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Thinning treatments had minimal effect on soil compaction in
mixed-conifer plantations

by Robert A. York, Richard K. Keller and Ariel C. Thomson

If biomass utilization results in soil compaction and reduced forest productivity, the po- When managed for timber or fire haz-

tential benefits may be considered to be not worth the long-term impacts. We analyzed ard reduction, management operations

soil strength, an indicator of soil compaction, prior to and following commercial thins

(sawlog and biomass harvest) and mastication treatments in 24- to 30-year-old mixed-

conifer plantations in the central Sierra Nevada. Soil strength in mature, untreated

second-growth stands was also measured as a reference. Neither the commercial thins
nor the mastication treatments resulted in statistically detectable increases in compac-

tion. Most of the existing compaction came from the original regeneration harvest

that established the plantations several decades earlier. It will be important to monitor

repeat treatments and long-term effects, but this study suggests that managers should

not expect large impacts from thinning treatments on soil compaction in forests such as
the one studied here as long as best practices are used.

orldwide, plantations make up
5% of forestlands but contrib-
ute 15% of the world’s wood

production (Carnus et al. 2006). They also
play an increasingly important role at
the global scale in contributing to a wide
variety of social and ecosystem services

such as jobs and wildlife habitat (Paquette
and Messier 2010). In California, planta-
tions are common on both private and
public lands. Especially in locations that
are highly productive, these plantations
have potential to be valuable for timber
production.

in plantations often involve heavy equip-
ment, which has the potential to reduce
soil productivity if the soil compaction ef-
fects are great enough. Soil compaction is
of special concern because of the repeated
use of heavy equipment in young stands,
where elevated levels of soil compaction
may have occurred already from previous
harvests and site preparation operations.
Plantations are ideally structured for
mechanized operations. They may be
established following even-aged regenera-
tion harvests (e.g., clearcuts) on industrial
private lands, or following high severity
wildfires across all types of ownerships.
Although they can be quite diverse if
managed for that objective, plantations
are typically associated with homogene-
ity. Compared to mature tree stands with
canopy gaps and developed under- and
mid-stories, most plantations have trees
that are roughly the same size (if not the
same species) and tree density is rela-
tively high and uniform throughout. By
one account, in California an even-sized
structure (i.e., a bell-shaped diameter

Online: http://californiaagriculture.ucanr.edu/
dingpage.cfm?article=cav069n03p157&fulltext=yes
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A harvester-processor thins trees north
of Lake Tahoe as part of the U.S. Forest
Service Yeti Fuels Reduction Project.
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distribution) is present on 23% of federal
forestland and 31% of private forestland
(William Stewart, UC Berkeley, personal
communication). Young, even-aged stands
in California forests are common, and
they may become even more so as wildfire
severity and extent increase and create
additional large patches of young planted
forests (Collins and Stephens 2010).

Plantations are often identified as high-
priority areas for fire hazard reduction
treatments because of their high potential
value for timber and risk of complete
loss during wildfires (Pollet and Omi
2002). In dry mixed-conifer forests, young
plantations can burn at particularly high
intensities during wildfires. Increased fire
intensities in plantations have been both
observed (Pollet and Omi 2002) and pre-
dicted using fire modeling (Stephens and
Moghaddas 2005).

A common fire hazard reduction treat-
ment is density management through me-
chanical thinning. Thinning that removes
small or midrange trees while avoiding
large increases in surface fuel can help
meet objectives for reducing fire hazard,
and it can also be used for increasing
physiological resilience in the face of
climatic change (Chmura et al. 2011).
Thinning young stands may be especially
effective from a fire hazard perspective,
as trees will develop in size more quickly
and therefore be more resistant to fire
sooner (Agee and Skinner 2005).

Soil compaction in forests

When trees are of commercial size,
mechanized thinning can be a cost-effec-
tive approach for reducing tree density
because treatment costs can be covered
with the sale of sawlogs (commercial
thinning; fig. 1). Yarding whole trees into
landings is of value from a fire hazard
perspective because relatively little activ-
ity fuel (logging slash) is left behind. The
tradeoff, however, is that a net movement
of large amounts of biomass debris (tree-
tops and limbs) from forested stands into
landings is a necessary byproduct of such
operations. The current standard practice
is to dispose of large debris piles result-
ing from mechanized thinning via open
burning. Where feasible, the biomass may
be hauled away for utilization at a bio-
mass energy facility, avoiding the nega-
tive air quality impacts of open burning
(e.g., Hurteau et al. 2014).

Many of the plantations in the Sierra
Nevada on both public and private lands
were established 20 to 40 years ago and
the trees are just now becoming large
enough to accommodate a commercial
thinning. Thinning projects are there-
fore likely to increase significantly over
the next decade, and the increase will be
even greater if the demand for biomass
material increases. Increased restrictions
on open burning because of health con-
cerns will also increase thinning since
prescribed burning for density manage-
ment will be less feasible. Given these

hanges in soil compaction in forests occur from natural processes such as tree fall,

root growth and freeze/thaw cycles. Mechanical operations also cause changes in
soil compaction: direct impacts from heavy equipment and dragging (skidding) logs
to landings increase compaction; mechanical treatments can also be done to break up

compacted sail.

Negative effects of compaction occur when root growth is inhibited by severely
compacted soil. Whether compaction reduces productivity at a given site depends to
a large degree on soil type. Soils with high clay content are more likely to experience
negative effects, while loamy or sandy soils may experience neutral or even positive ef-
fects on productivity. Further monitoring of long-term effects and repeated operations
is needed to assess trends on time scales that are relevant for forests.

Management practices to avoid soil compaction effects include

using track-laying machines, which apply less force to soils than rubber-tired

machines

avoiding operations during conditions of high soil moisture, or, as an alternative,

conducting operations when the ground is frozen

re-using skid trails and landings when conducting repeated thinning operations
- utilizing wing-tipped subsoiling to decrease severely compacted soils, especially

where clay content is high
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developing motives for conducting thin-
ning treatments, there is an especially
high demand for understanding the
ecological trade-offs between the various
thinning treatment methods that can be
used.

Most studies of biomass removal
impacts involve using treatments that
either remove entire mature stands or, to
a lesser extent, thin mature stands (Page-
Dumroese et al. 2010). These studies have
limited applicability for commercially
thinning plantations. Treatment effects
in a plantation could be quite different
than in a mature stand, especially with
respect to soil impacts. A mature second-
growth stand in the Sierra Nevada has
not had a regeneration harvest since
railroad logging, often over a century ago
(Beesley 1996). Within 10 to 30 years of the
establishment of a plantation, however,
heavy equipment is often used to conduct
thinning and harvest treatments, poten-
tially compounding soil impacts from the
relatively recent harvest of the previous
stand.

Nutrient depletion of soils following
biomass removal is not considered to
have long-term impacts unless the site
already has relatively low productivity
(Page-Dumroese et al. 2010). Operations
that result in enough physical compaction
to curtail root growth and reduce pro-
ductivity, however, may be of long-term
significance (Grigal 2000; Powers et al.
2005). To minimize compaction effects,
thinned trees can be chipped in place
with a masticating machine (mastication
treatment; fig. 1). A mastication treatment
is noncommercial, but it may be predicted
to have less of an effect on soil strength
than commercial thinning, because only
one machine is used (commercial thins
have two) and no weight-bearing logs are
skidded to landings.

Both treatment types — commercial
thinning and mastication — can achieve
stand density management objectives but
may have very different effects on soil
strength. Alternatively, both treatments
may have relatively little effect on soil
strength if standard practices for avoid-
ing negative impacts are used. Two of the
more important practices are operating
during dry soil conditions and minimiz-
ing skid trails.

In this study, we compared commercial
thinning treatments (whole-tree yarding
into landings for sawlog and biomass



harvest) with mastication treatments to
measure the effects on soil compaction at
the stand level.

We measured soil strength prior to and
following treatments using a relatively
intensive sampling scheme to increase
measurement precision. For reference,

Commercial thinning

we also measured soil strength in mature
second-growth forests that had been un-
disturbed for ~ 100 years. In the context
of root growth, soil strength is a relevant
measure of compaction, because it shows
the resistance that a given soil has to root
penetration.

Experimental treatments

Our study took place at Blodgett Forest
Research Station (Blodgett Forest) in El
Dorado County. Mixed-conifer planta-
tions at elevations between 1,220 and
1,370 meters and between 24 and 30 years

Fig. 1. The study evaluated the soil compaction effects of commercial thinning (top) and mastication (bottom). A commercial thinning operation involves
two machines — a feller-buncher to cut and bunch trees; and a skidder to grab the bunches and drag them to a loading area. Mastication involves a single
machine that moves through the forest, chopping selected trees and other woody vegetation into small chunks.

http://californiaagriculture.ucanr.edu
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old were used. All plantations had been
regenerated with either clear-cut or shel-
terwood harvests, followed by control of
competing vegetation with herbicides and
precommercial thinning with chainsaws
during the first 10 years.

Soils originated from andesitic parent
material and are classified as mesic Ultic
Haploxeralfs. The general soil texture is
loamy (particle proportions are approxi-
mately 50% sand, 35% silt and 15% clay).
Precipitation averages 165 centimeters
per year and productivity is high, with
canopy trees reaching 30 meters tall in 50
years. The plantations are representative
of those in the dry Sierra Nevada mixed-
conifer forest that, because of their high
productivity and operational feasibility,
have relatively high potential for sustain-
ing sawlog and biomass harvests.

Replicated commercial thinning and
mastication treatments were applied
to entire stands. Commercial thinning
included whole-tree yarding of trees
cut with a mechanized head and was
representative of a typical sawlog and
biomass thinning operation. Whole trees
were cut and bundled with a tracked
feller-buncher, followed by skidding of
the bundles with a tractor and grapple.
Old landings and skid trails (where logs
are repeatedly dragged across soils) were
reused when possible. Sawlogs were
cut from merchantable-sized trees at

mulches timberand brush. -
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landings, with the tops and limbs chipped
for delivery to a power plant. The com-
mercial thinning modified the forest
structure from an average basal area of 43
square meters per hectare and average
tree size of 20 centimeters DBH (diameter
at breast height) to a postharvest average
basal area of 25 square meters per hectare
and average tree size of 33 centimeters
DBH. Canopy was reduced from 60%

to 40%.

The mastication treatment used a
tracked excavator (model 490E, John
Deere, Moline, Illinois) with a rotary
disk-cutting head. The mastication fo-
cused on chipping woody shrubs and
small trees, with the machine traversing
most of the treated area. While under-
and midstory densities were reduced to
near zero, changes in canopy structure
were minimal and within ranges of mea-
surement error. DBH changed from 29 to
31 centimeters; basal area changed from
37 to 35 square meters per hectare; canopy
changed from 57% to 59%.

Both treatments occurred in the early
summer months (May to July), a period
early enough to avoid extreme fire hazard
conditions but late enough so that soils
are not saturated with moisture — op-
erating when soils are relatively dry is a
best management practice for avoiding
compaction. Duff and litter layers were
relatively shallow prior to treatments,

VOLUME 69, NUMBER 3

averaging less than 5 centimeters deep.
Average stand size was 8 hectares, simi-
lar to the allowable upper size limit for
even-aged stands on private lands in
California. The experimental units were
seven individual stands, three of which
had replicated mastication treatments,
and four had replicated commercial thin-
ning treatments.

Sampling was designed to accommo-
date the extremely high spatial variability,
both vertically and horizontally, that
occurs with physical soil properties at a
small scale (e.g.,, Moghaddas and Stephens
2008). Grids of permanent plots were used
as sampling locations, with clusters of
subsample points precisely located before
and after treatments. Plots were estab-
lished on a 200-meter-by-200-meter grid,
with witness trees for re-establishing
plots following treatments.

Soil strength was measured with a
recording cone penetrometer (model
CP40II, Rimik, Toowoomba, Australia).
The penetrometer consists of a probe
that is pushed manually with consistent
and low speed into the soil, while a load
cell records the force (kPa) needed as the
probe is pushed deeper into the soil. This
measure of soil strength is an index of
the resistance in soils to root penetration.
Large increases in soil strength can nega-
tively affect above-ground tree productiv-
ity depending on soil types. Soil strength
was measured at eight subsample loca-
tions surrounding plot centers in a square
pattern (a subsample point was located at
each cardinal and intercardinal direction
from plot center). At each of these eight
subsample points, soil strength was mea-
sured three times (i.e., three replications
per subsample, eight subsamples per plot,
and five to nine plots per stand depend-
ing on stand size).

Each insertion measured soil strength
in kPa between soil depths from 20 to
500 millimeters, with a measurement re-
corded every 20 millimeters. This resulted
in a total of nearly 70,000 soil strength
measurements. To increase precision at
the plot level, the three insertions at the
subsample location were averaged, fol-
lowed by averaging of subsample values
to get plot-level soil strength. For each soil
strength measurement, soil moisture con-
tent (%) was measured at the same time
with a soil moisture probe (ThetaProbe
ML2, Delta-T Devices, Cambridge, United
Kingdom). Soil strength is sensitive to



soil moisture (Graecen and Sands 1980)
because it influences soil cohesion. Soil
moisture was therefore included as a co-
variate in the analysis of treatment effects
on soil strength.

The intent of this study was to detect
increases, if any, in soil strength at the
stand level as a direct result of treatments
and to assess the differences between the
mastication and commercial thinning
treatments. Plots that fell within skid
trails or areas with little disturbance were
not thrown out because these locations
are part of the stand and their presence
is a fundamental outcome of these opera-
tions. Skid trails comprise significant
proportions of stands following harvest-
ing, ranging from 20% to 26% in clear-cuts
(Han et al. 2009). Skid trail proportions
were not measured in this study, but
visual observations suggested they com-
prised similar levels.

Analysis was done using multi-
variate ANOVA of repeated measures
(MANOVAR). To find potentially different
patterns in treatment effects at different
depths, the analysis was repeated sepa-
rately for each depth in 20-millimeter
increments from 20 to 500 millimeters.
The time series were the before and after
measurements of soil strength. Predictor
variables included treatment (mastication
or commercial thinning) as well as the
difference in soil moisture content be-
tween the before and after measurements.
Including the difference in soil moisture
content as a covariate accounted for any
differences in soil moisture between the
two sampling times.

The time x treatment interaction
was the main effect of interest because
it tested for differences in soil strength
temporal trends between masticated and
thinned stands (i.e,, it tested if one type
of treatment caused more or less compac-
tion than the other). The within-subject
effect of time was also of interest, because
it indicated whether there was any overall
trend in soil strength (i.e,, it tested if, in
general, the operations caused compac-
tion). The time x soil moisture change
interaction was an important variable to
include in the model to account for any
difference in soil moisture before and af-
ter treatments.

Statistical conclusions were based on
F-test statistics with the determination at
P <0.05. A final comparison of mean pre-
treatment soil strength in these stands (all

TABLE 1. Soil strength measurements before and after mastication and commercial thinning treatments
at Blodgett Forest, CA

Strength
Strength before Strength after P-value of
before Strength after commercial commercial P-value of treatment

Depth*  mastication mastication thin thin overall trendt effectt
MM eeeeeee et KP Q- e e vveemeeemnneeneeeieanaens
80 839 1,071 1,339 1,657 0.13 0.73
180 1,562 1,816 1,733 2,309 0.38 0.37
280 1,615 1,952 1,733 2,301 0.30 0.53
380 1,766 2,148 1,819 2,461 0.43 0.52
480 1,973 2,424 1,917 2,517 0.61 0.79

*To reduce table size, results are given for depths at 100-millimeter increments.

t P-values are from a multivariate analysis of variance with time as the between subject variable.

treatment plus control stands averaged)
versus soil strength found in reserve
stands where no operations have taken
place for ~ 100 years was also done. This
comparison provided a basic reference
for soil strength conditions that occurred
following an extended period of no op-
erations. Two reserve stands where no
operations have occurred were available
for comparison. For a simple comparison
of soil strength within these treatment
stands versus the reserve stands, standard
errors of mean soil strength in treatment
stands were calculated for each depth
and compared against a baseline, derived
from the mean measured in the two re-
serve stands.

No statistical differences

Although before and after measure-
ments occurred at the same time of year,
soil moisture content measurements taken
at the time of soil strength sampling in-
dicated that the soils were slightly drier
during the post-treatment measurements
than during the pre-treatment measure-
ments. Mean soil moisture at the stand
level was 45% prior to treatments and
33% following treatments. The decline in
soil moisture was related to the seasonal
dry-down of the soil, not the treatments
themselves. A nearby weather station
that recorded soil moisture at hourly
increments throughout the study period
recorded a similar rate of dry-down be-
tween measurement periods (from 28% to
17% at the weather station). The decline
in soil moisture was identical between
the masticated and commercially thinned
stands (confirmed with a t-test; P = 0.99).
This confirmed the importance of includ-
ing soil moisture as a covariable in the
analysis, and also confirmed that the

http://californiaagriculture.ucanr.edu

treatment effects on soil strength were not
caused by a difference in soil moisture re-
lated to the treatments themselves.

Despite the effort to maximize plot-
level precision and careful relocating of
before and after measurements, no overall
increases in soil strength were detectable
with statistical tests at any depth follow-
ing the treatments, nor were there signifi-
cant differences between the commercial
thinning and mastication treatments. In
general, soil strength did increase follow-
ing treatments, from 1,605 kPa averaged
across all depths to 2,091 kPa, but vari-
ability was high and P-values were far
greater than 0.1 (table 1). Coefficients of
variation at the stand level averaged 16%
prior to treatments and increased to 29%
following treatments.

The overall increase in soil strength
was likely related at least to some degree
to soil moisture, which as noted above
was slightly drier following the treat-
ments. The time x soil moisture variable
was not significant, but it did consistently
have more leverage in explaining soil
strength than did the treatments. The re-
sults suggest that soil strength increases
were not of great enough magnitude to
detect operations-caused trends or differ-
ences between commercial thinning and
mastication, given soil strength variabil-
ity, which increased following treatments.

Prior to treatment, the soil strength
pattern along the depth profile when all
seven stands were grouped together fol-
lowed what is typically observed: soil
strength increases rapidly in shallow
depths and increases at a much slower
rate at greater depths (fig. 2). Despite
the lack of a detectable increase in soil
strength from either type of operation, it
is clear that soil strength is, as expected,
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higher in actively managed stands than
in reserve stands. This was especially the
case at depths between 100 and 300 milli-
meters, but it was also true at the greatest
depth (500 millimeters) measured for this
study.

Soil compaction in perspective

The effects of mechanical operations
on the physical properties of forest soils
are highly complex, depending upon site-
specific soil conditions such as texture,
soil moisture, root density, aeration and
many other factors (Ballard 2000; Graecen
and Sands 1980). The effects are also
complex because the machinery operates
sporadically, both in time and space. This
is most evident where machine traffic is
especially high. It has been documented
consistently that compaction occurs in
skid trails to a degree high enough to
influence productivity (e.g., Froehlich et
al. 1986; Moghaddas and Stephens 2008).
Machines do not pass on all locations
within a stand, however, and compaction
effects can be relatively small or nonex-
istent only meters away from skid trails
(Hatchett et al. 2006).

Because of the lack of skid trails in
mastication treatments and because only
one machine, instead of two, passed over
the masticated areas, we expected to find

that the mastication treatments had a no-
ticeably lower effect on soil strength. No
difference was detected, which could be
interpreted as being the result of either a
smaller-than-expected effect of commer-
cial thinning or a larger-than-expected
effect of mastication. Given the lack of any
trend found in soil strength when all of
the treatment areas were combined, we
interpret the primary reason as being a
smaller-than-expected effect by commer-
cial thinning. In other words, the mas-
tication treatment, as expected, did not
compact soils significantly, but neither did
the commercial thinning treatment.

It is important to note that variability
in measured effects was high and contrib-
uted at least somewhat to the inability to
detect differences. Replicating further at
the stand level is difficult because of space
and cost limitations. Greater replication,
however, would be necessary to increase
the experimental power enough to over-
come within-stand variability.

In Sierra Nevada soils, texture has a
profound influence on compaction ef-
fects, to the point where relatively severe
compaction may cause negative, neutral
or even positive effects on productivity
depending on the soil texture (Gomez et
al. 2002). The loamy soil textures of the
stands in this study are expected to have
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Fig. 2. Soil strength profiles at Blodgett Forest, California. Means are provided with standard error
whiskers for seven plantation stands between 24 and 30 years old prior to mastication or commercial
thinning treatments. Two reserve stands that were railroad harvested roughly 100 years ago and

not manipulated since then were measured for reference. The vertical line represents a conservative
estimate of the point when soil compaction might begin to negatively influence root growth.
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a moderate capacity to withstand compac-
tion, and compaction may even increase
productivity due to increased water reten-
tion and hydraulic conductivity (Powers
et al. 2005).

While it is well understood that com-
paction can reduce growth (Froehlich et
al. 1986), there is no standard threshold
at which negative effects on productiv-
ity may be expected, although 3,000 kPa
is often cited as a critical point (Graecen
and Sands 1980; Zyuz 1968). For our study,
we set a soil strength threshold of 2,000
kPa (the vertical line in figure 2), which
is a highly conservative threshold to use
for these stands during soil moisture
conditions typical of the growing season.
Despite the clearly greater soil strength
in the pre-treatment plantation stands
compared with the undisturbed reserve
stands, this conservative threshold was
reached in the plantation stands only at
the deepest levels of the soil profile.

The difference in pre-treatment soil
strength in the treatment stands com-
pared with the soil strength in the undis-
turbed reserve stands suggests that the
majority of physical soil effects occurred
in the past — several decades ago, when
the sites were logged, with large trees
felled and skidded in multiple machine
passes, and the site prepared for regen-
eration. These stands are still under the
lagging effect of initial compaction, when
log loads were heavy enough to increase
soil compaction relatively deep in the soil
profile (Danfors 1974), as suggested in
figure 2.

While this study suggests that no
negative effects of soil compaction upon
growth may be expected from operations
in these soils, it is nonetheless important
to continue to monitor the cumulative
effects of repeated treatments over time.
Whether managed over the long term for
timber productivity, low fire hazard or
resilience to climatic stress, these planta-
tions and others in the Sierra Nevada will
be considered for mechanical treatments
as a wide variety of landowners consider
diverse objectives. Long-term monitoring
within the operational context and scales
used in this study will be important.

As more mechanical treatments are
repeated over time (a long-rotation planta-
tion may have three or four commercial
thins), possible outcomes include a com-
pounding upward trend in compaction
over time, no trend at all or a decreasing



trend as processes that cause physical soil
movement (e.g., freeze/thaw cycles) cause
a recovery from the initial and subsequent
harvests. Monitoring that includes a high
plot-level precision and untreated control
stands, as in our study, should detect any
correlation between soil compaction levels
and growth over time.

Management implications

Implications from this study are most
relevant for areas of the Sierra Nevada
mixed-conifer forest with similar soil
productivity and texture. Blodgett Forest
has a midlevel productivity for forests
classified in the upper tier of productivity
(i.e., site class I). Productive mixed-conifer
forests such as these are common between
900 and 1,800 meters on the western
slopes of the Sierra Nevada. Results are
most directly applicable to forests with a
similar loamy soil texture. Care should be
taken when extending the results to other
textures, especially clayey soils.

Potential effects of soil compaction
include changes in forest structure, soil
moisture holding capacity, resistance to
root growth and increased runoff. For
good reason, effects of operations on soil
compaction should be considered. While
coarser soils appear to be more resilient
to the effects of compaction, each compac-
tion event from mechanical treatments
may shift the soil, albeit slightly, toward
a finer texture by incrementally reduc-
ing pore size. If thinnings are done too
frequently to allow for recovery between
them, the soil may become vulnerable
to compaction, especially in terms of re-
duced water holding capacity on clayey
soils (Hill and Sumner 1967). Further
studies may help clarify the relationship
between soil strength and silvicultural
decisions such as commercial thinning
frequency and rotation age in plantations.

The degree of compaction observed
in this study is still far less than the de-
gree experimentally created by Gomez
et al. (2002), who compacted loamy soils
close to our study site to > 3,000 kPa be-
low 10 centimeters depth and still found
no significant effect of compaction on
above-ground tree productivity. Meeting
objectives of fire hazard reduction, timber
productivity or forest health using me-
chanical treatments in plantations such
as the ones studied here do not appear to
negatively affect productivity related to
increased soil strength, although repeated

Meeting objectives of fire hazard reduction, timber
productivity or forest health using mechanical treatments
in plantations such as the ones studied here do not appear
to negatively affect productivity.

treatments will be worth monitoring. Our
study adds to the large body of literature
suggesting that short-term objectives of
fuel treatments can be met with little neg-
ative consequences on major ecosystem
processes (Stephens et al. 2012).

This conclusion that negative im-
pacts can be avoided, however, assumes
that best practices are used to continue
avoiding negative impacts. Best practices
include, most importantly, avoiding op-
erations with heavy equipment when soils
are saturated with moisture. Additionally,
equipment that uses less ground force,
such as tracked rather than wheeled ma-
chines, are preferred. Over the long term,
the input of organic matter into soil may
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