whether to use human in-
tervention in the form of salvage logging or perhaps to
rely on the natural regeneration forces of the forest with
minimum human intervention [6].

Salvage logging involves the removal of particular
trees or stands, mostly for its commercial value, after
natural disturbances such as hurricanes or wildfires [6,7].
In most burned forests, logging or harvesting is usually
the immediate restoration practice, followed by the plant-
ing of new trees. This is usually done because burned
forests are perceived negatively, either as being damaged
or destroyed [5,8], or as being unattractive to the public
eye [9]. Moreover, it is assumed that logging slows the
buildup of insect-pest populations and reduces fuel loads
and the risk of re-occurring wildfire [10,11], as well as
increasing the safety of visitors.

Although salvage logging is widespread and supported
by some of the above reasonable factors, data that have
accumulated in the literature raise the question of the
validity of these factors [12,13]. Recent studies [14-16]
reported that even though logging removes large woody
fuels, it may, on the other hand, increase the risk of fire
because of the increase of unmerchantable material on
the forest floor. Rab [17] and Mclver and Starr [10] re-
ported that logging practices resulted in soil compaction
and interference to soil chemical or biological function-
ing. Karr et al. [18] also reported changes in the hydro-
logical regime of logged ecosystems and a diminished
capacity of the ecosystem to recover from a second log-
ging disturbance [4]. Logging can cause damage to
burned sites, remove structures that are important for
ecological functions [19], and may have negative cones-
quences for many birds, insects, and soil organisms [4].
Beghin et al. [5] reported more sapling regeneration in
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naturally regenerated than logged sites. Therefore, the
success of logging as a beneficial practice is question-
able.

Currently, there is insufficient information available
on the ecological outcomes of salvage logging even
though it is widespread [20]. Even less evidence exists
on the effect of salvage logging on soil microbial com-
munities [4,21,22]. In Israel's pine forests, salvage log-
ging is the first management step after a wildfire [13].
However, the effects of salvage logging on soil microbial
communities have yet to be examined and, to the best of
our knowledge, this is the first study carried out in this
country to do so. Soil microbial communities are key
components in maintaining soil function, and knowledge
of their responses to disturbance is essential for under-
standing ecosystem stability and dynamics and, hence,
management [23]. As more knowledge is gained, it could
be used to develop effective management guidelines and
to adequately inform policy decision-makers [20].

The objective of this study was to follow changes in
soil microbial-community activity and composition in
two different post-fire forest-management practices, log-
ging and natural regeneration (unlogged). Sampling was
performed immediately after logging, and monitored for
as long as three years post-logging. We hope that this
study will assist in planning future forest management
after fires in Israel and other countries.

2. METHODS
2.1. Study Site

The study area was located in the Byria Forest in
northern Israel. This area has a typical Mediterranean
climate, with mild, rainy winters and hot, dry summers.
The mean annual rainfall is 700 mm, with rain falling
almost exclusively during the winter months (Decem-
ber-February). The mean maximum daily temperature in
the summer season is 30°C (August) and in winter
(January) it is 9°C. The topography is hilly, with several
steep slopes.

Vegetation at the site is primarily composed of pines
(Pinus halepensis and Pinus brutia) and cedars (Cedrus
atlantica and Cedrus brevifolia) that were planted over
the past 50 years. A wildfire that occurred in summer
2006 consumed about 200 hectares of this mature forest.

The soils are of the pale Rendzina type (Xerorthents),
derived from chalk and limestone (CaCOs: 88%). Soils
of this type are considered highly weathered and charac-
terized by relatively low nutrient content (N: 0.09%; or-
ganic C: 1.14%) [24].

The study site presented a rare opportunity for track-
ing changes under conditions of homogeneity in tree
composition, understory litter, slope positions (north-
facing), soil characteristics, and proximity to the un-
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burned forest (control), which had similar characteristics.

2.2. Experimental Design

An area of approximately 200 hectares of forest was
burned by wildfire in July 2006. While the understory
was completely destroyed during the fire, the trees were
either completely or partially burned. An unburned forest
area located as far as 300 m away but exhibiting bio-
geological and chemical characteristics similar to those
of the burned area, served as a control.

Two post-fire practices were used in the burned forest
area: salvage logging (B-SL) and natural regeneration
practice—unlogged areas (B-UL). Each practice covered
4 plots, each 50 x 50 m in size. Until logging, the burned
areas were left to recover naturally without any human
interference. All of the burned areas prior to logging and
after it had similar topographic, geophysical, and chemi-
cal soil characteristics. Salvage logging was performed
by a private company one year after the wildfire and
sampling started just as the treatment ended, in October
2007. Logging involved specialized machinery and me-
chanical equipment brought into the area through special
paths made by the forest workers.

2.3. Soil Sampling

Four soil samples were collected and pooled together
from each of the four plots assigned to each post-fire
practice: salvage logging (B-SL); unlogged (B-UL) and
from four unburned control plots (UB). Sampling began
in autumn (October) 2007, after logging ended (ty), and
continued seasonally (autumn, winter, spring, summer)
until summer 2010 (about 3 years after logging practice
began). Each soil sample was immediately placed in an
insulated container and taken to the laboratory. The soil
samples were kept in cold storage at 4°C until processing.
Before biological and chemical analyses, they were
sieved (2-mm mesh size) in order to remove root parti-
cles and other organic debris.

2.4. Laboratory Analysis

The following analyses were performed on each soil
sample:

2.4.1. Soil Moisture

Soil moisture (SM) was determined gravimetrically as
percentage of dry mass by drying the samples to a con-
stant weight at 105°C [25].

2.4.2. Soil Organic Carbon

Soil organic carbon (OC) content was determined by
oxidation with 1 N potassium dichromate in acidic me-
dium, according to Rowell [26].
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2.4.3. Total Soluble Nitrogen (TSN) and
Dissolved Organic Carbon (DOC)

Total Soluble Nitrogen (TSN) and Dissolved Organic
Carbon (DOC) were determined by chemical extraction
and color reactions using a Skalar autoanalyzer. Dried
soil samples were extracted in a 1:10 (w/v) ratio with
0.01 M calcium chloride solution. Total soluble N: The
determination of total N content was based on the fol-
lowing reaction: a sample was mixed with a borax buffer,
excess potassium persulfate solution was added, and the
mixture was placed in an ultraviolet digester. Nitrate was
determined by the Griess reaction after oxidation of
ammonium and reduction of nitrate to nitrite by cad-
mium copper redactor. The color was measured at 540
nm [27]. Dissolved organic C:A sample was acidified
and the inorganic carbon removed with nitrogen. The
sample was mixed with persulfate buffer and irradiated
in a UV destructor. Hydroxylamine was added and the
sample entered into a dialyzer. The generated CO, dif-
fused through a gas-permeable silicone membrane. A
weakly buffered phenolphthalein indicator solution was
used as the recipient stream, and the color intensity of
this solution decreased in proportion to the change in pH
caused by the absorbed CO, gas. The color was meas-
ured at 550 nm [27].

2.4.4. Microbial Nitrogen (MBN)

Microbial nitrogen (MBN) was determined using the
chloroform fumigation-extraction (CFE) technique [28].
Soil samples with the addition of moisture (40% WHC)
were fumigated and extracted at a 1:10 (w/v) ratio with
0.01 M calcium chloride solution. The same procedure
was repeated with nonfumigated soil samples. Measure-
ments of TSN were determined using a Skalar autoana-
lyzer by the same procedure as for TSN. Microbial N
was calculated as the difference between fumigated and
nonfumigated samples divided by the KEN value (ex-
tractable fraction of microbial biomass N), 0.54 [22].

2.4.5. CO, Evolution (SR) and Microbial Biomass
(MB)

CO, evolution (SR) and microbial biomass (MB) were
determined using the MicroRespTM system [29], by
measuring carbon dioxide evolution detected by dye
plates—a colorimetric reaction using absorbent alkali
with the ability to measure carbon dioxide evolution.
Water was added to whole-soil samples in deep-well
plates covered by dye plates in order to measure respire-
tion. Glucose was added to determine microbial biomass
according to the SIR method [30].

Both CO, evolution and microbial biomass were used
for calculating the metabolic efficiency of the soil mi-
crobial population under environmental conditions. The
coefficient (qCO,) was calculated according to the fol-
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lowing equation [31]:

qCO, = CO,evolution/microbial biomass (1)

2.5. Statistical Analysis

All data obtained in the study were subjected to statis-
tical analysis of variance combined with post hoc Dun-
can’s multiple range test (SPSS for Windows, version 10,
SPSS Inc., Chicago IL) to evaluate differences between
means. Treatment effects were tested by computing re-
dundancy analysis (RDA) (Canoco version 4.5 for Win-
dows, PRI Wageningen, the Netherlands) in order to
evaluate its contribution to data variance. Differences at
P < 0.05 were considered statistically significant.

2.6. Relative Percentage Calculation

The data obtained in the current study reflected two
main effects: the wildfire effect and the post-fire practice
effect. The wildfire effect is much stronger than the log-
ging effect [22] thus, in order to avoid the wildfire effect,
the data were presented as a relative percentage calcu-
lated by the following equation:

(Post-fire practice/ Unburned ) x100 )

Statistical analysis was performed on the raw data be-
fore calculating the relative percentage, as specified
above.

3. RESULTS
Post-Fire Forest Management

Soil moisture (SM) (Table 1) was higher in the un-
burned control area (UB: 12.9%) than in the unlogged
area (B-UL: 9.7%), and lowest in the logged area (B-SL:
8.7%) during the entire study period. This was also indi-
cated by RDA analysis, where B-UL practice accounted
for 33% of the SM variance (Table 2), as elucidated by
the length and direction of the SM arrow in Figure 1.
The differences in SM values between sampled areas
were found mostly during winter and summer (Figure
2A), the two extreme moisture-related seasons. One and
a half years after the initiation of logging, the differences
between the two post-fire practices diminished and be-
came non-significant (Figure 2A).

Organic carbon (OC) was higher in the UB and B-UL
areas than in the B-SL areas throughout the study period
(Table 1). However, RDA analysis showed a non-sig-
nificant contribution of both practices (B-SL and B-UL)
to the variance of organic C values (Table 2). It is also
important to add that overall, OC exhibited minimal
variation throughout the research period and was higher
in the B-UL than in the B-SL areas only in autumn 2008
(Figure 2B), one year after salvage logging took place.
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Figure 1. Redundancy discriminate analysis
(RDA) of soil parameters between two post-fire
forest practices, using 499 premutations. Soil
parameters: SM = soil moisture (%); OC = or-
ganic carbon (%); TSN = total soluble nitrogen
(mg/kg); DOC = dissolved organic carbon
(mg/kg); SR = soil respiration (ugCO,/g soil/h);
MB = microbial biomass (ugC/g soil); qCO, =
metabolic qoutient (ugCO,-C/(gCmicx h) x 10°);
MBN = microbial nitrogen (mg/kg). Post-fire
practice: B-UL = unlogged-natural regeneration;
B-SL = salvage logged.

When dissolved organic carbon (DOC) variations
were examined throughout the study period, higher val-
ues were found in the B-SL and B-UL (60 and 60.1
mg/kg, respectively) than in the UB areas (45.2 mg/kg)
(Table 1). This pattern was also recorded by RDA analy-
sis, which showed non-significant contributions of both
practices to the total explained variance of DOC (Table
2). In addition, the DOC arrow in Figure 1 is positioned
in the middle between the B-SL and B-UL arrows, which
indicates their equal influence. This equal influence
could be the result of a turnover in the DOC patterning
that occurred a year and a half after logging was initiated.
This turnover was found when results were examined on
a seasonal time scale (Figure 2(c)). From the time that
logging was initiated until 1.5 years after initiation,
higher DOC values (exhibited as relative percentage)
were found in the B-SL area compared to the B-UL area
during the summer and winter seasons. After this period,
the pattern was reversed, and higher DOC values were
found in the B-UL compared to the B-SL areas (Figure
2(c)) during spring and summer 2010.

Total soluble nitrogen (TSN) was lower in the UB
plots than in the B-UL and B-SL plots, which had similar
values, throughout the study period (Table 1). Such
findings were mostly due to variation between the
burned and the unburned plots that was related to wild-
fire effect and will not be discussed here. RDA analysis
indicates a greater impact of B-UL practice on TSN val-
ues (60% of its variance) compared to B-SL practice
(30%) (Table 2). However, the total variance explained
by both practices was low, as indicated by the short
length of the TSN arrow in Figure 1. When examined on
a seasonal time scale (Figure 2(d)), differences in pat-
terns between the two post-fire practices resembled those
found in DOC but were not as strong. During winter
2008 (Figure 2(d)), higher TSN values were found in the
B-SL (16.2 mg/kg) compared to the B-UL (9.9 mg/kg)
areas. In spring and summer 2010, almost 3 years after
logging was initiated, higher TSN values were found in
the B-UL (4.8 mg/kg) compared to the B-SL (2.9 mg/kg)
areas.

Table 1. Statistical analysis of differences between means of soil parameters at each of the sampling locations
throughout the research period (autumn 2007-summer 2010).

SM oC TSN DOC SR MBC qCO, MBN
UB 12.9° 2.68° 2.12° 45.26° 0.364° 59.8° 5.8° 8.2°
B-UL 9.7° 2.63° 4.52° 60.03* 0.958" 124.3* 7.5 3.5
B-SL 8.8° 2.37° 5.55° 61.13° 0.848" 96.0° 8.9° 4.0°

Soil parameters: Abiotic: SM—soil moisture (%); OC—organic carbon (%); DOC—dissolved organic carbon (mg/kg); TSN—total soluble
nitrogen (mg/kg); Biotic: SR—soil respiration (ugCO,/g soil/h); MB—microbial biomass (ugC/g soil); qCO,—metabolic qoutient (pgCO,-
C/(ngic*h)*103); and MBN-—microbial nitrogen (mg/kg). Sampling locations: B-UL = unlogged-natural regeneration; B-SL = salvage
logged; UB—unburned. **: Different letters represent significant differences (p < 0.05) between means for each separate parameter.
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Table 2. Summary of redundancy discriminante analysis (RDA) estimating the effect of two post-fire forest practices on soil pa-
rameters using 499 premutations.

SM oC DOC TSN
F-ratio  p-value Extrafit F-ratio p-value Extrafit F-ratio p-value Extrafit F-ratio p-value Extra fit
B-UL 297 NS 0.0033 0.53 NS 0.0006  5.75 0.022  0.0063
B-SL 1.57 NS 0.0017 0.46 NS 0.0005 1.53 NS 0.0017 2.74 NS 0.003
TVE 0.01 0 0 0.01
SR MB qCO, MBN
F-ratio  p-value Extrafit F-ratio p-value Extrafit F-ratio p-value Extrafit F-ratio p-value Extra fit
B-UL 5.85 0.014 0.0064 10.23 0.002 0.0112 4.72 0.024 0.0051 8.64 0.004 0.0095
B-SL 11.59 0.002 0.0126 4.76 0.016 0.0052 16.5 0.002 0.018 3.66 0.054 0.004
TVE 0.02 0.02 0.02 0.01

Soil parameters: Abiotic: SM—soil moisture (%); OC—organic carbon (%); DOC—dissolved organic carbon (mg/kg); TSN—total soluble nitrogen (mg/kg).
Biotic: SR—soil respiration (ugCO,/g soil/h); MB—microbial biomass (ugC/g soil); gCO,—metabolic qoutient (ugCO,-C/(gCmic * h) x 10%); and MBN—mi-
crobial nitrogen (mg/kg). Sampling locations: B-UL—unlogged-natural regeneration; B-SL—salvage logged. TVE = total variance explained by post-fire forest

practices.  No additional variables can be added in order to improve the fit of the model. NS—not significant. Level of significance: p < 0.05.
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Figure 2. Changes in seasonal relative percentage of soil abiotic parameters: a) Soil moisture (SM) %; b) Organic carbon (OC) %; ¢)
Dissolved organic carbon (DOC) mg/kg soil; d) Total soluble nitrogen (TSN) mg/kg soil; between the two post-fire forest practices:
unlogged-natural regeneration (B-UL) —<— ; and salvage logged (B-SL) —®— in relation to the control unburned state repre-
sented by black line. Asterisks represent significant differences between the two practices at the p < 0.05 level.

Soil respiration (SR) was higher in the B-UL and B-SL
areas compared to the UB area, with no apparent effect
of post-fire practices throughout the study period (Table
1). This pattern is related to wildfire effects on soil and
will not be discussed this study. Although no apparent
effect of post-fire practice was found, multivariable RDA
analysis revealed that B-SL practice accounted for 63%
of SR variance compared to 32% attributed to B-UL
practice (Table 2). When examined on a time scale (Fi-
gure 3(a)), the differences between the two post-fire
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practices were detected even 3 years after logging.
Higher SR values found in the B-UL practice compared
to the B-SL practice were found almost consistently dur-
ing all summer and autumn seasons (except summer
2009), whereas an opposite pattern was found during
spring 2008 and 2009, and winter 2010 (Figure 3(a)).
Similarly, microbial biomass (MB) was higher in the
burned areas (B-UL and B-SL) than in the unburned ar-
eas, with a significant effect of post-fire practice found as
lower biomass in the B-SL (96 nugC/g soil) compared to

OPEN ACCESS



w
B

—
L)

500

400

300

200

Relative % of SR

100

Relative % of qCO2

AU 07| WI08|SP 08 |SU 08|AU 08| WI 09 |SP 09 |SU 09 AU 09| WI10|SP 10/SU 10

to t3 t6 t9 t12 | t15 | t18 | t21 | t24 | @27 | t30

t34

Time (months and seasons)

0. Ginzburg et al. / Open Journal of Ecology 2 (2012) 29-37

=
L2

400

300 s\ i

;7\ /
200 ;N /
—r /) -]
100 / A =0
Yy

400 { 3

300 - k

200 -

100 - \ ;/.\ .

L] T
|AU 07

Relative % of MB

c

Relative % of MBN

WI08|SP 08SU 08 AU 08 /WI 09 |SP 09|SU 09| AU 09 /WI10 |SP 10|SU 10

to t3

t6 9 t12 | t15 | t18 | t21 | t24 | t27 | t30 | t34

Time (months and seasons)

Figure 3. Changes in seasonal relative percentage of soil biotic parameters: a) Soil respiration (SR) ngCO,/g soil/h; b) Microbial
biomass (MB) pgC/g soil; ¢) Metabolic quotient (qCO,) pgCO,-C/(gCumiexh) x 10%; d) Microbial nitrogen (MBN) mg/Kg soil, be-
tween the two post-fire forest practices: unlogged-natural regeneration (B-UL) —<— ; and salvage logged (B-SL) —@— in rela-
tion to the control unburned state represented by black line. Asterisks represent significant differences between the two practices at
the p < 0.05 level. During summer 2009 values were 5 times higher for both soil respiration and microbial biomass and were left out
so that the differences could be more obvious. No significant differences were found between the two post-fire forest practices at this

time point.

the B-UL (124.3 pugC/g soil) throughout the study period
(Table 1). Accordingly, RDA analysis (Table 2) showed
that 56% of MB variance was attributed to B-UL practice
compared to 26% attributed to B-SL practice. Time scale
analysis (Figure 3(b)) showed similar patterns to SR
changes, where MB values were found to be higher in
the B-UL areas compared to B-SL areas during summer
2008, autumn 2009, and spring 2010. An opposite pattern
(B-SL > B-UL) was again found during spring 2009 and
winter 2010 (Figure 3(b)).

The metabolic quotient index (qCO,) is based on the
ratio between SR and MB, and indicates microbial
metabolic efficiency [31]. High ratios indicate that the
microbial community is under stress conditions. During
the study period, a general pattern was found in which
the highest qCO, values were found in the B-SL > B-UL
> UB areas (Table 1). In addition, multivariable RDA
analysis showed a stronger connection of qCO, values to
B-SL practice (Figure 1), which accounted for 90% of
its variance (Table 2). When examining the seasonal-
temporal variation of qCO, (Figure 3(c)), significantly
higher values were found under salvage logging (B-SL)
compared to unlogged practice (B-UL) during the first 9
months after logging (Figure 3(c)). This pattern was re-
versed during autumn 2008 and winter 2009, when qCO,
was higher in the B-UL than in the B-SL areas (Figure
3(¢)).

Microbial nitrogen (MBN) was higher in the UB com-
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pared to both the B-UL and B-SL areas throughout the
study period, with no apparent effect of post-fire prac-
tices (Table 1). These differences are the result of the
wildfire effect and will not be discussed here. Similarly,
RDA analysis showed that B-UL practice accounted for
95% of MBN variance (Table 2), which is also exhibited
by the direction of the MBN arrow (Figure 1), however,
the length of the arrow is small, indicating a minor in-
fluence. This was also the case when seasonal variation
in MBN values were examined (Figure 3(d)), with no
significant differences found at all sampling times be-
tween the two post-fire practices.

4. DISCUSSION

Post-fire forest management has received much atten-
tion recently [4-6,20] and as the frequency of forest
wildfires increases, debate on the proper manner of forest
rehabilitation continues. In this research, an attempt was
made to examine the consequences of two different
post-fire forest practices—human intervention by salvage
logging (B-SL) and natural regeneration without logging
(B-UL)—on the chemical and biological aspects of soil.
Previous studies indicated the detrimental effect of log-
ging on the soil system [10,17,18] was usually related to
soil erosion and compaction. However, there is a lack of
data on the effect of salvage logging on a soil microbial
community [4]. In the current study, some undesirable
effects on soil chemical properties and microbial com-

OPEN ACCESS



0. Ginzburg et al. / Open Journal of Ecology 2 (2012) 29-37 35

munities were also recorded, but in limited extent and
time.

Soil moisture was one of the soil parameters strongly
affected by the different post-fire forest practices in this
study. It decreased significantly under salvage logging
compared to the natural regeneration practice. These re-
sults are in agreement with the results of Greene et al. [4],
who investigated the survival of Sphagnum in logged
sites and found lower survival, indicative of drier condi-
tions at these sites. Martinez-Sanchez et al. [32] also
found a reduction in seedling height in logged plots and
related it to water stress due to increased sunlight expo-
sure. According to our results, seasonal variations and
time influence the differences between the two practices.
Most of the differences between logged and unlogged
areas were observed during the two water-extreme sea-
sons: summer (dry) and winter (moist). Furthermore, in
the second year after logging, the differences between
the two practices diminished and became non-significant.
By that time, the logged areas were covered with dense
vegetation of annuals and shrubs (personal observation
of authors), which may increase soil water retention and
reduce its loss. Increase in grass cover in clear-cut, har-
vested plots was also reported by Hannam et al. [33].

A positive impact of salvage-logging practice on soil
organic carbon (OC) was observed in this study, with
values remaining higher in logged areas compared to
unlogged areas almost a year after logging. Fernandez
et al. [12] also found limited perturbation of logging op-
erations on the soil organic layer and the upper centime-
ters of mineral soil. Also, according to Beghin ef al. [5],
salvage-logged, non-planted areas exhibit a dense herb
layer that, in time, might compensate for organic matter
losses. Parallel to the increase in organic carbon, an in-
crease in dissolved organic-carbon (DOC) levels in
logged areas was also recorded in this study. This in-
crease was time-limited (lasted only until 1.5 years after
logging), and then decreased to lower values than those
found in the unlogged, naturally regenerated areas.
Johnson and Curtis [34] explained the higher soil C lev-
els in logged plots by the incorporation of slash into the
mineral soil, especially in coniferous forests, which,
when harvested, produce more soil C and N than hard-
wood. However, in this study, there was less impact of
logging on total soluble nitrogen (TSN) levels, which
increased in logged compared to unlogged areas only 3
months after logging, and then decreased to non-signify-
cant levels. Decreases in DOC and TSN levels in the
salvaged-logged areas in this study could be a result of
plant establishment in the exposed, unshaded areas of
logged plots, which quickly utilize available N and C, on
the one hand, and increase organic matter on the other.

Measurements of soil microbial activity such as soil
respiration and microbial biomass are indicative of pro-
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per soil function [35]. Since there are less data available
on the salvage-logging effect on the soil microbial com-
munity [4], information is drawn from traditional for-
est-harvesting investigations [21,36,37]. Most of the
harvesting operations cause major changes related to soil
compaction [36]. Schnurr-Piitz ef al. [38] indicated that
soil compaction alters the structure and function of the
microbial community and favors anaerobic prokaryotes.
Siira-Pietikdinen ef al. [39] reported that the decomposer
community of coniferous-forest soils is resistant to initial
environmental changes induced by forest harvesting.
However, in the current study, a clear influence of sal-
vage logging on soil microbial parameters was observed.
Consequently, microbial activity—soil respiration and
microbial biomass—was lower in the logged compared
to unlogged, naturally regenerated areas.

These results correspond with the 18% decrease in
microbial biomass carbon observed by Smith et al. [22]
under harvest treatment. Moreover, the differences in
microbial-activity measurements in this study were time-
limited and extended only until a year after logging be-
gan. Higher microbial activity in the unlogged, naturally
regenerated areas could be a result of the creation of new
microsites by fallen trees and uprooted stumps that are
more shaded and moist, with stabilizing microclimatic
conditions [5]. The observed lower microbial activity in
the logged areas found in this study was followed by an
increase in metabolic quotient values (qCO,) that lasted
up to 9 months after logging and then decreased. Such
higher qCO, values are indicative of stressed environ-
mental conditions that impact microbial activity [40].
Additionally, Smith et al. [22] reported a 25% decrease
of microbial N under harvest treatment, which could also
be indicative of changes in microbial composition and
function. However, in this study, no differences between
microbial nitrogen in the two practices were found. The
reason for this could be the rapid decrease in TSN levels
in both the logged and unlogged, naturally regenerated
areas found in this study.

Post-Fire Practices: Recommendations

Post-fire management activities such as salvage log-
ging sometimes result in significant mortality of the
managed areas, despite their restorative purposes, with
timing of logging playing a critical role [41]. Fernandez
et al. [12] stated that postponement of harvesting by one
year may lessen the negative impact of this practice on
seedling recruitment. According to Izhaki and Ne’eman
[42], this corresponds well with the time of pine-seed
germination, which usually takes place in the post-fire
wet season. By examining the response of the soil biotic
and abiotic parameters to salvage-logging and natural-
regeneration (no logging) post-fire forest practices, the
results of the current study support the postponement of
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salvage-logging operation. As observed, most of the un-
favorable changes in the logged areas were short-lived
and diminished a year after logging operations. Taking
into consideration that in this study logging operations
were already postponed for a year after the wildfire, a
longer time period of logging practice postponement
should be considered. Moreover, postponement of log-
ging operations will not completely eliminate negative
consequences such as soil compaction, therefore, the

means to diminish these consequences must be examined.

For example, Greene et al. [4] suggested leaving a mo-
saic of logged and unlogged areas or belts, i.e., naturally
regenerated sites around logged areas. In this way, natu-
rally regenerated and logged sites will compensate each
other and might ameliorate the damage caused by log-
ging operation. With respect to soil function, we believe
that such post-fire forest-management actions will be the
most effective, however, this needs to be further investi-
gated.
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