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Logging Operations and Soil Compaction
Manisha Parajuli, PhD, Patrick Hiesl, PhD, Donald Hagan, PhD, Puskar Khanal, PhD
Clemson University, College of Agriculture, Forestry and Life Sciences, Forestry and Environmental Conservation Department

Soil is highly sensitive to improper logging activities that can cause long-lasting soil compaction and reduce forest
productivity, seedling growth, and survival. All logging operations can cause soil compaction; however, the extent and
severity of compaction depend on various factors such as soil type, harvesting equipment, number of machine cycles, time
of the year, and slope. Soil compaction during logging operations can be minimized by limiting heavy machinery in the
steep slopes, avoiding logging in wet areas, and applying slash and brush mats on the skid trails. Forest landowners,
managers, and loggers can use the information in this article to profit from logging and protect and minimize negative
impacts on the harvested site.

Introduction

Forest landowners may have multiple forest management objectives such as timber production, forest health, wildlife
habitat enhancement, recreation, or aesthetics. Different harvesting systems can be used to meet these objectives.
Worldwide, mechanized harvesting systems ranging from site preparation to final harvest is increasing. In South Carolina,
less than 2% of respondents of a logging business survey in 2017 reported using a chainsaw harvesting system.'

In the southeastern United States, the whole-tree harvesting method is most common. With whole-tree harvesting, trees
are cut and transported to the landing with the top and branches still attached to the bole. In this method, harvesting
equipment includes wheeled feller-buncher (figure 1), grapple skidder (figure 2), loader, and delimber.?
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Figure 1. Feller-buncher. Image credit: Manisha Parajuli, Figure 2. Grapple skidder pulling a pile of trees. Image credit:
Clemson University. Patrick Hiesl, Clemson University.

In addition, a delimbing gate (which has a large metal frame with cross beams) is sometimes used to break off many
branches before the tree is processed by the loader and pull-through delimber.? For a brief overview of mechanized
harvesting equipment used in South Carolina, see the Land-Grant Press publication, Timber Harvesting Equipment in
South Carolina (bit.ly/36hZwRx). The use of heavy machinery in logging operations can increase the productivity of the
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harvesting system.* However, heavy machinery can cause soil compaction and loss soil productivity, which consequently
affects regeneration establishment and tree growth.>”’

Factors Affecting Soil Compaction

Soil compaction occurs when soil particles are pressed together, reducing pore space between them, and increasing bulk
density (the weight of soil per volume). As Howard W. Lull said, “whenever you put a foot down on forest or rangeland,
you are to a degree compacting the soil.”® The extent and severity of soil compaction are influenced by several factors
such as soil texture, soil structure, type of machinery used, the number of machine passes, time of the year of harvest, and
slope.610

Soil Texture and Soil Structure

Soil texture refers to the relative percentage of sand, silt, and clay within a soil layer. A fine-textured soil has a high
proportion of finer particles such as silt and clay, while a coarse-textured soil has a high proportion of sand. Clayey soils,
sands, and sandy soils are difficult to compress, but moderately textured soils such as loam, silt loam, sandy loam are
easily compressed and are most susceptible to compaction. The relationship between soil compaction and soil texture
implies particular attention to soil conditions when logging on moderately-textured soils.!! The textures of South Carolina
soils range widely from deep sandy soils in the Coastal Plain and clayey ultisols in the Piedmont to steep rocky inceptisols
in the mountainous Blue Ridge region.

Soil structure refers to the arrangement of individual soil particles (sand, silt, and clay) in relation to each other and their
aggregation into varying sizes and shapes. Soil organic matter causes soil to clump and plays a significant role in forming
soil aggregates that improve soil structure. Therefore, an increase in soil particle aggregation enhances the capacity of soil
to resist heavy machinery pressure.®!? In the Piedmont region, as soil bulk density increases, porosity decreases, and
hydraulic conductivity also decreases to an average depth of 6.7 inches following whole-tree harvesting operations. '3

Machine-induced soil compaction is strongly affected by soil texture and structure, and the impact can last for decades.'*
16

Harvesting Equipment

Whether for site preparation or timber harvesting operations, equipment used in forestry can have different wheels, tracks,
load capacities, and sizes. The pressure on the soil varies with the number of wheels or tracks, size of the wheels or tracks,
the machine's weight, the load of the harvested timber, and tire pressure.!”!®* Most of the machinery used in logging
operations ranges from 11,000 to 121,000 pounds.®!*?* As the machine pressure exceeds the internal soil strength, soil
particles get pressed together, increasing soil compaction.?! On the one hand, compaction helps support the equipment, but
on the other hand, it can make the soil impenetrable for plant roots, influencing soil water relations and gas exchange.®

In deeper soil layers, machine pressure is less because the mechanical force is spread over a larger soil volume. Therefore,
when the pressure per unit soil volume decreases, soil compaction becomes less.?>** The highest degree of soil
compaction commonly occurs within the first 12 inches of the soil.?* However, it can also reach up to a depth of 39 inches
depending upon the types of equipment used, initial soil density, and soil moisture level

Numbers of Machine Cycles

A machine cycle is defined as one empty and one loaded trip. The number of machine cycles necessary for any harvesting
operation depends on the machine’s capacity and site characteristics. Regardless of the machine type, the soil’s bulk
density increases up to 50% with the first three passes.?®?” After ten passes, the bulk density of the soil increases at a much
slower rate.'
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Time of the Year

The time of the year when logging occurs impacts soil compaction potential as it correlates with soil moisture and rainfall
frequency. Soil moisture is the ratio of the volume of water held in the soil relative to dry soil. Soil compaction commonly
occurs when the moisture content in the soil is around 30%.%® Soil pore water acts as a lubricant of surrounding soil
particles, permitting easier movement.?’ Thus, an increase in water content reduces cohesion (togetherness) forces
between soil particles, decreasing soil weight-bearing capacity.?! Reducing soil weight-bearing capacity, in turn, increases
the risk of soil compaction.®

Slope

Forest soil compaction is unavoidable in logging operations and the degree and extent of soil compaction increase with
the forest slope gradient.>>%! As the slope increases, the degree of soil compaction by harvesting equipment can increase
faster (i.e., after relatively few machines passes), increasing soil bulk density while decreasing soil porosity.*? The strong
adverse effect of increasing skid trail slope on soil compaction is likely due to the difficulties in skidding on steep terrain
where machine wheels can slip, pushing soil particles closer together.*>** In addition, lower speed on a steep slope
increases the topsoil vibration that causes severe soil compaction compared to flat terrain.?’**** Further, changes in
machine weight distribution toward the rear axle when driving uphill in steeper terrain mean that the rear axle carries a
greater load, resulting in higher ground pressure for the same load than flat terrain. Bulk density and rut depth increase
with the increase of traffic frequency and slope. Therefore, ground-based logging operation is suitable for slopes less than
30%. For slopes greater than 30%, ground-based operations are feasible following some extra precautions to protect soils
and prevent erosion. However, in many instances, cable logging operation can be a better alternative 3%

Effects of Soil Compaction

Soil compaction detrimentally affects soil physio-chemical and biological properties, creating unfavorable plant growth
conditions and reducing plant productivity.>*** Compacted soil alters the physiological function of plants by affecting the
availability of water, minerals, and soil air and increases the potential for runoff and erosion. For example, research
conducted in the Coastal Plain region of South Carolina reported that the height of one-year-old loblolly pine seedling on
compacted skid trails was 40 to 50% less than height growth on non-compacted soil.*” However, all soil compaction is not
harmful to plant growth. In coarse-textured soils, moderate soil compaction can improve the capillary forces that slow the
downward movement of water and thus promotes tree growth. Similarly, in finer texture soil, the uptake of nitrogen can
be improved by soil compaction and retention of the forest floor 3%

Increased Bulk Density

Soil with low initial bulk density is the most vulnerable to compaction.*’ A soil with low bulk density contains many
macropores (pore spaces greater than 0.003 inches) that are easy to compact. As the macropores are compressed into
micropores (pore spaces less than 0.003 inches), soil bulk density increases, increasing soil resistance to compaction
forces. 234142

Surface soil compaction and bulk density of the upper eight inches of the soil profile are typically greater at harvested
sites than at unharvested sites, regardless of slope position, soil texture, or time of the year of harvest.* The amount of
soil compaction depends on the initial bulk density. For example, research conducted in Mississippi and Louisiana in clay
loam and loamy soils shows that when the initial bulk density of soil is 87.4 1b/ft* or more, it does not cause further
compaction because the soil is already dense.** However, forest soils generally have a bulk density lower than 87.4 1b/ft*
due to the high organic matter content and macroporosity. In the Piedmont region of the southeastern United States, soil
bulk density increased by 17% after whole-tree harvesting.'*> An increase in soil bulk density negatively affects forest
regeneration by inhibiting seed germination.*> Even if seeds germinate in the heavily compacted soil, they may not
survive because the emerging radicle will not penetrate the dense soil surface.*®
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Reduced Soil Porosity

When bulk density increases, soil porosity decreases.® Soil porosity is the volume percentage of the total bulk soil not
occupied by the solid particles but by air or water. Forest soils are especially susceptible to compaction due to their loose,
fragile structure and high porosity.’ In South Carolina, sandy subsoils have porosity values greater than 10%, sandy clay
loam soil porosity averages 9%, clay loam soil porosity is 7%, and clay soil porosity is 5%.*’

Harvesting equipment that passes over the soil surface exerts force onto the soil surface, compressing the soil and
reducing soil porosity.* When soil porosity declines, previously open spaces are filled with soil solids. Compaction
caused by machine traffic can reduce porosity up to 60%.5264° Regardless of soil texture, the total porosity of the soil
located in the operating machine trail is considerably lower than that of the undisturbed area. Soil porosity also decreases
consistently with increasing traffic frequencies.®?%4%-%

Roots rely on pore spaces in the soil to penetrate deeper into the soil profile, but in compacted soil, the pore spaces can be
too limited to permit the elongation and penetration of plant roots.’!*> As root growth is restricted, plants cannot exploit
the soil for nutrients and moisture, leading to stunted growth and seedling mortality.?!*

Decreased Hydraulic Conductivity

Reducing soil porosity through compaction simultaneously reduces water holding capacity, infiltration rate, and hydraulic
conductivity.* A decrease in water infiltration rate and hydraulic conductivity in forest soils could benefit plants in sandy
soils that would otherwise drain quickly. However, reduced soil porosity may also lead to soil water deficiency, increased
waterlogging, standing water on flat terrain, increased surface runoff, and erosion on steeper slopes.*!%3 In waterlogged
areas, plant roots are both more stressed and likely to come into contact with Phytophthora spp., a water-borne plant
pathogen that causes root dieback and eventual plant death.>* Similarly, upland plant species may die because their roots
are not adapted to permit gas exchange in saturated (low-oxygen) soils.>

Decreased Gas Diffusivity

Compacted soil has a higher carbon dioxide to oxygen (CO»:0,) concentration ratio relative to undisturbed soils. Higher
CO0,:0; ratios in compacted soils result from decreased gas diffusivity (gas interchange between soil and atmosphere).
When the CO,:0; concentration ratio increases, it impedes root respiration and root growth. When oxygen concentration
drops below the 6-10% range, it hinders the uptake of water and nutrients and can inhibit seedling growth affecting the
natural regeneration of the forest. *°

Potential Runoff and Erosion

Logging operations can cause crucial changes in the characteristics of the soil; they can remove the fertile topsoil and
herbaceous cover, alter soil characteristics, hinder forest regeneration, and reduce root growth.®**"-3 Bare and compacted
soils resulting from logging operations are potential sites for erosion and surface runoff.>* Surface runoff and erosion lead
to the loss of mineral nutrients. In disturbed or compacted sites, soil erosion begins with the detachment of the soil
particles from the soil mass. If harvesting is improperly implemented on a sloping site, timber extraction with skidders
could lead to high soil compaction and later to soil erosion and rutting, especially along skid trails.® Ruts function like a
pathway for water runoff on steep slopes, thus causing gully formation and soil erosion.*> When the slope becomes greater
than 25%, runoff risk increases substantially.® If compaction is extensive, increased surface runoff may also increase
stream flows after rainfall events, increasing the potential for channel scouring that contributes to water quality issues like
sedimentation.*s-61:62

Management Strategies

Increased heavy machinery use in logging operations can cause several negative environmental impacts, necessitating the
strict application of management strategies. The US Forest Service has a monitoring guideline that more than a 15%
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increase in soil bulk density is detrimental to forest sustainability and recommends applying soil compaction prevention
strategies during logging operations.®* Strategies for limiting soil compaction include minimizing skid trail gradients,
selecting suitable equipment, avoiding waterlogged areas, and applying slash and brush mats during harvesting.

Skid Trail Gradient

Skid trails are temporary trails constructed in the forest to connect the harvested area to the landing. A straightforward
technique to minimize soil compaction is to use designated skid trails to limit the extent of soil compaction.'>*? It is also
necessary to limit the length of logs transported on skid trails. Longer logs are more likely to extend outside the skid trail,
causing soil compaction when dragged over the soil.*>* Trail gradients exceeding 20% should be avoided when possible.*?
If unavoidable, only a few uphill skidding passes should be permitted at steep grades, considering the increased risk of
runoff and erosion on these slopes. Implementing best management practices such as installing water bars and soil
stabilization on hillsides are also recommended on steep trails. Soil stabilization includes mulching, rocking, seeding with
grasses, or using erosion-resistant fabrics. The South Carolina Forestry Commission provides specific recommendations
in the Best Management Practices (BMPs) for Forestry manual (bit.ly/3CH3BuE). The recommendation in the manual for
spacing water bars is 245 feet, 125 feet, and 80 feet when the slope is 2%, 5%, and 10%, respectively.

Selection of Suitable Equipment

Reducing heavy machinery traffic reduces the harmful effects on ground vegetation and forest regeneration. Reduced
traffic can be achieved using light equipment, increasing the number of tires, and using wider tires.?! Equipment with
wider tires or tracks placed around wheels can reduce soil compaction compared to equipment without tracks by
displacing machine weight over a greater surface area than tires alone.'® The effective reduction in compaction comes
from limiting the land area where heavy machinery operates, not necessarily by reducing machine cycles on a given skid
trail. Similarly, harvesting on a steep slope demands suitable harvesting methods and harvesting equipment. The cable
logging method is well-suited for use on steep slope areas because it causes a very low amount of soil disturbance
compared to ground-based logging systems.5>*” The degree of surface disturbance using cable logging systems is only 1%
compared to 5+11% for ground-based logging systems.®” In the southern upland hardwood forest, cable logging is suited
well on slopes greater than 30%.% However, the cable logging system is more expensive than a ground-based system.®
Cable logging systems are rarely used on flat terrain.

Avoid Waterlogged Areas

Swampy areas, bottomland hardwood sites, and other wetland areas have saturated soil for much of the year. Using
equipment with wider wheels or tracks provides low ground pressure and reduces soil compaction. Avoiding logging
activities in wet soil or allowing water to drain naturally is the best way to minimize soil compaction risk.”>’! Logging
under dry conditions can eliminate intensive site preparation and skid road rehabilitation costs.

Shovel logging is mainly used in wet bottomland hardwoods in
the southern United States. If waterlogged areas, swamps, and
other low-lying areas subjected to flooding still need to be
harvested, it typically requires the shovel logging method
(figure 3).” In this method, cut trees can be placed on the
ground to construct a temporary skid trail.”> The skidder uses
the same skid trail to harvest and skid timber during wet
ground conditions. These trails are also known as shovel roads.
The primary purpose of the shovel road is to prevent skidders
from sinking into the wet ground and reduce ground pressure
caused by the movement of skidders.® The shovel logging
method has less impact on the forest soil than other ground-

Fgure 3. Shovel logging Wth cut trees to costruct atemporary
skid trail. Image credit: Patrick Hiesl, Clemson University.

College of Agriculture, Forestry and Life Sciences

“‘s, COOPERATIVE EXTENSION

Land-Grant Press by Clemson Extension LGP 1135 Forestry and Wildlife Resources Igpress.clemson.edu Page 5


https://www.scfc.gov/wp-content/uploads/2021/03/best-management-practices-manual.pdf

based logging methods.” Equipment used when shovel logging has a high flotation undercarriage to provide a stable
operating base.

Slash and Brush Mats

Soil compaction can be reduced by applying slash and brush
mats and limiting the number of machines passes on a skid
trail (figure 4).2%2%7 The use of mats made from treetops and
branches is more effective because the machine’s weight is
spread over a greater area than the actual area of the
machine, which reduces the wheel pressure on the soil.” For
instance, brush mats of 3 to 4 Ib/ft* along machine operating
trails have less soil compaction caused by timber harvesting
equipment than the trail segments with no brush mats.” The
degree of soil compaction decreases as the amount of
logging slash applied increases. Heavy slash (8 1b/ft?) is
more effective in reducing soil compaction than light slash
(1.5 Ib/ft?).%8

Figure 4. Application of slash in the forest skld trail. Image credit:
The protective role of the brush mat is undeniable when Courtesy of Maine Forest Service - Forest Policy and Management.
compared to timber extraction over bare soil. Yet, using slash and brush mats cannot prevent compaction completely
because the soil under the brush mats can experience at least 18 inches of compaction.”

Strategies for the Recovery of Compacted Soil

Forest soil compaction during logging operations is unavoidable. The natural soil recovery rate depends on the type of soil
and depth of the compacted layer, where coarse-textured soils with a shallow compaction depth typically recover faster.%’
In the southern region, the natural recovery rate of compacted soil is very slow and may take as long as 60 years due to the
absence of freezing and thawing cycles.”””® The freezing and thawing cycle, macro and microbial activities, and function
of plant roots can naturally improve the compacted topsoil over time but not the subsoils. Site preparation treatments such
as bedding and mole-plowing can be used for speeding up the recovery process of the compacted soil.” Topsoil
compaction reduces soil productivity for a short period, but subsoil compaction impedes product1v1ty for decades.®’ If a
subsoil is compacted, subsoiling can alleviate compaction and increase soil

productivity. This practice is more common in the agriculture fields.

Subsoiling fractures a compacted soil to create larger pores space to allow
better water movement, better aeration, and access to minerals and nutrients
for plant growth.®! It should be performed as deep as compaction depth using
special equipment called subsoilers.®! A 3- to 6-inch wide shank (parabolic or
straight) subsoiler when pulled through the soil surface and generally cuts the
soil surface to a depth of 16 to 24 inches (figure 5).8* Subsoiling helps restore
an area that is previously compacted and supports the survival and growth of
seedlings. Subsoiling activities should be performed when the soil moisture
content is neither too wet nor too dry to avoid soil disturbance. In the
southeastern United States, the cost of subsoiling for forestry prescriptions
ranges between 40$/acre to 50$ per acre.?

Figure 5. Subsoiling using a parabolic Shank Subsoiler. Image credit: Courtesy
of Randy Rousseau, PhD, Mississippi State University, College of Forest
Resources. In: Mechanical Site Preparation for Forestry in Mississippi, 2019.
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Conclusion

Soil compaction has harmful effects on soil quality coincide with increased use of heavy machinery during logging. Apart
from the productivity and cost, landowners, loggers, and foresters should consider the impacts of logging operation on
forest soils susceptible to erosion and compaction. Slope, moisture content, and heavy traffic are significant factors
causing soil compaction during the logging operation. Soil compaction impedes soil productivity and limits the
germination and growth of seedlings and saplings in the forest. It is thus essential to ensure that logging operations do not
negatively impact soil productivity for future rotations. Soil compaction is caused by many factors that cannot be avoided
entirely but can be mitigated by limiting ground-based logging and adopting cable logging on steep slopes, avoiding
traffic in wet areas, and using suitable harvesting equipment. Forest landowners and managers should assess how their
harvesting activities might impact the soil conditions and plan to implement site-specific best management practices to
minimize and mitigate these impacts.
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