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Abstract 
T h e relationship between the forest, the soil and the harvest ing equipment must be understood if forest companies 

are to achieve sustainable and environmenta l ly acceptable forest practices. A s the soi l is both the pavement over 

which harvest ing and site preparation equipment must travel and the g r o w i n g m e d i u m for future harvests, the forest 

industry must understand the impacts o f equipment activity on future fibre supply . T o prov ide information on the 

interaction between forest equipment and the soils, the Forest E n g i n e e r i n g Research Institute o f C a n a d a organized a 

workshop for forest operations and agency staff, and contractors. M o r e than 80 people attended the workshop that 

was held in Whi tecour t , A l b e r t a on Febiaiary 26"', 1999. T h e focus o f the presentations was to prov ide the audience 

with i n f o r m a d o n and basic soil properties, soil mechanics and vehic le d y n a m i c s , and the effects o f compac t ion on 

soil phys ica l properties. In addit ion, other presentations inc luded summaries o f studies undertaken in westem C a n a d a 

on the impacts o f fe l l ing and sk idd ing equipment on forest soils, and impacts o f harvest ing activities on dec iduous 

and coniferous regeneration. F i n a l l y , management strategies for m i n i m i z i n g soil degradation were discussed. These 

Proceedings s u m m a r i z e the presentations dur ing the w o r k s h o p . 
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Forest Soils and Equipment Interface - Introduction 

The relationship between the forest, the soil and the harvesting equipment 
must be understood if forest companies are to achieve sustainable and 
environmentally acceptable forest practices. As the soil is both the pavement 
over which harvesting and site preparation equipment must travel and the 
growing medium for future harvests, the forest industry must understand 
the impacts of equipment activity on future fibre supply. 

This workshop focussed on the interface between harvesting equipment and 
the soil. The goal of the workshop was to present information to forest 
operations staff and contractors that would allow them to make decisions 
on equipment selection and operating techniques in order to minimize 
impacts on site productivity. Invited speakers discussed the principles of 
soil mechanics and vehicle dynamics as they related to forest harvesting and 
site preparation equipment. In addition, data were presented that documented 
the impacts of felling and skidding equipment on forest soils, and impacts 
of harvesting activities on deciduous and coniferous regeneration. Finally, 
management strategies for minimizing soil degradation were discussed. 

The workshop was fortunate in attracting both international and Canadian 
speakers with expertise in the fields of vehicle dynamics, soil mechanics 
and regeneration. Iwan Wasterlund's knowledge based on research from 
Scandinavia and around the world provided the audience with the principles 
of vehicle dynamics and a basic understanding of the interaction of a forest 
vehicle and the soil. In addition, he helped put westem Canadian forest 
harvesting issues with respect to soil degradation into a global context. This 
information was reinforced by presentations from westem Canadian experts 
in their respective fields: Donald Pluth, Divorlai Wulfsohn, Dave McNabb, 
Ken Greenway, John Senyk and Mike Curran. 



Basic Physical Characteristics of Forest Soils 

Donald J. Pluth 
Department of Renewable Resources 
University of Alberta 
Edmonton, AB 

This presentation focussed on five fundamental factors that determine the 
physical characteristics of forest soils: soil composition, soil texture, water 
flow and retendon, soil drainage and soil horizons. 

Soil Composition Soll is composed of four phases: mineral, organic, water and gas (Figure 
1). The mineral and organic phases (soil solids) make up about half the soil 
volume and are relatively constant. The other half of soil volume is composed 
of air and water (pore space). This fraction is dynamic and the proportion 
of either can shift over a daily or longer time period. The solid fractions 
regulate the movement of air and water. The associated pore sizes and their 
continuity influence the proportion of water retained and its flow rate. 

Figure I. Soil composed of four 
phases: mineral, organic, 
water, and gas. 

The mineral phase consists of two general particle (or grain) sizes (Table 1): 
coarse fragments are particles >2 mm diameter and fine earths are particles 
<2 mm diameter. The fine earths can be subdivided into sands (between 0.05 
to 2.0 mm), silts and clays. In general, the basis for characterizing soils comes 
from the fine earth fraction. However, coarse fragments found in soils in 
mountainous regions may have as much influence on physical and chemical 
properties as the fine earth fraction. For purposes of this workshop, the coarse 
fragments will not be discussed because they are not a major component of 
boreal soils. 



Table 1. Particle size (grain size) of mineral phase 

Soil particel Diameter Comment 

Stoney >25 cm 
Cobbly 8-25 cm "Coarse fragments" 
Gravelly 0.2-8 cm 
Sand 0.05-2.0 mm 
Silt 0.002-0.05 mm "Fine earth" 
Clay <0.002 mm(<2pm) 

The distribution of phases with depth is important from the standpoint of a 
soil being a rooting medium and also from the standpoint of a soil being 
subject to loading by traffic. Figure 2 shows the distribution of components 
in a sandy loam soil with no coarse fragments. The solid fraction (organic 
and mineral phases) occupies about 60% of the volume and the balance 
consists of micro- and macro-pores (subdivided by pore size) that determine 
the soil characteristics. Micropores are most modified by traffic. 

Under gravity, water drains from macropores whereas water is retained in 
micropores. Coarse-textured horizons, e.g. sandy loam, tend to have a greater 
proportion of macropores than micropores. The proportion of micropores 
tends to increase with soil depth, resulting in greater water retention and 
slower water flow. 

Figure 2. Distribution of components 
in a sandy loam soil 
profile. 
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Soil Texture Texture is one of the most primary soil characteristics and determines other 
soil properties. Soil texture is determined by the relative proportions of fine 
earth particles (sand, silt and clay). The soil texture diagram is used to 
establish classes (Figure 3). The % clay is shown on the y-axis (increasing 
upwards) and the % sand on the x-axis (increasing to the right). The silt 
fraction is not directly represented but because only the fine earth fraction 
is being considered; the % silt is determined by the difference (that is the 
total of sands, silts and clays must add up to 100%). The textural class with 
about equal proportions of sand, silt and clay is clay loam (found in the centre 
of the soil texture triangle. Clay content is highest in the upper part of the 
triangle, silt content is highest in the lower left comer, and sand content is 
highest in the lower right. 



Figure 3. Soil texture triangle. Soil Texture 
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Soil Water Flow and energy concept can be used to explain how water is retained and moves 
. in soil even though the water phase is variable in time and space in soil. 

KeieniiOn Basically, water moves in soil in response to a gradient difference in water 
potential. The term water potential refers to the fact that at higher values 
the potential is greater than at lower values. The highest value by convention 
is zero potential and lower values have increasingly negative potential. It 
should also be noted that water content will decrease, that is the proportion 
of voids (porosity) of air will increase as the water content decreases. 
Therefore, the volume of water is equal to the porosity and the water potential 
is zero at saturation. 

In Figure 4 the amount of water in the soil increases to the right. At saturated 
condition all pores are filled and gravity will drain the largest pores (macro) 
down to an equaUbrium point called field capacity (assuming no plants are 
extracting water). Evaporation will mean further possible losses toward a 
lower potential. The matric potential or suction component is measured using 
the pressure unit, kilopascals. As values for matric potential become 
increasingly smaller, i.e. larger negative values, more energy (work) is 
required to remove a gram of water from soil.The critical values for soil 
water are: saturation (0 kPa when the soil is flooded); field capacity (from 
zero to -33 kPa when water can drain from the soil by gravity) and wilting 
point (-1500 kPa or the maximum pressure roots can exert to remove soil 
moisture). Oven dried soil would have very low water potential. 
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Field capacity is the content of water remaining in a soil a few days after 
being wetted and free drainage nearly ends. The number of days required 
for drainage of gravitational water generally increases with higher clay 
content and with the absence of soil structure, and the time to achieve field 
capacity will vary. In some soils field capacity may be reached in hours, 
while in other fine textured horizons it might take a few days. If the soil is 
initially saturated by a heavy rainfall, the pore size distribution in the upper 
part of the soil profile will ultimately determine the time to reach field 
capacity. 

Field capacity may be estimated by a laboratory method where the applied 
pressure is 33 kPa (a matric potential of-33 kPa). A tensiometer instrument 
can measure soil matric potential in the field. 

Texture can be related to water retention and water flow. Figure 5 
summarizes data for soil horizon samples with <1.0% soil organic matter 
and from forest soil profiles to 120 cm depth containing the most common 

Figure 5. Relationship between field 
capacity and clay content 
(dominantly layer 
silicates). (Curves 
generalized fi-om data in: 
Verma, T.R. 1968. 
Moisture balance in soils 
of the Edmonton area. 
PhD thesis, University of 
Alberta, Edmonton.) 
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clays, layered silicates. The clay contents ranged from 1 to 76%, silt contents 
from I to 74%, and sand contents from 2 to 94%. The textural classes 
represented by Verma's data are shown on the x-axis with the coarsest 
textured soils on the left and the finer textural classes on the right. 

The data shows that water content at field capacity (-33 kPa) is curvilinearly 
related to clay content. Also note that as clay content increases above to 
20-25 (clay loams and finer textured horizons) there is no further increase 
in water content at field capacity. 

Two primary inputs are required to identify ecosite in the absence of a plant 
community - soil or site moisture regime and soil nutrient regime. Soil 
drainage classes (Table 2) are an important part of identifying the site 
moisture regime. Natural soil drainage classes are distinguished by 
differences in the length of the period during the growing season when a 
soil is wet (water content > field capacity) and by the depth to the wetness. 
Both aspects are influenced by water retention and rate of water movement 
(saturated flow), and by the source of water additions to a soil profile, i.e., 
precipitation, groundwater or a permanent water table. 

Table 2. Soil Drainage Classes" 

Very rapidly 
Well 

Moderately well 
Imperfectly 

Poorly 
Very poorly 

' Related to available water capacity, water 
flow rates and groundwater 

Recognition of drainage classes is by color patterns and other observable 
features that indicate long-term trends in degree of wetness in a profile. Those 
colors are responsive to water that is retained in the soil (at field capacity) 
and also to the effect underlying soil textural classes may have on regulating 
water flow. For example, if a soil profile has a coarse textured horizon over 
a finer textured horizon, then the lower fine horizon regulates the flow of 
water through the coarser surface horizon. As a result, the coarser surface 
soil horizon may have dull colors or mottling (speckled coloring) that indicate 
water content is above field capacity for significant periods of time. 

Water content in a profile during a given year may deviate from an average 
condition when the amount of precipitation varies widely among years. This 
deviation occurs in very rapidly drained to imperfectly drained soils in which 
precipitation is the main source of soil water. 

During years following clearcut harvesting of trees in humid climates, forest 
soils are commonly wetter because of reduced loss of soil water via 
transpiration. 

Soil Drainage 



Soil Horizons ^ layered material consisting of four distinct layers: a surface organic 
horizon and three underlying mineral horizons (Table 3). In boreal regions 
organic materials accumulate in the surface region in three distinct horizons. 
Underneath the surface layer is an upper mineral horizon (A horizon) where 
'something' has come 'in' (organics) or 'something' has 'left' (clay; iron, 
aluminum, or organic matter). Underneath the A horizon, the B horizon is a 
zone that accumulates the products that have 'left' the A horizon (clay, iron, 
aluminum or organic matter). Underneath the B horizon, at about the ±l-m 
level the geologic material, the C horizon is encountered which is very little 
modified. 

Table 3. Soil Horizons 

Organic horizons 
L - Litter, organic material clearly recognizable 
F - Fragmented, organic material partially decomposed 
H - Well decomposed, plant structures indiscernible 

Mineral horizons 
A - enriched with organic matter; or leached or organic matter, clay, or iron/aluminum 
B - enriched with organic matter, clay or iron/aluminum; or structure developed; or 

color changed 
C - geologic material 

Climate and organisms exert the most influence on soil development along 
with geology, relief (topography) and time. While the geologic material is 
the major determinant of texture (proportions of sand, silt and clay) soil 
forming processes will modify the texture vertically in the A and B horizons. 
For example, one modification occurs when clay moves out of the A horizon 
into the B horizon over time. The result is a coarser-textured A horizon and 
a finer-textured B horizon that retards downward water flow. The result is 
a wetter A horizon over time compared to a soil without the underlying finer 
textured horizon. This type of profile is refered to as a luvisol, and is the 
dominant soil order in the plains (boreal) region in westem Canada. All 
luvisols have an eluviated or leached A horizon (light colored) where clay 
has been removed and an iluviated B horizon where clay accumulates. The 
amount of clay in the parent material will ultimately control how much clay 
is available to move downwards and results in a coarse-over-fine 
stratification during soil formation. As a result, the soil textures of glacial 
till parent materials in the plains region are loam and clay loam. The A 
horizon of these soils will have a texture with lesser clay (silt loam) and the 
B horizon will have more clay (clay loam, clay) than present in the geologic 
material. 

The B horizons with the highest clay contents wet and dry seasonally. The 
aggregates can be clearly seen when examined in September when there is 
little soil moisture because the clays shrink with low water content. However, 
the aggregates are less clearly defined when observed in May when the clay 
swells due to higher water content. 



Soil Mechanics in Forestry 

Iwan Wasterlund 
Division of Forest Technology 
SLU, Umea 
Sweden 

This presentation is divided into two parts: general soil mechanics and the 
machine and soil interaction. 

GENERAL SOIL 
MECHANICS 
Static loading 

Figure 1. Pressure - sinkage 
relationships. 

The bearing capacity of a soil is often tested by just loading the soil. By 
varying the size of the foot, sinkage curves can be made (Figures 1 and 2) 
as well as equations for increase of soil bulk density. 
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Based on the static load theory, Hadas (1994) made an interesting overview 
reviewing a number of published articles. His conclusions were: 

• With a softer soil, the distribution of stress will be narrower but will 
penetrate deeper. 

• A larger/wider tire dimension will dimish the contact stress. 

• Increased axle load will linearly increase stress at certain depth and 
penetrate deeper. Double the load and the penetration will go 1.4 times 
deeper. 

• Smaller loads than previous should not cause further compaction. 

• No substantial differences in soil compaction or soil density between 
wheeled and tracked tractors may be expected (Figure 3). 

• Rate of loading may influence the degree of soil compression (Figure 4). 

• For a layered soil (soft over hard) it is to be expected a greater stress on 
top soil. 

• It is not the axle load per se that causes most deep compaction, but rather 
it is the tire dimensions, contact stresses, number of passes, soil density 
and water content distributions, the resulting soil strength and the 
previous stress that causes most deep compaction effects. 

Figure 3. Comparison of soil bulk 
density data after wheeled Tracked versus Wheeled tractors 
and tracked tractors 
(Hadas 1994). 

1.45 1 

1.2 H ^ ^ 1 
1.2 1.3 1.4 1.5 

Bulk density under wheeled 



Figure 4. Soil compression 
coefficient C as function of 
soil water content and 
compression rate (slow 
oedometer, fast Proctor 
test). Redrawn after Hadas 
(1994). 
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Soil strength measurements There are a number of tools to determine soil strength in the laboratory. They 
will be only briefly mentioned and the first two methods give the compression 
strength of the soil: 

• Uniaxial compression. Compression of the soil in one direction. For 
cohesive soils the diameter of the test cylinder must be at least the same 
as the height otherwise the wall friction will influence the result. 

• Proctor test with a falling weight hammering on the sample with e.g. 25 
blows. Gives the maximum density of the soil and the influence of 
moisture content on maximum density. 

• Triaxial strength test involves also shear strength of the soil by putting 
a pressure on the soil in three directions. 

For field measurements further equipments can be used: 

• Cone penetrometer. A cone is pressed with a certain rate into the soil with 
reading of the pressure. Used for instance to determine mobility in the 
US Army. 

• Shear vane is a rod with wings and by turning it around the shear strength 
is measured as the torque needed to turn it around. It does not work on 
frictional soils. 

Bekker (1969) introduced the annular shear test (also referred as the the 
Bevameter method). By combining a plate test with a shearing device 
(Figures 5 and 6) the strength of the soil can be determined based on Mohr 
diagrams. The soil shear strength can be formulated as: 

X-C + atancj) 
Where c= cohesion and tan(|) is the soil friction and o is the applied stress. 



Figure 5. Shear annulus device. Diameter 

Figure 6. Data analysis after shear 
annulus tests. 
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The in situ shear stress tests has mainly been done non-vegetated areas and 
may not be the correct method for forest soils with roots. Shoop (1989) tested 
three methods (direct shear, shear annulus, and triaxial) on calculated data 
from an instrumented vehicle wheel and found only the undrained trixial 
tests related to the perfomance of the vehicle. 

Most people may think that wheel slip is something very unnecessary and 
what we refer to may be, e.g., when a wheel is slipping on ice. In 
terramechanics slip may be something very necessary to engage the soil 
strength and get most tracdon (Figure 7). If the soil is not too brittle (e.g. a 
dry gravelly soil with round stones), most traction can be obtained at 10-
30% slip. A farmer plowing a clayey field could have his tractor wheels 
slipping with about 25-35% to produce the needed traction. 

Figure 7. Examples of shear strength 
with varying slip (x-axis). 



On the other hand, sHp may also disturb the soil and introduce shear forces 
in the soil. Very few data exist on how shear and slip influence soil 
compaction. One of the few studies (Raghavan et al. 1977) shows that slip 
may increase soil compaction considerably (Figure 8) in the range of 10-
30% slip. Further studies on slip and soil stresses are being done at the 
National Soil Dynamics Laboratory in Auburn. 

Figures. Changes in dry bulk 
density with increased slip 
(after Raghavan et al. 
(1977)). 
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Principle soil strength tests were done in Sweden with a test rig simulating 
a wheel (Wasterlund 1990). Sinkage and displacement were measured under 
load and traction. It was found that the humus layer is extremely soft and 
already loads of 50 kPa compressed it about 2 cm. Maximum tractive forces 
followed the friction coefficient 0.6-0.65, which is the coefficient used in-
practice for dry conditions. However, when increasing the traction above a 
certain limit, the root mat broke (clearly audible) and usually no higher 
traction could be obtained with increased slip (Figure 9). Sinkage during 
displacement showed a new appearance of the forest floor not described 
earlier in the general soil mechanical theory: At low loads the vegetation 
and the root mat can withstand some slippage without almost any sinkage 
at all! The conclusion is that the forest floor vegetation and the root 
armouring play a major role in the forest soil strength. 



PQQt3 The strength of the tree roots and rhizomes found in the upper horizons must 
be of importance for the strength of the forest floor. The numbers of roots 
and rhizomes may be between 150 to 1 000 per square meter surface area. 
In two seminars works by the students it was found that roots of Scots pine 
and Norway spruce may have a tensile strength of 14-16 N mm"̂  cross 
sectional area on bark and an extension of 8-20%. Rhizomes of Calluna 
vulgaris and Vaccinium myrtillus had a tensile strength of 18 and 21 N mm ^ 
and extension of 8 and 6% respectively. The high extension values indicate 
that the mat is elastic and does not break until a certain load or shear force 
is applied on them. 

Some models for the root contribution of the soil strength have been published, 
but they are not easy to use. Wasterlund (1993) proposed a new equation for 
soil strength calculations with the root component as an additive factor: 

X = c + p tan + S_. 

where 

X = soil shear strength, e.g. in N m"̂  
c = soil cohesion, for coarse grained soils without stones about = 0 
p = nominal footprint pressure, kPa 
tan = the friction angle, about 0.6 for wheels 
Ŝ  - the root part of the total soil strength, N m"̂  

Ŝ  = k • RA • s , 

where 

k = constant, about 0.5-0.6 
RA = tree root and rhizome cross sectional area in the footprint, cm̂  per m̂  
surface area 
CT ^ = tensile strength of roots, N cm"̂  cross-sectional area 

With 150 cm̂  roots per square meter footprint area, and a root strength of 
18-20 kN cm"̂ , the total soil strength would increase with about 150 kN m'l 
This could mean an increase of the soil strength of about 50-75%. Thus, for 
both the trafficability and the mobility of forestry machinery, it is important 
to keep to root mat intact. Observe that this is contradictory to the theories 
of general soil mechanics. 

Looking at possible machine traffic on the forest floor in a mechanized forestry, 
we may find up to six machine entries in the stand after the site preparation 
(Wasterlund 1992). It is then assumed that the site preparation is successfully 
remoulding the soil damage after the clear-felling operation and a planting 
machine is attached to the site preparation machine or non-existing. 

The first machine entry is the cleaning/spacing machine which may influence 
an area of about 20% when doing selective spacing. With row cleaning it 
may influence up to 50% of the area. One or two entries of that machine 
may be necessary. Commercial thinning operations could be done 1-5 times 
during the rotation of the stand. At selective thinning and with road spacing 
from 15 meter to 30 meter, the influenced area could be 12-25%. At row 
thinning the influenced area could amount to 37%. Very few data exist on 
influenced area at clear felling from Europe but rough estimations indicate 
about 30% of the area may be influenced. Deep rut formation and soil 
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damage are reported on 30 to 50% on the used tracks but reports on even 
100% soil disturbance may be found. Thus, the machine trails from different 
forestry operations could usurp 15-35% of the site area and half of that area 
could be markedly disturbed. These figures motivate clearly ambitions to 
reduce soil damage from machine traffic. 

In a theoretical approach on literature data, Wasterlund (1992) made 
calculations of probable real ground pressures and tractive forces in the 
contact area. The calculations were based on results from an Australian study 
showing that the maximal contact pressures are about 1.6 times the mean 
contact pressures and acting on the inner half of the contact area radius 
(= 1/3 of the contact area). The skidder with load was assumed to have the 
same mass as the forwarder just to make comparisons between these two 
types of yarding machinery. The results (Table 1) shows that the tractive 
forces are very high in the skidder due to the dragging resistance and a 
harvester just propelling itself should impose very small shear forces on the 
soil. Thus, from a soil disturbance point of view, it should be better to carry 
the timber than to drag it, and harvesters should, with reasonable weights 
and ground pressures, cause only small damage to tree roots and soil. 

Table 1. Estimated traction data for three types of forestry machines (Wasterlund 1992) 

Type Harvester Forwarder Skidder 

Mass, kg 10 000 18 000 18 000 
No. of wheels 4 8 4 
Real mean ground pressure ( J , kPa 83 115 150 
Contact area (A), cm̂  3 000 2 000 3 000 
1/3 of contact area (A/3), cm̂  1 000 667 1 000 
Needed tractive force with uneven 
torque distribution, kN 2.5 5.3 13.0 

D:o for 1/3 of contact area, N cm"̂  2.5 7.9 13.0 
Max. ground pressure, 1.6 x ,̂ kPa 133 184 240 
Extractable traction, p ^ „,» M=0.6, 
Ncm-2 8.0 11.0 14.4 

Attempts to model the forestry machine as soil-vehicle connections started 
with a literature study on soil-tyre interface models (Lofgren 1992). It was 
decided that for simulations of forestry machinery a model incorporating 
radial springs for describing tyre deflection and soil deformation should be 
chosen. However, the work on modelling was later changed towards studying 
dynamic forces on a vehicle. The resuhs of the modelling work will most 
likely be published during year 2000. 

Two Swedish projects have been dealing with the design of the machine 
and how it influences the soil measured only as rut formation (Myhrman 
1990; Karlsson & Myhrman 1991; Lofgren 1991). In experiments on soft 
soil (a cultivated peatland to have uniform subsoil) a number of machines 
with somewhat different design were driven straight or in curve up till ten 
passages. In summary the experiments showed: 

1. With increasing number of passages the mt depths increased and more 
rapidly if the machine was heavy and/or had a high nominal ground 
pressure. 

The forestry machine 

Machine mass and ground 
pressure 



2. Generally the rut depths increased with a combination of machine 
mass and ground pressure. Some machines had less rut depths than 
expected without the real reason could be pin-pointed. 

3. By increasing the size of the tyres from 600 mm wide to 800 mm, the 
rut depth was reduced to 50%. However, the result is based only on 
one soil type and should be repeated on other sites for validation. 

4. By reducing the inflation pressure from 340 kPa to 100 kPa may reduce 
more than half of the rut depths. The results indicate also that with 
high inflation pressure it may be of benefit to reduce the load 
somewhat. 

5. Four wheeled harvesters had about the same mt depths when driving 
in a curve as when driving straightforward. Six or eight wheeled 
machines (with one or two bogies) had doubled ruts depths when 
driving in a curve compared to driving straightforward. An 8-wheeled 
machine with steering of the wheels in the bogie had only a 25 per 
cent increase in the rut depths when driving in a curve that had even 
a smaller radius than other bogie equipped machines. 

6. In practise, a 600 mm tire with CTI was equal to a 800 mm wide tire 
without inflation control. 

Jansson & Johansson (1998) compared a tracked and wheeled 20 ton 
machine. The wheeled machine caused much deeper ruts but the alterations 
in deeper soil layers were similar and soil bulk density increased down to 
40-50 cm depth. In a Finnish study it was shown that the weight balance of 
the vehicle may have influence on the rat formation, a front heavy machine 
caused deeper rats than a rear heavy although the same total mass. Thus, 
about equal weight balance or slighter heavier in the rear would be 
favourable. 

Transmiss ion Presently there are four types of transmissions common on forestry 
machines. The mechanical transmission has a rigid connection to the engine 
via gears and axles and is the most energy efficient type if only considering 
the efficiency within the transmission. A hydrodynamic transmission with 
a converter will help the operator to perform on slopes but has some 
drawbacks in downhill driving. With a hydraulic pump and motor between 
engine and gearbox it becomes easier to keep a desired speed. In forestry 
there is a great need to have all wheel drive. Since all of these transmission 
types have fixed gear ratio between front and rear, different loading of the 
machine will introduce necessary slip in one or the other way. An all-
hydrostatic transmission with hydraulic motors in all wheels may have quite 
low energy efficiency and may cause very little wheel slip. However, since 
the motors are more or less independent, a slip control may be needed and 
with a such one, the transmission can be rather good to bring efficient traction 
to the ground. 

In a Swedish shady it was found that a mechanical transmission with all wheel 
drive may cause wheel slip and restraints in the transmission just because 
of different rolling radius of the wheels (e.g. due to different loads). It was 
therefore of interest to study the torque distribution of an all hydrostatic 
driven forwarder (Mohr & Eriksson 1993). This forwarder had a much better 
torque distribution than the one with mechanical transmission but still when 



driving in curves, negative torques could appear on some wheels. An anti-
slip control was developed on the vehicle and different types of control 
designs were tested. With all wheels separately controlled, slip was almost 
totally eliminated. With a simpler, patented and rather cheap solution a 
reasonable reduction of induced slip was achieved. At a forced slip situation, 
slip was reduced with 30% and mobility actually increased. However, slip 
control seemed not to influence fuel consumption. 

Conclusions: Mass, weight balance, ground pressure and torque distribution 
are factors that will influence the mt formation. When driving in a curve 4 
wheeled machines make less ruts than machines with bogies. However, with 
a steered wheel in the bogie, skid steering can be avoided and the reduced 
ground pressure with a bogie utilised. 

Tires can be bias-ply, radial or a combination. The construction is of 
importance how the tire behave in different situations. Reduced inflation 
pressure can be dangerous for bias-ply tire. Lugs on the tires are to improve 
the traction and it seems that some think that high lugs gives good tracdon. 
It may be so in a few situations but generally 2-3 cm lugs are enough because 
higher lugs give higher rolling resistance and net traction may not be 
improved (Dwyer 1983). 

With a mechanical transmission the engineers may have built in some 
differences in the gear ratios between front and rear part. One reason is to 
give the machine better perfomance when loaded and another reason is to 
give an articulated steered machine better stability. Thus, to start with, we 
may have 2-3% slip built-in in the machine. Next thing is that the tires are 
made with a certain tolerance and usually the diameter tolerance is 1.5%. 
Assume a tire with 1.1 m in diameter. This tire can have a circumference 
between 3.4 to 3.5 meter giving 2.9% slip if both are running on the same 
gear ratio. 

Slip is often defined as: Slip = (l-(real trav. distance/theoredcal distance)) 
•100%. With only little traction to propell our forestry machine forwards, 
the machine may have about 5% slip. 

To study the influence of slip on mt formation, Ala-Ilomaki & Saarilahti 
(1990) made a small trailer with a forced-slip axle. By making it as model 
test on peatland, the principles of load (W), degree of slip (s) and soil strength 
(as cone resistance, CI in psi) could be studied. They found the mt depth 
after 5 passages (RD) to be: 

RD = 0.7»W»(s'-^'/Cp54) 

According to the results, wheel slip plays a greater role in the mt formation 
than wheel load or ground pressure. At 12% slip hardly any part of the track 
had damaged surface and only a depression was visible after 5 rans but at 
64% slip the damage was 100% already at the first run. 

Later on a study was made on one forwarder where the slip versus grade 
was studied when the transmission had locked differentials (Ala-Ilomaki, 
1993). The average slip due to traction mechanics was found to vary with 
inclination, grade, and load. Between zero and + 20% slope the slippage of 
the empty forwarder varied from 4 to 10 per cent and when loaded (@ 9 tonnes) 
it varied from 4 to 12 per cent respectively. Zero slip was found at -10% 
grade indicating some restraints in the transmission. 

Slip and tires 



Conclusions: Slip may increase the wear of the soil and thus increase the 
rut formation. Driving on only gently undulating terrain and carrying the 
load the slip is rather small as long as the surface structure is not too rough. 

The nominal ground pressure (GP) of forestry machinery has been usually 
calculated as: 

GP = W/(r • b • n) 

Where 

W - axle load 

r = radius of the tire 

b = width of the tire 

n = number of tires of the axle. 

An advisory technical group (RTG in Sweden) constracted this equation as 
a simple device for comparisons of ground pressures between different 
machines in 1969. It has been regarded as a rather unprecise and most likely 
an underestimation of the real contact forces but works quite well for the 
comparisons between different machines. However, a revisal of the formula 
seemed necessary, especially since the formula does not take into account 
effects of inflation pressures. To do so, it would be necessary to obtain more 
precise data on contact pressures. 

The Danish Institute of Forest Technology tried to get new data for the 
contact pressures by using a piezo electric thin film to put on the ground 
under a mnning wheel. Although the film had been used in Scotland for 
similar purposes, it was found that the hysteresis was too severe for 
successful measurements. Later on they found another type of film that could 
be used for similar measurements: a resistive rubber. Problems to finance 
the needed instramentation delayed the subproject so it could not be finished 
within time span of the Nordic project. However, later testing of the rubber 
film indicates that it might be possible to use this film even on a deformable 
sandy soil. So far, no practical good solution has been found. 

A bogie on a forestry machine may be different to a bogie on a truck, where 
two axles close enough could be considered as a bogey. On forestry machines 
the wheels are often connected in a bogie beam to give both traction and 
the same speed to both of the wheels. A tandem construction of this latter 
type gives the wheels the properties of one large wheel that incorporates 
both of them. Thus, the tandem construction will get good traction and 
bearing capacity. The bogie beam will also give better riding comfort by 
decreasing the obstacle heights. However, there are two drawbacks with a 
bogie. One is the skid steering in curves and the other one is the tendency to 
lift up the front wheel at high traction. Unless a steering of the wheels in 
the bogie, the only way to reduce the shear forces is to have tires with round 
shoulders. The momentum to lift the bogie at high traction depends on the 
momentum arm, and the new constructions with a small arm has made them 
almost neutral. 

Tracks can be put on a bogie to improve traction and somewhat the bearing 
capacity and can be of many different kinds. The main thing to observe is 



how the tracks are constructed. Older types have the linkage between the 
track shoes somewhat below on the tire to keep track on place on the tire. 
The problem is that this connection point has less rolling radius than the 
tire. The track will run with different speed than the tire and there must be 
some slip in between. Tests on newer types of tracks have shown less fuel 
consumption of the vehicle indicating energy was spent on something else 
than forward movement. For snowy or wet conditions a good track could 
improve traction and reduce mtting. 

Load transfer to the soil in an experiment with normal tires and about 40% wider tires and inflation 
pressures of 100 versus normal 180 kPa on a forestry equipped farm tractor, 
mt formation and soil strength was measured (Theilby 1990). It was found 
that mt depths decreased with 20% by having the wide tires and further 20% 
by having reduced inflation pressure. Soil strength - measured with a cone 
penetrometer - gave corresponding readings: With increased size of tyres 
the maximum penetration resistance decreased and decreased further with 
decreased inflation pressure. Of even more importance is that the depth where 
most compaction occurred was decreased in a similar way: With normal tires 
and normal inflation pressure maximum cone resistance was found at 42 cm 
depth but with wide tyres and low inflation pressure it was found at 21 cm. 
An attempt to use water infiltration rate as another measure of soil 
disturbance failed due to the stoniness of the soil. 

In Norway an experiment on weak and wet soils was conducted with a 
forestry equipped farm tractor (Dale & Nitteberg 1993). Three versions were 
tested: (a) with a trailer, (b) with a winch, and (c) with dual wheels rear and 
a winch. The trailer had undriven wheels (400-15.5). With 3 m̂  load the 
trailer got stuck after 5 passages (20 cm rut), winch with single tires was 
stopped after 9 times (14 cm mt) and with dual tires it was stopped after 18 
times (13 cm mt). The mt formation followed actually quite well estimated 
maximum nominal ground pressures of the combinations: the trailer 125 kPa, 
winch about 80, and with dual tires about 45 kPa. The soil was very wet, 
which might decrease dragging resistance of the timber but increased the 
rolling resistance for the tires. Soil density was measured with a strata gauge 
showing that the rut formation was caused by a plastic flow of the soil. 
Actually most compaction occurred under the vehicle causing less rut 
formation because the load was light enough to just consolidate it and not 
cut through the whole surface mat immediately. 

Soil measurement methods One difficult part of the assessment of the soil damage is to choose methods 
for determination of the damage. In one experiment it vyas decided to test a 
number of different methods, use them on different sites and them make an 
evaluation. Rut depth, cone resistance, water infiltration rate, soil density 
with a strata gauge and root excavation were tested (Jansson and Wasterlund, 
unpublished). As with the Danish experiment, it was found that the water 
infiltration method is useless on stony soils but it may still be of some interest 
on fine sediments. The strata gauge was found too sensitive for wheel passage 
on certain conditions, which meant it started to read wrong moisture content 
in the soil. A calibration and test programme showed that the strata gauge 
determined very precisely the wet bulk density but was less good to determine 
moisture content with (Jansson 1999). Root excavation method may be of 
some continued interest, especially if a more precise method for root damage 
assessment can be done instead of visual inspection. Furthermore, a good 
survey method has to be developed since the variability of the soil makes it 
virtually impossible to use a statistical approach at least for some of the 



THE INTERFACE: 
EFFECT ON TREE 
GROWTH 

methods. The conclusion so far is that we need to measure the soil 
disturbance in a number̂ of ways and there is a need for continued 
improvement and standardisation of the methods. 

The interface between a forestry machine and its surrounding involves too 
many and very complicated factors. The presentation above discusses a 
number of factors that has to some extent been studied and yet we have rather 
vague ideas how different machine parameters will influence the soil. Mass 
of machine seem to one single factor of major importance and another factor 
could be to avoid too aggressive ground contact. 

One example succesful machine introductions was a study of damage and 
growth effects after selective mechanised cleaning/spacing. The main input 
from that project was to indicate ground pressure values at which seedling 
and young tree growth was affected by a slowly propelling machine with 
small tractive forces. It was found that ground pressures (calculated as shown 
above) below about 60 kPa and machine weights below 6 tonnes hardly 
influenced the growth of seedlings nearby a wheel rut (the arrow in Figure 
10). An eight-wheeled machine with a ground pressure of 90 kPa caused a 
reduction of the seedling growth during 3-4 years after the treatment 
(Wasterlund 1990). 

Figure JO. Rut depths at different 
maximum nominal 
ground pressure of the 
cleaning machines. The 
arrow points on the 
ground pressure below 
which no negative 
growth effects were 
obtained (Wasterlund 
1990). 
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Load distribution on the machine could be worthwhile to check further both 
to control the loads on the machine but also to avoid unnecessary soifdamage 
by having very even weight distribution. Vibrations are rather well studied 
from operator point of view but so far poorly studied concerning the impact 
on ground. Number of passes allowed on the same trail is a very disputable 
thing. It dependes very much on the soil type and the vegetation. Presently 
there seem to be few data to support a general recommendation valid for 
more than one machine type. For completely other reasons, there is a trend 
in the Nordic countries to test a combined vehicle (harvester-forwarder) but 
in some circumstances it would undoubtedly reduce the traffic in the stand. 

Finally, looking at Figure 11, we may conclude that maybe the most 
important question is to reduce slip. Unnecessary slip is just a waste of energy 
just pushing soil from one side to another. In the same moment we reduce 
slip, we may also reduce soil damage. To be able to reduce slip both machine 
constructors and machine operators should be involved. The first category 



Figure 11. Slip (x) versus soil 
disturbance (y) in an 
old Swedish experiment 
with a SM 868 
forwarder on a 
striproad without slash. 
Within brackets the 
number of passages. 
(After Bjdrkhem et al, 
1983). 

•m B. m n 

to make the machines more efficient and the other to handle the machines 
in a more gentle way. Don't cmsh the roots! 
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Compactability of Forest Soils and 
Its Effects on Soil Physical Properties 

David H. McNabb 
Alberta Research Council 
Edmonton AB 

Trafficking of soil can cause several changes in soils if stresses, regardless 
of source, exceed those that the soil has experienced previously (McNabb 
1995). Soil compaction is one of the most ubiquitous types of soil 
modification, and some is needed to increase traction of soils with 
insufficient soil strength. Soil compaction increases soil strength by 
increasing the contact between soil particles (McNabb and Boersma 1993), 
as a result of decreasing air space and consequently increasing soil density. 
Compaction is often measured as bulk density, which is the mass of oven-
dried soil per unit volume, or as void ratio, which is the ratio of the volume 
of voids (volume of soil occupied by air and water) to volume of solids. 
Rutting, puddling, and remolding of soil are other types of soil modification 
that are sometimes associated with trafficking of soil by heavy machines, 
and their relationship with compaction depends on a complex interaction 
of soil strength, wetness, size of machines, number of passes, and depth of 
wheel penetration (McNabb 1995). However, soil compaction is generally 
the most common type of soil modification resulting from using ground-
based logging machines on mineral soils. 

Understanding the process of soil compaction, the resultant changes in soil 
properties and the consequences of soil compaction on ecosystems and 
ecosystem processes are complex and involves scientific and technical 
expertise of many scientific disciplines (Froehlich and McNabb 1984). The 
interaction of machines and soil is in the domain expertise of terramechanics, 
geotechnical, and agricultural engineers, and soil physicists. The resultant 
changes in the soil properties that may affect soil biological processes are 
in the domain of soil scientists. Understanding the consequences of soil 
compaction on trees, erosion, and ecology generally involve another set of 
domain expertise including hydrologists, ecologists and ecophysiologists. 
There is no consistent and direct link between soil compaction, the changes 
that compaction has on soil properties, and the consequences that compaction 
has on trees or the environment. Only about 80 percent of the time has 
compaction been linked to reduced tree growth (McNabb and Froehlich 
1984), and understanding of when and where compaction reduces growth 
depends on what soil properties have been changed and the ecosystem in 
which it occurs (McNabb and Campbell 1985, McNabb 1995). 

This paper provides an overview of recent research on the compaction of 
forest soils that has relevance to addressing questions of the compactibility 
of these soils, and the potential to predict and manage the risk of soil 
compaction by forest harvesting equipment. Some of the changes in soil 
physical properties that result from the compaction of boreal forest soils 
will be discussed with respect to machines, but it will not be a detailed 
discussion of the changes or the implications. The discussion will focus on 
managing risk, but the ecological consequences of compaction on tree 
growth and ecosystems process will not be address. 

Manager, Forest Resources, Alberta Research Council, Bag 4000, Vegreville, Alberta T9C 1T4. 

Introduction 



The identification of soils that are most susceptible to compaction became 
a serious issue in the Pacific Northwest in the early 1970's. The issue was 
driven by a poor understanding of the process of soil compaction in a region 
where two-fold difference in the bulk density of natural soils occurred 
(Froehlich and McNabb 1984). Volcanic soils had extremely low bulk 
densities as a result of their unique mineralogy when contrasted with the 
more conventional soil types. Large differences in the susceptibility to 
compaction based on texture and coarse fragment content were often 
assumed (Boyer 1979), and these concepts of soil compaction were adopted 
in westem Canada (Corns and Annas 1986). The scale used for these ratings 
is based on agronomic soil taxonomy, and not the classification of soils from 
an engineering perspective. 

The susceptibility of a soil to compaction needs to be primarily based on 
differences in soil texture. The differences in soil strength are much more 
complex than implied by soil texture. The role of soil wetness as a factor 
affecting the compactability of soil is generally under estimated. 

Soil strength is most influenced by particle size distribution, and the amount 
and type of clays. The amount of silt and clay is a dominant factor used to 
classify coarser-textured soil. The effects of the amount of clay and type of 
clay, estimated from tests of soil plasticity, is more important in classifying 
finer-textured soils. Generally, forests only grow on a small portion of the 
range of soils for which an engineering classification of soil applies. When 
saturated, only the coarsest-textured forest soils will have soil strength 
estimated as good (Table 1). Most forest soils will have a strength of fair to 
poor. Soils with a saturated strength of good are generally droughty because 
they contain few fines. 

Table 1. Relative strength of mineral soils commonly found in forest. Classification of the soil is based on the 
unified soil classification system. Plasticity index is based on the Atteberg Limits, and mineralogy is 
whether the amount of expansion of the clay minerals undergo as the soil becomes wetter; expandable 
clays are generally of 2:1 layer construction and the less expandable clays are generally of 1:1 layer 
construction. 

Classification 
Sand (>0.074 mm)/ 

Plastic limit, and index Mineralogy 
Compacted, 

saturated strength" 
Dry 

strength 

SM <50%, high index 1:1 Good None 

SC 2:1 Good to Fair None 

ML <50%, low limit, low index 1:1 Fair Low 

CL <50%, high limit, low index 2:1 Fair Med-High 

MH <50%, high limit, low index 1:1 Fair to Poor Low-Med 

CH <50%, high limit, high index 2:1 Poor High+ 

" USDIEaith Manual (1974). 
" Terzaghi and Peck (1967). 

Compactibllity and the 
Strength of Forest Soils 

In contrast to the saturated strength, the dry strength of these soils is reversed 
(Table 1). The most plastic, fine-textured soils have very high strength. The 
strength increases in fine-textured soils because of the large increase in 
particle-to-particle contacts that result from drying whereas the change in 
contacts of relatively small for coarser-textured soils (McNabb and Boersma 
1996). 



The deformation of soil under stress is also dependent on the type of 
measurement and the specific method used. The measure of soil deformation 
generally depends on the specific application of the data, and careful 
consideration must be given to using the data for other applications. The 
three general types of deformation tests are consohdation, compressibility, 
and compaction. Consolidation tests are done on saturated soil and rapid 
deformation is controlled by the hydraulic conductivity of the soil. 
Compression testing of soils is similar to consolidation but done on partly 
saturated soil. The decrease in volume is rapid because air displacement is 
nearly instantaneous. Consolidation and compression tests are static tests 
because the applied loads are maintained for a long time interval. 
Compaction tests are dynamic tests in that the soil load is repeatedly applied 
to the soil and removed to more closely simulate trafficking of soils by 
machines and other equipment. 

Consolidation and compression testing of soil is often followed by a shear 
test to determine soil strength. Whether the soil is confined during testing, 
and the extent that water pressure is controlled before and during shear 
affects the resultant strength. The lack of strength of the dry soil in Table 1 
is a resuk of the sample not being confined during testing. Nevertheless, 
dry fine-textured soils increase in strength rapidly as a result of the increase 
in effective stress and increases in particle-to-pardcle contacts as water 
potential of sod decreases with drying (Bishop and Blight 1963, McNabb 
and Boersma 1996). It is partly the differences in soil strength as a result of 
drying that prevents making an accurate estimate of the susceptibility of soil 
to compaction based on texture possible (Table 1). 

Measurement of consolidation and shear strength of forest soils with a wide 
range of natural bulk density has provided new insight into the susceptibility 
of forest soil to compaction. Consolidadon and shear strength of saturated 
soil indicate that low bulk density soils had a significantly higher shear 
strength and have a lower compression index than a soil with a higher natural 
bulk density (McNabb and Boersma 1993). The bulk density of individual 
samples collected over a distance of a few meters also varied considerably, 
although the deviation in shear stress as a function of applied normal stress 
was much smaller. The conclusion was that the natural bulk density of soil 
was a function of the shear strength of the soil. Soils with a high shear 
strength have a low bulk density because they can better withstand the natural 
forces of consolidation and compression, whereas weaker soils will 
compress to a higher bulk density. 

Surface soils also have a shear strength that is higher than would be~expected 
for a soil of similar texture from deeper in the soil profile. The increase in 
strength is attributed to the effects of desiccation resulting from repeated 
wetting and drying cycles and other contribution of soil biochemical 
processes to the development of stable aggregates that increase soil strength 
(Yee and Harr 1977). The low stability of aggregates in boreal forest soils, 
however, suggest that the relative increase in strength as a result of 
desiccation and biochemical processes may not contribute as large an 
increase in shear strength as expected in temperate climates. 

Compaction testing of forest soils has also indicated a small difference in 
the rate of bulk density increase that can be attributed to soil texture 
(Froehlich and McNabb 1984). At a water content in the range of field 
capacity, coarse-textured soils that are well-graded (particles will rearrange 
to pack tightly), and fine-textured soils with expandable clay mineralogy 

Consolidation and Shear 
Strength of Forest Soils 



increase in bulk density with changes in water content more than a poorly-
graded coarse-textured soil and soils with less expandable clay minerals. 
The overall impact on the susceptibility of a soil to compaction was small, 
and limited to a soil wetness in the range of field capacity. 

Several factors affect the compaction of forest soils including the engineering 
properties of the soil and wetness, load of the machine, wheel slip, number 
of trips, tires, and speed. The load on the front or back axle of a machine 
also is greatly influenced by the load and the slopes over which the machine 
travels (Lysne and Burditt 1983). Loading of soil is a dynamic process and 
can not be directly inferred from averaging the weight of the machine. 

In direct comparison of machines, standard-track tractors caused a larger 
increase in density than a rubber-tired skidder or a low ground pressure 
machine (Froehlich et al. 1980). The increase in bulk density decreases as 
the width of the tire increases (Greene and Stuart 1985). To develop more 
specific data on the compaction of boreal forest soils, ARC in conjunction 
with Alberta Environmental Protection and seven forest companies initiated 
a soil compaction project in 1994. The first objective of the project was to 
model soil compaction as a function of soil and machine attributes. The 
study was replicated at 14 sites across westem Alberta on sites that were 
scheduled for summer logging. 

At each site, skidding was controlled on four replicated experimental plots 
in cutblock. Each replicate consisted of a control, and skidding treatments 
of 3, 7, and 12 cycles. A cycle was one empty and one loaded trip over 
adjacent, 40 m straight sections of skid trails. The variation in machines 
was less than anticipated: 11 sites were skidded with grapple skidders 
equipped with wide-tires (0.8 and 1.1 m in width); 2 sites were skidded with 
forwarders used in short-wood harvesting; and one site was skidded with a 
Cat D4H TSK. Soil bulk density was measured on soil cores pressed into 
the soil at an average depth of 5, 10, and 20 cm. A total of 192 soil cores 
were collected at each site. Air-filled porosity and soil water potential was 
measured in the field immediately after skidding. Soil water retention and 
the related effects on soil aeration were measured on a second set of 
undisturbed cores. 

Only two details of the study will be presented in this paper: the effects of 
skidding cycles on bulk density of the entire study; and the relationship 
between the probability of significant soil compaction as a function of soil 
water potential. Other relevant results will be included as comments as to 
some of the effects on soil physical properties. 

Trafficking by skidders and forwarders caused a significant increase in bulk 
density after 3 cycles (Figure 1). For all but one site, where soil water 
potential differed among soil depths, the increase in bulk density with depth 
were proportional, i.e., the effect of trafficking consistently affected all 
depths. Although bulk density continued to increase with more cycles, the 
increase from 3 to 7- or 12 cycles was not statistically significant. The other 
characteristics of these curves is that they flatten at higher cycles and are 
assumed to become asymptotic at higher skidding cycles. The shapes of 
these curves are similar to those developed by Froehlich et al. (1980) for 
another set of machines used in northern California but the bulk density 
differs. 

Compaction of Alberta 
Forest Soils 



Figure J. Relationship between bulk 
density and number of 
skidding cycles for 14 sites 
on medium- to fine-
textured soils in western 
Alberta. Each point is the 
average of 224 samples 
taken at an average depth 
of 5, 10, and 20 cm. Sites 
were generally skidded 
with wide-tired skidders 
(0.8 to 1.1 m in width) or 
short-wood forwarders. 
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When data for each site were analyzed separately, the increase in bulk density 
after 3 cycles was statistically significant at 9 sites, but not at the other five 
sites. An increase of bulk density of as little as 5 percent was sufficient to 
be defined as significantly compacted in these analyses. The level of 
statistical significance was defined as a probability of less than 0.05. The 
probability of statistical difference in bulk density between the control and 
the 3-cycle treatment is a continuum scale varying between one and 
approaching zero as the difference increases. This measure of the relative 
increase in bulk density was used in some analyses of the factors affecting 
the compaction of the soils. 

In the process of selecting sites and treating sites over the late summer and 
two falls, a wide range of soil wetness was sampled. The initial analyses of 
the data found a strong relationship between wetness of the soil and whether 
a site was classified as significantly compacted during the trial. Water 
content is a highly variable measure of soil wetness, but more importantly, 
it is not directly related to the strength of partly saturated soil. However, 
soil water potential, the negative pressure or positive suction that soil water 
is held in soil, does have a direct impact on the strength of partly saturated 
soil based on the concept of effective stresses in soil (Bishop and Blight 
1963). As soil water potential decreases and becomes more negative, the 
stronger a soil becomes. The probability of significant compaction was 
related to the water potential of soil at the time of skidding (Figure 2). Only 
soils at the highest, least negative, water potential were significantly 
compacted at p < 0.05. The lack of statistical significance occurred at a 
water potential of -10 to -20 kPa. This water potential is in the range of 
field capacity for most undisturbed forest soils. The classical definition of 
field capacity is the water content of soil that is free to drain after a couple 
of days. However, heavy or frequent precipitation and poorly drained soils 
may prevent soils from draining to field capacity and the soil may remain 
wet for a longer period of dme. 



Figure 2. General relationship 
between the probability 
that bulk density of soil 
will increase after three 
skidding cycles and soil 
water potential. The lower 
the probability is, the 
greater is the difference 
between non-trafficked 
soil and three skidding 
cycles. Horizontal line at 
p=0.05 is a standard 
reference to a significant 
difference. The soil 
becomes drier as the value 
of water potential becomes 
larger (value becomes 
more negative). 
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The relationship between the probability of a significant increase in bulk 
density and soil water potential has several important management 
implications. Firstly, these data include all the skidders and forwarders. 
Short-wood forwards are just as likely to cause significant compaction as a 
skidder when operating on wet soils. The slash depth deposited on trails 
during harvesting with these machines was thin and was insufficient to reduce 
the impact on the soil. Secondly, the soil water potential at which significant 
compaction can be anticipated can be easily monitored with a hand-held 
tensiometer. One measure of soil water potential can be taken in the range 
of field capacity in less than one minute, with a field instmment that costs 
less than $1000; however, they are somewhat fragile and have to be 
maintained. The altemative is to estimate soil consistence, which is also 
dependent on soil water potential. For this test, the soil is molded into a 
clod by hand and if squeezed or flattened with force, does not cmmble or 
break if of medium- to fine-texture. Soils meeting this. criteria_are wetter 
than field capacity and will be significantly compacted. If the soil is 
relatively easy to mold but breaks with deformation, some compaction is 
likely but the increase in bulk density will not be significant. If the soil can 
not be molded, then soil will not be deformed. These mles apply to soils 
trafficked by skidders with tires of approximately 1.0 m in width and short-
wood equipment. The rules would not apply for equipment with 
conventional tires or tracks because the soil would have to be substantially 
drier than field capacity to avoid a significant increase in bulk density. 
Finally, the lack of significant increase in bulk density at a soil water potential 
drier than field capacity means that managing soil wetness can be an effective 
strategy for reducing the risk of soil compaction in many ecosystems. 

The increase in bulk density was proportional to the decrease in air-filled 
porosity. In fact, on wet soils, air-filled porosity decreased until only trapped 



air remained; the air filled porosity at which gases can not diffuse or flow 
through soil is about 0.10 mVm̂  (Xu et al. 1992). An analysis of the pore 
size distribution of undisturbed cores showed that only the pores that were 
drained of water at the time of skidding were affected by the compaction. 
However, these large pores are responsible for most of the pore volume for 
water to infiltrate and flow in the soil, and soil gases exchanged with the 
atmosphere (Froehlich and McNabb 1984). If the soil water potential was 
lower than field capacity, the drier soils, the effect of trafficking on pore 
size distribution was negligible. The failure of pore size distribution in the 
smaller pore sizes to be altered implies that soil stmcture was not destroyed, 
although soil aggregates were packed more closely together (McNabb 1995). 
This was also collaborated by field observations of compacted soil not 
breaking into horizontal plates caused by shearing of the soil stracture during 
compaction. Therefore, compaction of these soils with machines with a 
relatively low ground pressure was not as damaging to soil physical 
properties as possible with other machines. However, the loss of the large 
air-filled pore space needed for gas exchange when the soil is wet has serious 
implications with respect to on the ability of compacted soils to remain 
aerated when they are wet. 

The companies or contractors participating in the Alberta study had already 
switched to wider-tires or other lower ground pressure machines by the time 
that this study was initiated. However, several points can be made regarding 
the amount of compaction and the conditions under which compaction will 
occur with lower ground-pressure machines versus conventional machines. 

The benefits of using wide-tires on skidders are several for reducing the 
impact of machines on soil. Wider-tires on skidders reduce the increase in 
bulk density of soils (Greene and Stuart 1985). Wide-tires can reduce mtting 
and the depth of ruts, which damages soil stmcture to considerable depth, 
increases the elevation of the soil surface, and disrupts soil hydrology 
(Heidersdorf and Ryans 1986, McNabb 1993). Although wide-tires allow 
machines to operate on very wet soils without causing visible damage 
(shallow mts) to the soil, the soil will be significandy compacted (Figure 
2). Results of the Alberta study indicated that if soil modification is limited 
to compaction, the damage to soil porosity is primarily limited to the 
macroporosity. Machines with higher ground-pressure increase soil density 
over a wide range of soil wetness (Froehlich et al. 1980), but the increase in 
bulk density and loss of air-filled porosity is limited to a narrow range of 
soil wetness when wide-tires are used (Figure 2). Thus, there is a wider 
range of soil water content over which skidders with wider tires can operate, 
and still have a negligible effect on soil. 

The high water contents at which soil is susceptible to compaction by wide-
tired skidders, makes management of soil wetness an effective option for 
avoiding soil compaction. The ability to relate significant levels of soil 
compaction to a specific range of soil water potentials also means that 
monitoring soil water potential at the time of harvesting would be an effective 
technique for assessing whether the soil was compacted during harvesting. 

Previous emphasis on textural differences in soil for assessing their 
compactibility has been over estimated. Soil strength is the functional 
determinant of the amount of modification that a soil will undergo when 
trafficked by wheels or tracks of forest harvesting equipment. Although 
biochemical processes and desiccation increase the strength of aggregates 
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in the finer-textured soils, it is assumed to be less important in boreal forest 
soils. Therefore, medium- and finer-textured soils have relatively similar 
strength when wet, and a strength obviously less that of coarser-textured soils 
(McNabb 1995). However, decreasing soil wetness increases the strength 
of medium- and fine-textured soils more than for the coarse-textured soils, 
which can cause the same fine-textured soils to have a strength equal to or 
greater than coarse-textured soils (McNabb and Boersma 1993,1996, Table 
1). Soil wetness is the single most important factor determining whether a 
soil will be significantly compacted based on the evaluation of wide-tired 
skidders and forwarders monitored in Alberta. 

Texture does affect the probability of whether significant compaction will 
occur by its affects on water movement in the soil profile and lengthen the 
time that a soil may remain wet. Finer-textured soils are generally less well-
drained, hence, they are more likely to remain at a soil wetness higher than 
field capacity than do coarser-textured soil following rewetting by 
precipitation. Finer-textured soils also require that more water be removed 
by evapotranspiration for the soil water potential to decrease; thus more days 
are likely necessary for finer-textured soils to dry. The overall consequence 
is that finer-textured soils are likely to maintain at water potentials in the 
range that significant compaction can occur longer than coarse-textured soils. 
Therefore, the number of days that finer-textured soils will be susceptible 
to significant compaction will be higher than for coarser-textured soils if 
soil wetness is not managed prior to harvesting. 

Choice of machines was not rigorously tested in Alberta because current 
harvesting is mostly done with grapple skidders, but the two sites where 
forwards were used were significantly compacted similar to skidders when 
the soil was wet (Figure 2). Although slash was deposited in trails in front 
of the harvesters, the depth of slash from harvesting boreal forests is relatively 
low. The slash has neither the depth to spread the load over a wider area or 
the rigidity to not flex and allow the soil to compact underneath. 

Managing soil wetness is key to minimizing soil compaction, and efforts to 
manage soil wetness are more likely to be successful when sites are harvested 
with wide-tired skidders. This is because significant compaction only occurs 
when the soil is at a soil wetness of field capacity or higher. According to 
the classical definition, this is period of two more days after the last 
precipitation if the soils are free-to-drain. For poorly drained soils, it may 
take longer for soil wetness to decrease. Scheduling forest operations to 
maintain the forest cover is important for managing soil wetness. Standing 
trees and an undisturbed forest floor will intercept more precipitation than 
will felled timber on a compacted litter layer, mainly because the evaporative 
surface is reduced by felling. Precipitation in the form of showers often does 
not wet the mineral soil because of this interception. The most important 
role of trees is their ability to transpire large volumes of water through their 
leaves or needles; this process will dry soils much lower than field capacity. 
Once the trees are felled, soil wetness is unlikely or will take a long time 
without precipitation to dry below field capacity. The importance of standing 
trees for drying soils was reinforced on a field trip in northwest Alberta 
several years ago. Frequent showers was slowing harvesting of previously 
felled trees because cutblocks often had water standing in depressions of 
the poorly-drained clay soils, but the soil beneath the canopy of the adjacent 
forest on the same soil type was powder dry. 



Priority should be given to harvesting stands on finer-textured soils when 
they are dry because of the probability that finer-textured soils are likely to 
remain susceptible to compaction for longer periods. For the same reason, 
it is also more important that the trees are left standing on finer-textured 
soils and when felled, they should be skidded immediately. Felling trees 
when the soil is wet will result in the soils remaining susceptible to 
compaction for long periods of time. 

The susceptibility of soil to compaction is the same in the summer or winter 
if the soil is not frozen. Soils in Alberta seldom freeze more than a few 
centimeters if the snowpack is at least 50 cm in depth. Snow has to pack to 
a substantial depth if it is to reduce soil compaction alone. The advantage 
of winter logging, is that once the snow is packed, soil can freeze rapidly. 
Hence, skidding on trails of compacted snow or progressively skidding 
longer tums to allow the more heavily trafficked portions of the block to 
freeze are effective techniques for minimizing soil compaction in the winter. 

The effects of texture on the susceptibility of soil to compaction are less 
than commonly assumed. Soil wetness is a dominant factor determining if 
soil will be significantly compacted, particularly for machines of lower 
ground-pressure such as skidders with wide-tires and forwarders. These 
machines cause less structural changes in soils, but still causes significant 
compaction when the soil is wet. An important advantage of using wider-
tired skidders is that the risk of significant compaction is more manageable. 
Soil is only susceptible to compaction in the range of field capacity, which 
is achieved in a few days if it does not rain and the trees are allowed to 
transpire water Managing felling and skidding operations to maximize soil 
drying is the most effective strategy for avoiding soil compaction. 
Monitoring soil wetness at the time of skidding is also an effective method 
of assessing whether a harvested site was significantly compacted when 
skidders with wide-tires are used. 

The emphasis on soil wetness and less on soil texture from the perspective 
of the susceptibility to compaction does not apply to issues of the ecological 
consequences of soil compaction (McNabb and Campbell 1985). The 
consequences of compaction on tree performance and other soil processes 
have to be assessed from the perspective of the specific ecosystem. Thus, 
compaction of finer-textured soils may adversely affect soil aeration, 
whereas a coarser-textured soil may remain aerated although it is also 
significantly compacted. The effects of soil compaction on soil processes 
and tree performance under these contrasting conditions have yet to be 
quantified in Alberta. 
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Paquin, Mr Rod Kusiek and Mr Hai Van Nguyen. 
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Harvest Equipment Impacts on Aspen Regeneration: 
Direct and indirect effects 

Ken Green way 
Alberta Research Council 
Edmonton AB 

Introduction Aspen regeneration after harvesting is predominantly vegetative 
reproduction from the sprouting of suckers from lateral near-surface roots. 
As a result any impacts harvesting equipment may have to the site will also 
impact the regeneration potential by altering the roots and/or their 
environment. Equipment impacts can be broadly classed into direct impacts 
that directly affect the living root mass, or indirect impacts that alter the 
microsite environment which in someway control the number or growth of 
suckers produced. Injuries to the parent root system constitute the largest 
single direct impact from harvesting equipment. Soil compaction and 
alterations to the insulating material (live plants or inert debris) are the largest 
indirect impacts of harvest operations. 

The level (severity) of any site impact is directly related to the type of 
equipment used, the way in which the equipment is used (or misused), and 
the site conditions at the time of use. As such, equipment impacts are as 
dynamic as the site conditions and method of use. Thus a skidder can be 
used to harvest aspen and have no significant impact on the regeneration, 
but the same piece of equipment with a different operator under different 
site conditions can destroy much of the aspen regeneration potential. 
Furthermore the level of impact a piece of equipment will have on block-
level aspen regeneration is a direct function of the spatial extent and 
frequency of travel the equipment makes within a cutblock. Since skidders/ 
forwarders repeatedly pass over the full extent of the block they are the most 
likely to impact the site. 

However, there are no "high impact" pieces of equipment, rather the range 
of site conditions over which a piece of equipment will have minimal impact 
on aspen regeneration will differ for each piece of equipment and site 
condition. By and large those conditions for which alterations to soil 
properties are likely are also the conditions under which aspen regeneradon 
will be most seriously impacted. 

The soil matrix can be viewed as buffering material between the equipment 
and the roots and their environment. Additional layers of material (snow/ 
slash/duff) will provide extra buffers to reduce direct injuries to roots. 
Soils with high strength will resist deformation and therefore also act to 
buffer the roots from direct injury from the equipment, as well as resist 
soil compaction (see other papers, this proceedings). Reduced soil air 
space due to compaction is likely to have the single greatest inhibitory 
impact on aspen root sucker production and subsequent growth. So site 
conditions that facilitate soil compaction and so indirectly lower the sites 
regeneration capacity will also facilitate the greatest amount of direct 
injury to the roots. 



Aspen Regeneration 
Basics 

Direct Equipment 
Impacts 

If we are to understand how equipment may impact aspen regeneration, it is 
important to summarize the conditions under which aspen will regenerate 
successfully. As noted before, the vast majority of aspen regeneration after 
harvest is from near-surface lateral root suckers. For these suckers to initiate 
and grow successfully, several conditions must be met. Firstly the parent 
trees must be removed to set up the necessary ratio of plant growth regulators 
(hormones) to initiate bud development. Secondly the amount of sucker 
initiation is regulated by soil temperature so that in cold soils, aspen 
regeneration can be very minimal. Thirdly, as with all plants, root 
development and growth requires oxygen, thus in conditions of low available 
soil oxygen sucker initiation and growth is restricted. Finally, there must be 
a well-distributed network of healthy roots to produce a good crop of suckers. 
With respect to harvesting operations, the first condition is always met, 
however soil temperature and level of aeration can be significantly changed 
after harvesting and direct root injuries from harvesting equipment can occur. 

A cautionary note is in order in regards to equipment impacts and harvesting 
where aspen in the desired future crop. Whereas with conifer plantation 
forestry there are options to reverse (to varying levels) the negative impacts 
harvesting has on site properties, the options for aspen harvesting are very 
limited. In aspen, harvesting IS the silvicultural technique. The ability for 
site preparation is limited to aboveground manipulations, since any below 
ground treatments run the very high risk of further damaging the roots upon 
which the future crop is based. There is added pressure on those responsible 
for aspen management to ensure that harvest operations are not viewed 
isolation from the reforestation aspect. What happens to a site during 
harvesting is what the regenerated stand will have to contend with for many 
years to come. Natural processes to reverse negative impacts to soils can 
be very slow (see other papers, this proceedings). 

Any equipment that moves over a cutblock has the potential to injure aspen 
roots. The bulk of the root mat lies at the interface of the LFH and mineral 
soil and extends into to mineral soil only to 10-15 centimetres. Bmising 
and scuffing of root bark are common in areas where equipment tracks or 
tires break through to the root mat. High strength soils (frozen moist soils 
or dry, fine textured soils) will reduce the amount of direct root injury under 
moderate to low levels of equipment traffic. However, with very heavy levels 
of traffic, in the absence of a sufficient buffering layer (snow or dufO some 
direct injuries are likely. The most obvious root injuries are seen where the 
duff and upper mineral soil horizons are displaced such as in landings and 
heavily used skid trails. Decking areas are particularly hard hit if skidders 
are used to build high and/or "neat" decks. The repeated forward and reverse 
motions coupled with multiple turning manoeuvres usually result in exposed 
mineral soils and roots. Similar results can occur where delimber/processors 
are used. This is particularly tme in cases where multiple log sorts require 
considerable manoeuvring of the equipment with the resultant displacement 
of most of the buffering material exposing the roots to direct machine contact. 
Furthermore, the size of the lugs particularly on tracked vehicles may pose 
a significant threat of root damage potential. Lugs will penetrate through 
any buffering layer due to the very high pressures at their leading edge 
(massive weights placed on a very finite lug tip surface area). If the length 
of the lug is sufficient to penetrate through any buffering layers, breaking 
and scarring of the aspen roots is very likely. 

We have found that roots collected from areas immediately behind log decks 
(i.e. just beyond the tips of the decked trees) had considerably more visual 



injuries when collected from the summer-harvested portion of a study block 
than roots collected from winter-harvested half. The level of the injuries 
was 4% of the root length in, summer-harvested versus only 1 % in the winter-
harvested portions. Furthermore, there was a significant though weak 
negative correlation between the amount of injury a root had suffered and 
the number and biomass of suckers that sprouted from that root under ideal 
growth chamber conditions. More direct injuries of aspen roots will reduce 
the amount of root stock available to produce suckers, and the suckers that 
are produced will likely be fewer and smaller than in areas with little to no 
impact. 

Indirect Equipment 
Impacts 

Any action that alters the soil environment can help or hinder aspen 
regeneration. The two most common alterations of the soil caused by 
harvesting equipment is to change the insulating layers above the roots, and 
compact the mineral soil changing the soil physical properties. Increased 
insulation will lower mean soil temperatures and slow soil thawing in the 
spring. Reduced soil temperatures will reduce aspen regeneration and later 
spring thaws will reduce the productive growing season length, thus possibly 
reducing aspen growth. The mechanisms of soil compaction as a result of 
equipment type and operations is covered in other sections of these 
proceedings and will not be discussed further here. Rather results showing 
how changes to soil compaction influence aspen regeneration will be 
demonstrated. 

The most common natural soil-insulating layer is the organic material 
deposited from dead plant matter (the LFH layer). Live vegetation including 
both the above ground aerial portions and the below ground root mats can 
also have a significant insulating effect on the soils. Thick duff layers and 
heavy grass thatches (Hogg and Lieffers 1991) have been shown to reduce 
summer soil temperatures and delay spring thawing. The link between soil 
temperature and aspen sucking has been well demonstrated (see Peterson 
and Peterson 1992, 1995 for discussion). Depending on the season of 
harvest, lesser vegetation cover may be significantly reduced by the skidding 
process. This will aid in increasing the radiant energy reaching the soil 
surface and should help to increase the soil temperatures (relative to heavily 
vegetated areas). Furthermore, light to moderate levels of traffic can bring 
about displacement of the LFH layers with can aid in reducing the impact 
of this insulating layer. Such an effect, however, comes with the significant 
risk of also causing direct root injuries. When soils of high strength are 
covered with a think organic insulating layer, displacement of this layer can 
occur without the associated negative impacts of root injuries and/or 
compaction of the mineral horizons. In this situation, equipment' 
displacement and/or compaction of the insulating duff or live vegetation 
layers may have a beneficial impact on aspen regeneration. The far more 
common impact of equipment, however, is to increase the insulating layers, 
particularly from accumulations of bark and fine branch materials at the 
delimbing site. 

Delimbers and processors can create significant localized concentrations of 
woody material. In a study of slash disposal techniques it was found that 
the accumulations of fines (bark and small branches) immediately adjacent 
to log decks significantly suppressed aspen regeneration (Table 1). These 
materials accounted for about a 2° C depression in mid-day soil temperatures 
relative to adjacent areas where the fines had been removed. While the 
spatial extent and amount of fines is relatively small (Table 2) its impact is 
compounded in that it is always found adjacent to the road surface, an area 



Table 1. First year deciduous stem densities under differing levels of fine slash materials from two aspen 
cutblocks in Peace River, Alberta. Means and one standard error are shown for 16 pairs of control 
and treated plots. 

Densides 
Treatment Aspen Balsam Combined 

(stems/ha) (stems/ha) (stems/ha) 

Bark removed 13 325 + 4 000 8 432 ± 2 800 21 758 ± 4 200 
Bark present (control) 715 + 600 676 ± 400 2 386 ± 600 
Fine branches removed 11 848 ± 3 400 5 538 + 2 300 16 525 ± 3 900 
Fine branches present (control) 2 784 ± 1 300 518 + 400 3 098 + 1 300 

Table 2. Characteristics of fine logging debris at roadside from two aspen cutblocks in Peace River, Alberta. 
Means of 8-10 replicates per cutblock are shown. 

Block Debris type Total area Pordons of block Amount" Depth 

(no.) (m̂ ) (%) (kg/m )̂ (m) 

05 Bark 3511.4 1.23 13.3 0.12 
05 Branches 5986.0 2.11 12.2 0.26 
14 Bark 4972.7 2.16 13.6 0.16 
14 Branches 4701.0 2.04 10.0 0.21 

" Oven dry mass. 

usually devoid of regeneration. This juxtaposition of areas of poor or no 
regeneration typically in the best location of the block (road placement 
favours better drained sites) sets up the potential for reduced block-level 
productivity due to poor site utilization. 

Traditional slash management techniques of piling and burning logging 
residue generally do not work for this fine material. Brush rake blades 
traditionally used to pile debris do not efficiently collect this fine material. 
In winter harvesting operations, this accumulation of materials is on top of 
the snow pack, and due to its poor thermal conductivity the bark keeps the 
snow-pack intact late into spring when other areas of the cutblock are free 
from snow. Thus not only does it reduce absolute daily soil temperatures, 
but it effectively delays soil warming in the first spring after harvest, a time 
critical to ensure that suckers develop prior to the sprouting of the other 
competing vegetation. While the most obvious impact of slash 
accumulations is to reduce soil warming, it may also exacerbate other soil 
micro-environmental conditions. 

The well packed nature of bark material in and around log decks creates an 
efficient barrier for the loss of soil moisture. The direct impact is to create 
an additional boundary layer over the soil directly inhibiting evaporation, 
but it also acts in indirect ways to alter the soil environment. In addition to 
inhibiting aspen regeneration, heavy accumulations of such materials also 
inhibit lesser vegetation development further reducing the transpirational 
movement of water from the soil to the atmosphere. Thus by both directly 
and indirectly increasing soil moisture, insulating bark layers may act to 
further reduce the quantity and quality of air within the soil. Reduced 
aeration porosity (the amount of air space within the soil) is the major result 
of soil compaction (see other papers, these proceedings). Furthermore, wet 



soils hold less air (per unit volume) and have fewer routes for gas exchange 
with the atmosphere than do drier soils (all else being equal). Since the 
accumulations of bark are usually in areas with a likelihood of being 
compacted and since it tends to lengthen the time the soil stays moist, it is 
quite likely that accumulations of fines contribute to a poor gas environment 
in the soils beneath them. It is commonly held that the poor aspen 
regeneration in areas of high traffic is a result of poor soil aeration (Bates 
etal. 1993, Kabzems 1994). 

Thus we see that harvesting equipment has a small potential to reduce the 
level of insulation in some areas of the block by compacting or displacing 
competing vegetation and/or duff layers. In contrast, however areas of heavy 
localized accumulations of slash can reduce soil temperatures, inhibit 
vegetation re-growth, and potentially contribute to poor soil aeration. 

By far the most commonly discussed impact that harvesting equipment has 
on soils is its potential to increase in soil bulk density (compact) the mineral 
horizons. As is discussed in other parts of this proceeding the impact of 
soil compaction is most significant due to the loss of large soil macropores. 
Loss of these macropores reduces the total amount of air space in the soil 
(unit volume basis) and restricts gas diffusion between the soil and the 
atmosphere. The magnitude of the change to soil physical properties is a 
function of the site conditions and equipment type. The biological 
significance of increased bulk density is the change in the aeration porosity, 
or the spaces and paths within the soil profile that allow for gas diffusion. 

Total porosity measures the air space of a soil sample when it is dried of 
nearly all its water (oven dried for several days). Compaction reduces the 
total porosity as well as the gas diffusion characteristics of the soil. The acmal 
porosity experienced by the plants however, is further reduced by the volume 
of soil water present (water fills some of the air spaces). The more water 
the less air spaces in the soil with the lower limit for air space equal to the 
point where the soil is completely water saturated. It has been shown that 
gas diffusion stops when air filled porosity drops below 10% (Xu et al. 1992). 
At this point the amount of oxygen available for root growth and maintenance 
is limited to that trapped in the soil air spaces. As microbial and root 
respiration exhausts all available oxygen the soil becomes anoxic. With the 
exception of a few plants that can transport oxygen into their root systems, 
plant roots die in soils that are anoxic for extended periods of time. Thus 
anything that causes a soil to become wetter, or stay wetter for longer periods 
of time reduces the air spaces and gas diffusion paths within the soil. 

It should be obvious that soil aeration is dynamic, changing as the amount 
of soil moisture changes. The amount of water in a soil is a function of the 
rate of water input (subsurface flows and rain) and the rate of water loss 
(evaporation, transpiration from plants, and lateral movements). Harvesting 
activities change the amount of rain input through the loss of a tree and shmb 
canopy to intercept rain and reduce moisture losses through the destmction 
of the vegetation that transpires water. It also may increase surficial flows 
by reducing the rate at which water infiltrates into the soil (in compacted 
areas), and potentially change soil drainage through compaction (Startsev 
and McNabb, unpublished data). 

Although aeration porosity is function of the complex interaction of many 
variables, it is of fundamental importance in understanding how trees grow. 
This is clearly demonstrated in an experiment we designed to assess the 



impacts iiow equipment impacts differ with summer versus winter harvesting 
(Greenway, unpublished). Three cutblocks in Drayton Valley, Alberta and 
an additional three in Grande Prairie were selected for study. One half of 
each block was assigned to be harvested in the winter and the other in the 
fall using conventional feller buncher and grapple skidder operations with 
roadside delimbing. The same equipment and operators were used within 
each area, with all skidders equipped with wide tires. After the skidding 
phase was completed, twelve pairs of sample plots were placed immediately 
behind the decks in "high traffic" locations with an additional twelve at the 
block margins in "low traffic" locations. Additional control plots were 
located within the harvested block, but adjacent to standing trees/shrubs in 
areas clearly not impacted by the harvesting. 

Skidder traffic had a significant impact on soil bulk density in the summer 
harvested portions of the blocks but not the winter-harvested portions, with 
the high traffic locations having the highest soil bulk density (Figure 1). Due 
to the lack of soil frost within the mineral horizons during the winter, the 
skidder brought only the first two tree lengths to the roadside decks, and 
waited a minimum of 48 hours before completing the skidding of the block. 
Air temperatures during this time were below -20° C and random sampling 
of the areas behind the decks showed that the soil was frozen hard. The 
Grande Prairie site had its winter harvest delayed one year, but even in the 
second year no significant soil frost was found, again due to early heavy 
snow accumulations. On this site a different mode of aiding in frost 
development was used. All the trees were felled and left where lay from late 
December until the skidding was conducted in late Febmary. Low air 
temperatures during this time resulted in most areas adjacent to roads where 
the snow pack had been compacted from the buncher operations, being well-
frozen (resisted penetration of a power auger). The remainder of the block 
was patchily frozen: areas beneath the butt end of bunches where the snow 
was compacted, had frozen very hard, while the soil beneath the tops of 
bunches where the snow remained fluffy was not frozen. The bulk density 
data shows that the actions taken to ensure soil freezing and thereby lessen 
equipment impact in the decking area achieved its desired results since we 
could not detect any significant change in bulk density in these areas. 

Figure 1. Mean soil bulk density 
from six aspen cutblocks 
harvested at two times of 
the year, shown by level of 
skidder traffic. Mean of 72 
plots per season and 
traffic level is shown. 

Summer Winter 



Annual assessment of aspen sucker density in the high and low traffic areas 
showed large differences in responses between the Drayton Valley and the 
Grande Prairie sites (Figure 2). Summer harvesting had reduced regeneration 
relative to winter harvests in the Drayton Valley site, but for the Grande 
Prairie site the opposite trend appears to hold. This apparent contradiction 
of findings can be explained by looking at the soil conditions in the year 
post harvest at each site. The impacts of the harvesting in Drayton Valley 
were to reduce air-filled pores space in the summer harvest with minimal 
changes following the winter harvest (Figure 3). The summer harvested 
portions of the block dropped to less than 10% air space under both low 
and high traffic plots, and a decline to about 13% was noted in the winter 
high traffic plots. Sucker density was lower in plots with lower porosity 
values, but aspen suckers did regenerate to a reasonable level in all 
treatments. It must be stressed that since these measurements are not 
standardized to a common moisture content, hence comparisons should only 
be made between treatments within one season of harvest and within a single 
site. In marked contrast, the summer-harvested portions of the Grande Prairie 
blocks showed a small decline in air pore space to a low of about 12% in 
the high traffic plots (Figure 3). In the winter-harvested control plots (non-
impacted soils) the air filled porosity was only 10% and the trafficked plots 
around 5%. This is even more significant since the porosity measures in 
the "winter" harvested plots in Grande Prairie could not be taken until the 
fall the year because the soils were so wet that they could not be sampled 
earlier. Typically soils are at their driest by the fall, however during the 
summer of 1997 exceptionally wet and cool conditions ensured that these 
cutblocks likely remained anoxic for most of the first growing season. Thus 
despite the minimal impact of winter harvesting operations shown by the 
lack of detectable changes to soil bulk density (Figure 2) this site had very 
poor soil conditions for plant growth. 

Figure 2. Mean apsen sucker 
regeneration counts in 
Drayton Valley (top panel) 
and Grande Prairie (lower 
panel) for 2 or 3 growing 
seasons after harvest. 
Means by season of 
harvest (sum=summer, 
win=winter) and level of 
skidder traffic are shown. 

Sum-High Sum-Low Win-High Win-Low 



Figures. Air filled porosity 
measured in situ following 
winter or summer harvest 
in three aspen cutblocks in 
Drayton Valley (top panel) 
and three cutblocks in 
Grande Prairie (lower 
panel). Mean (and one 
standard error of the 
mean) percent air space 
shown for each level of 
skidder traffic from 72 
plots per treatment. 
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The Grande Prairie site soils are characterized by a profde with textural different 
layers with little to no structural development. Soil water drainage through the 
profile is likely severely limited by these textural differences and due to the lack 
of topographic relief, surface and sub-surface flow is minimal. The impact of 
traffic on diese soils was totally overridden by the excessive moisture that reduced 
available air space to very low levels. While such conditions are likely 
uncommon at the scale seen in the Grande Prairie study area, it is very likely 
that within cutblocks, low lying areas will have low porosity due to increase 
soil moisture and adjacent areas may also be at risk of reaching cridcal air filled 
porosity levels. Increased soil moisture will reduce air space, but compaction 
by traffic can reduce it such that the site may fail to support aspen regeneration. 
Aspen appear to be very sensitive to changes in soil conditions in both the amount 
of suckers that are initiated and their height growth. 

Aspen regeneration is sensitive to soil temperature, the gas environment and 
direct root injuries from harvesting equipment. Harvesting indirectly affects 
aspen regeneration through changes soil temperature regimes and soil physical 
properties. Harvesting practices that remove standing vegetation and litter 
accumulations will likely increase the density of sucker produced after harvest, 
but may also injure the near-surface roots responsible for sucker production. 
Ensuring a frozen mineral soil during the skidding phase of harvesting will 
reduce the risks of direct root injuries. A heavy snow pack can buffer roots 
from effects of skidder tires, but if it has accumulated in early winter, it may 
have prevented the mineral soil from freezing. Heavy accumulations of fine 
slash materials can significantly inhibit aspen suckering through delaying 
seasonal and daily soil warming leading to fewer suckers. 

Loss of large macropores as a result of compaction from skidders can lead to 
soil gas environments that limit root growth and can reduce sucker initiation 



and retard height growth. The soil's air (oxygen) content is a function of the 
total amount of air space (total porosity), the actual amount of air space (air 
porosity - total porosity less that filled with water), and the ability for gases 
to diffuse between the soil and the atmosphere. Compaction leads to a loss in 
total porosity and reduces the diffusion of gases, while increased soil water (a 
result of removing the trees) further reduces the available air spaces. Gas 
diffusion is stopped when air porosity falls below 10%, thus soils with little 
air porosity are likely to become oxygen depleted. Plant growth relays on soil 
oxygen, and if the air porosity is low plant growth is likely to be retarded. 
Methods of reducing the likelihood of compacting soils have been discussed 
elsewhere in these proceedings so will not be mentioned here. 

Direct injuries to aspen roots are a function of the equipment type, how the 
equipment is used and the conditions under which it is used. Aspen roots 
responsible for sucker production lay 5-10 cm within the mineral soil and can 
be easily damaged. Large tire lugs, operating on soils of low bearing strength, 
and repeated turning movement by articulated steering equipment mn a very 
high risk of causing direct root injuries. Particularly in decking areas, the 
repeated actions of skidders as the operators attempt to create neatly stacked 
high log decks can have very large impacts on soil properties and cause 
significant injuries to aspen roots. Injured roots die rapidly and produce fewer 
suckers of a smaller size than roots that are not injured. If injured roots are 
also subjected to soils that have been compacted (in general this is trae) then 
the regenerative abilities of these roots are likely even further reduced. 

While there are some general guidelines that can be followed to maximise 
the likelihood of aspen regeneration success after harvest, each site will need 
to be considered individually. Ensuring frozen or dry mineral soils, 
minimizing accumulations of logging debris, and leaving as small a foot print 
as possible will go a long way to reducing the risks Of poor regeneration. 
Soil moisture post-harvest will impact heavily on the air porosity of a 
cutblock, and any reductions in total porosity will sever to further exacerbate 
problems. Remedial actions for aspen cutblocks are exceedingly limited 
since the regenerative capacity of the site is buried in the soil. Any efforts 
of site preparation will also injure aspen roots and may have longer-term 
implications of tree health. In aspen, the silvicultural tool available is the 
harvest operations. "Fixing" the problems caused by poor harvesting 
practices is generally not an option, or at the best a very expensive option. 
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Soil Compaction Resulting from Ground-
based Forestry Practices and the Impact on 
Conifer Tree Growth 

John P. Senyk and Ed F. Wass 
Canadian Forest Service 
Victoria BC 

SUMMARY For the past 20 years the Canadian Forest Service in British Columbia has 
studied soil properties and tree growth on a broad range of soil and 
disturbance types within a variety of forested ecosystems (Interior and 
Coastal) across southern British Columbia. In all cases except one, the areas 
had been clearcut and ground-skidded using rubber-tired and tracked 
equipment (two of these were subsequently site prepared). The exception 
was an operational research trial in which a back-hoe and KMC were used 
to forward wood to roadside from partial cuts (Shelterwood (SW), Green 
Tree (GT) and Patch Cut (PC) as well as a clearcut. 

Both constmcted (bladed) "skidroad" and overland, dispersed or random 
skidding "skidtrail" operations and a variety of site preparation and soil 
rehabilitation practices were examined. Landings, generally the most 
severely impacted areas in ground skidded cutblocks, were given only 
cursory examination. 

One of the more easily measured and associated causes for poor seedling 
survival and growth on dismrbed soils is often lumped under the umbrella 
of soil compaction. Compact soils are soils that have suffered a breakdown 
in natural aggregates and stracture, a collapse of pore space and a break-up 
of pore continuity. These conditions affect soil thermal properties and air 
and water, relationships which in turn influence chemical and biological 
reaction rates. In many cases the changes are detrimental to root function 
and extension (mechanical impedance), conditions which are manifest in 
above ground seedling growth. 

In all the CFS trials, seedlings were planted across the range of disturbance 
types and their growth monitored. Seedlings were re-measured (or will be 
re-measured) at the end of each growing season for the first five years, then 
again at years 7, 10, 15 and 20. A climate data-logger was frequently 
established at plantation sites and various above- and below - ground micro
climatic parameters monitored year-around for both disturbed and 
undisturbed soil conditions. As well, root configuration, foliar chemistry 
and water-stress related studies were occasionally undertaken. Natural soil 
amelioration (decompaction) has also been examined. 

Unlike some other soil disturbance types; topsoil removal and subsoil 
exposure (as in cut and fill construction, severe gouging, etc.), and soil 
compaction, consistendy elicit a negative response in seedling survival and 
growth in nearly all CFS trials, particularly in the first five to ten years 
following seedling establishment. This varies with ecosystem and site, extent 
of compacted area and degree of compaction. In some cases, if trees are not 
subjected to water stress, seedling top growth and rate of photosynthesis 
may not be affected to any great extent for the first few years, despite a much-
reduced root system (Karr and Guo 1991). As well, once roots egress beyond 



the affected area, growth often returns to normal although it may lag behind 
slightly owing to the slow initial start. 

After 7 to 10 years, tree toppling sometimes occurs on some disturbance 
types, most noticeable where rapid above-ground growth has occurred in 
trees growing on compacted soils, dense subsoils and in deposits overlying 
compacted soils, in these cases rooting can be extensive though very shallow 
(Wass and Smith 1994). 

Soils are composed of a mixture of mineral grains, organic fragments, air 
and water. A "healthy" soil system, one that provides adequate aeration (Ô ) 
to plants and the myriad of organisms which live within the soil, is one in 
which at least 10 to 30% of the pore space is occupied by air. Heilman 1981 
found that total pore space below about 30 to 27% seriously impaired rooting 
of Douglas-fir seedlings As pore size decreases, (shift from macropores to 
micropores) as in compaction, the percent of air-filled pores will have to 
increase to provide for adequate aeration. Since air and water both compete 
for the same pore space in the soil, their proportion is continually changing. 

Soil physical properties, particularly texture and structure, affect the size 
and distribution of soil pores and hence the storage and transport of gases, 
water and heat. Macropores are important for soil drainage, aeration and 
plant rooting. Micropores provide water and nutrient storage and areas for 
microbial activity. Soil bulk density is a common, indirect measure of soil 
porosity and soil strength ie: the proportions of a soil occupied by solids 
and fluids (water and air). It affects available water and air capacity and 
strongly influences soil permeability, drainage rate, trafficability and 
penetration by plant roots. In nature, these properties affect and are affected 
by plant growth, soil biological activity, shrink-swell and freeze-thaw 
processes. Soil bulk density values in the region of 1.4 to 1.8 Mg/m' are 
upper limit values above which pore size and abundance decrease to values 
that seriously impede root extension. 

Most forest soils are inherendy porous and have relatively low bulk densities 
within their upper horizons (solum). These conditions are controlled to a 
large extent by soil texture, particularly clay and soil organic matter content. 
Porosity (volume and size) and organic matter content decrease with 
increasing depth while clay content may increase. Bulk density similariy 
increases with increasing depth in the soil profile. 

The effect of compaction on tree growth manifests itself primarily in restricdons 
to root development. This in itself may partially explain the frequent lack of 
early differentiadon in height and diameter growth between seedlings planted 
in severely compacted and undisturbed soils. However in the field, water stress 
in trees with reduced root systems can occur very quickly and may be of relatively 
short duration yet impact negatively on seedling growth. 

Considerable variation exists in a soils ability to withstand compactive 
forces. For example, the relatively coarse textured soils common to coastal 
areas contain a high percent of organic matter, are generally deeply 
weathered, well stmctured and have a low clay content. These soils generally 
contain a large number and volume of macropores compared to the volume 
of micropores. They are better able to withstand a certain level of compaction 
without seriously affecting long term tree growth when compared to fine 
textured soils, high in clay and low in organic matter. 



As well, the amount and size of surface woody debris, depth of the humus 
layer, size and abundance of surface roots all contribute towards buffering 
the mineral soil from initial impact. 

SOIL BULK DENSITY Soil ̂ ^̂ ^ density: defined as dry weight of soil per unit volume. A variety 
of field sampling techniques are available for bulk density determination. 

' trilVIIIMAI IKJIH Qf jĵ g various methods available, and all have been tried at various times, 
the excavation method ie: particularly using a sand-funnel, (as opposed to 
rubber balloon), has proven to give consistent results across the range of 
forest soil conditions encountered in our studies. Although the excavation 
method is tedious, the excavated soil provides samples which can be used 
for further analyses once bulk density determinations have been completed. 
If carefully done, it provides a reasonably accurate means of sampling organic 
soils, root choked soils, soils with high coarse fragment content, etc., without 
disturbing inherent properties to any extent. There is virtually no disturbance 
of in-situ soils prior to excavating the sample, as results from core extraction 
methods or from radiation techniques that require sinking a probe. Although 
difficult and not always feasible, excavations can be undertaken by soil 
horizon, allowing bulk denshy determinations to be developed for each 
horizon as well as by suitable depth increments. 

Soil samples have been collected from a broad range of parent materials and 
soil types across a broad range of ecosystems. Textures range from cobbly, 
gravelly sand to clay loam with coarse fragment content ranging from 10% 
to over 75%. 

A common phenomenon across the range of undisturbed soils sampled to 
date is a "bulge" (increase of between 5 and 20%) in inherent total soil bulk 
density at about the 15-35 cm depth. Although not satisfactorily explained, 
the radial growth of roots, motion imparted to roots from wind, shrinkage 
from water loss, clay translocation, etc., could in part be responsible for 
consolidating this particular layer ( Senyk and Craigdallie,1995). 

DESCRIPTION OF 
STUDIES AND RESULTS 

Nine summer-logged areas in interior and coastal British Columbia, in which 
disturbed soil - tree growth studies have been established and monitored, 
are examined and the growth of planted seedlings, summarized. Beginning 
with the most recent study in which seedlings have been measured for five 
years through to a study in which the 15th year re-measurement was 
completed in 1997, a brief description of forestry practices, study methods 
and results for each study follows. 

MASS (Montane Alternative 
Silvicultural Systems), 
Coastal British Columbia 

This study was initiated in 1992 with soil disturbance plantations established 
in the spring of 1994. Located on the north part of Vancouver Island the 
overall objectives were: 

1) test altemative silvicultural systems in montane coastal BC forests 

2) document the operational costs and feasibility 

3) study the biological and silvicultural impacts 

Cooperators in the study were MacMillan Bloedel (MB), FERIC, UBC, 
UVic. 

The soil and long-term productivity study was established to evaluate the 
effects of ground-based forwarding by excavator (Thunderbird 1146-63400 kg) 



and excavator and flexible tracked grapple skidder (KMC 2500AG-15200 kg) 
combined on soil properties in four silvicultural systems or treatments 
(Clearcut, Patch Cut, Green Tree Retention and Shelterwood). As well the 
effectiveness of an excavator rehabilitation technique in decompacting 
skidtraiis and reestablishing drainage was studied (Philips, 1996). 

Soil sampling, on the generally loamy textured soils, was carried out during 
1992 and 1993 and plantation trials established in the spring of 1994. 920 
westem hemlock and an equal number of amabilis fir seedlings were planted 
on a range of disturbance types within treatments and the plantations 
replicated within and between treatments. Seedling height and ground level 
diameter measurements have been taken annually for the past 5 years. Soils 
have been re-sampled periodically to determine effects of natural soil 
amelioration processes (Senyk 1997). 

In this report only the information from the Clearcut and the Shelterwood 
treatments is elaborated as soil impacts and seedling performance are at 
extremes, with the other treatments (Green Tree and Patch Cut) falling in 
between. 

Total soil bulk density for skid or forwarding trails by disturbance type, depth 
increment and treatment is shown in Figures 1 and 2. Volume growth pattern 
of westem hemlock, over a five-year period, for the Clearcut and the 
Shelterwood treatments is shown in Figures 3 and 4. In the Clearcut, volume 
growth of westem hemlock is greatest on those disturbance types with the 
lowest soil bulk density. Survival after 5 years is nearly the same on all 
disturbance types being slightly lower on the track and rehabilitated trail 
section (Figure 5). In the Shelterwood treatment, volume growth is greatest 
on the between track disturbance type and least on the rehabilitated trail 
section. In this treatment, forwarding corridors allowed for significantly more 
light to penetrate to the forest floor and vegetative competition was virtually 
non-existent in these corridors. Despite the extremely compact nature of the 
trail surface, 1.4 Mg/m^ in the upper 20 cm, even after tilling, volume growth 
was slightly better on the between track and track than it was in the 
undisturbed soil. Survival however was better on the undisturbed soil (Figure 
5) (Senyk 1997). 

Figure 1. Total soil bulk 
density for 
disturbance types 
in the Clearcut 
Treatments MASS 
(single pass with 
an excavator). 
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Figure 2. Total soil bulk 
density for 
disturbance types 
in the Shelterwood 
T r e a t m e n t s 
(excavator and 
tracked skidder 
multiple passes). 
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Figure 3. Volume growth of 
western hemlock 
for five years after 
planting in 
Clearcut, MASS. 
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Figure 4. Volume growth of 
western hemlock 
for five years after 
planting in 
Shelterwood, 
MASS. 
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Figure 5. Percent western 
hemlock seedling 
survival by 
disturbance type 
and treatment 
after five growing 
seasons, MASS. 
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Golden Harvesting Study 
interior British Columbia 

Initiated in 1988 this study examined soil disturbance levels resulting from 
ground-based summer harvesting on steep slopes (40 to 50%) using two 
methods of skidroad location (pre-located and operator located) in three 
clearcut blocks. One of the blocks included in the study had soils derived 
from calcareous parent material. The main purpose of the study was to 
determine the relationships between forestry practices, disturbed soil and 
seedling growth in the long-term. Cooperators in the study were Evans Forest 
Products, BC Ministry of Forests, and FERIC. 

The effects of skidroad construction and vehicular travel on soil physical 
and chemical properties were determined and the growth of seedlings, 
planted on a broad range of disturbance types, monitored. A total of 1370 
seedlings comprised of lodgepole pine, engelmann spmce and westem larch 
were planted in 1989 and 1990. In one block (Block 117) 216 seedlings of 
each species were planted in three treatment units, in another (Dainard Block 
with calcareous soils ) 350 seedlings comprised of lodgepole pine and 
engelmann spmce were planted in two treatment units. In another block (SBB 
Small Business Block) 372 engelmann spmce were planted in two treatment 
units (Senyk and Craigdallie 1997a). 

Road building and skidding equipment used in road constmction and 
forwarding in Blocks 117 and SBB were similar. Used were a Cat. D7 and 
D8 and mbber tired line Cat. 518 skidders. At the Dainard Block a ID 550 
alone was used for road building and forwarding (Kokx and Krag 1993). 

Block 117 Soils were sandy loam to silt loam and well drained. Total soil bulk density 
values for the 0 to 20 cm depth by disturbance type averaged for the three 
treatment units in Block 117 is shown in Figure 6. Values on the inner track 
and the between track disturbance types are both in the range of 1.6Mg/m^ 
(1.4Mg/m^ is often used as a threshold value at which point tree root 
extension is impeded). Height growth of all species (Figures 7,8 and 9) after 
7 growing seasons, is poorest on the inner track, however growth on the 
between track is second only to growth on the berm despite the high bulk 
density value. Best height growth is on the berm (bulk density compares 



Figured. Total soil bulk 
density 0-20 cm by 
disturbance type at 
Block 117, Golden. 
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Figure 7. Height growth of 
western larch over a 
seven year period on 
skidroad disturbance 
types at Block 117, 
Golden. 
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Figures. Height growth of 
Engelmann spruce 
over a seven' year-
period on skidroad 
disturbance types at 
Block 117, Golden. 

1989 1990 1991 1992 1993 1994 1995 1996 

Undisturbed In. Track Betw. Track 

Out. Track Berm 



Figure 9. Height growth of 
lodgepole pine over a 
seven year period on 
skidroad disturbance 
types at Block 117, 
Golden. 
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favourably with undisturbed soils) followed by growth on the between and 
outer track and the undisturbed soil (Senyk and Craigdalliel997a,c). 

Small Business Block (SBB) Soils were sandy loam texture and moderately well drained. Coarse fragment 
content was 50 to 70%. Figure 10 shows total soil bulk density of disturbance 
types at the Small Business Block (SBB). The bulk density values in the upper 
20 cm of the inner and outer track are well above the values found on the other 
disturbance types. The height of engelmann sprace plantations, the only species 
planted (Figure 11) shows the best growth occurring on the berm and on the 
undisturbed soil, the poorest growth on the inner and outer track dismrbance 
types (most dense soils) with the trees growing on the between track position 
and on skidtrail tracks falling in between (Senyk and Craigdallie 1997a,c). 



Figure 11. Height growth of 
Engelmann spruce 
over a seven year 
period on skidroad 
disturbance types at 
Small Business 
Block, Golden. 
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Dainard Block Soils were silt loam in texture, well drained with 30 to 40% coarse fragment 
content. Depth to calcium carbonate varied from 0 to about 60 cm. Total 
soil bulk density in the upper 20cm of the inner and outer track of skidroads 
is slightly greater than values found on the other disturbance types (Figure 12). 
Height growth of engelmann spruce (Figure 13) is best on the undisturbed 
soil followed by growth on the berm, outer track, between track and skidtrail 
track respectively. Height growth on the inner track is the poorest by far. 
Height growth of lodgepole pine (Figure 14) is best on the outer track and 
on the berm followed by growth on the undisturbed soil, skidtrail tracks and 
between track. Poorest growth and survival is on the inner track (Senyk and 
Craigdallie 1997a,c). 

Figure 12. Total soil bulk 
density 0-20 cm by 
disturbance type at 
Dainard Block, 
Golden. I. 
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Figure 13. Height growth of 
Engelmann spurce 
over a seven year 
period on skidroad 
disturbance types at 
Dainard Block, 
Golden. 
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Figure 14. Height growth of 
lodgepole pine over a 
seven year period on 
skidroad disturbance 
types at Dianard 
Block, Golden. 
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GROUND-BASED WET 
WEATHER YARDING 
OPERATIONS IN 
COASTAL BRITISH 
COLUMBIA 
Worthless Creek 

In November 1986, in conjunction with FERIC and MB, a study was initiated 
to assess the feasibility of yarding coastal forests with mbber tired skidders 
in typical winter weather without creating excessive on- or off-site 
environmental degradation and soil productivity loss. 

Examined were soil impacts resulting from various levels of travel of grapple 
skidders (JD 740) equipped with conventional tires and line skidders (JD 
640) equipped with low ground pressure (LGP) tires. Seedlings, planted on 
sections of skidtrails identified by turn counts or number of passes were 
monitored for 10 years. Soils were derived from coarse cobbly gravelly 
glaciofluvial deposits and were well drained. Forest cover consisted of old 
growth Douglas-fir, westem hemlock westem redcedar with a component 
of younger amabilis fir and westem hemlock (Senyk and Craigdallie 1997b). 

Total soil bulk density (0-20 cm) identified by a specific number of passes 
of the JD 640 (LGP) skidder on different sections of skidtrail is shown in 
Figure 15. In general the trend is for increasing bulk density with increasing 
traffic except for the 100 turn section. Volume growth of westem hemlock 
seedlings after ten years is shown in Figure 16. The trend is for decreasing 



Figure 15. Total soil bulk 
density 0-20 cm by 
turn groups for 640 
skidder at Worthless 
Creek. 
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Figure 16. Western hemlock 
tree volume (10 year 
data) by turn groups 
for the 640 skidder. 
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volume with increasing total soil bulk density except for an anomalous 
result in the 60-70 turn group. 

The impact of the JD 740 grapple skidder on total soil bulk density associated 
with various levels of travel is shown in Figure 17. Bulk density continued 
to increase with increasing traffic after the 10-15 turn group. Volume growth 
of westem hemlock is negatively affected and decreases with increasing bulk 
density (Figure 18). 

The results are plagued by inconsistencies that result from small sample sizes 
and the lack of replication. As well, the soils were severely turbated during 
a major windthrow event in the early part of the century and continuing 
windthrow since that time. This gave extremely variable background or 
inherent values. Soil sampling exposed numerous voids likely former root 
channels as well as clods of duric material that had failed to reconsolidate. 

Trends in both bulk density increases with increasing traffic and decreases 
in tree volume with increases in bulk density support many previous findings 
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(Smith and Wass 1994a, b). In both trials (640 and 740), tree volumes are 
consistently greater on skidtrails with up to a maximum of 10 to 15 passes 
than they are on the undisturbed soil. Trees planted in undisturbed soil were 
subjected to vegetation competition and periodic droughty conditions. On 
the lower impact trail sections (<15 passes) the consolidation of turbated 
soils may have created better moisture conditions while not seriously 
increasing mechanical impedance. 

Trials established 
following Ground 
based Harvesting 
and Stumping in 
Interior BC 
Clearwater (Martin Creek) 

In 1983 a study was undertaken to evaluate the effects of steep slope, cross 
contour skidroads on soil properties and the growth of planted seedlings 
following clearcutting. Road building and skidding was carried out by a D7 
Cat. Soils were well to excessively drained, cobbly gravelly loamy sands 
derived from glacio-fluvial deposits with coarse fragment content averaging 
60 to 70%. Slopes ranged from about 40 to 90%. Skidroads were generally 
cut 50 to 60 cm deep with topsoil deposited to one or both sides of the mnning 
surface. 1200 (2+0 ) bareroot seedlings of lodgepole pine and the same 
number of Douglas-fir were planted across the range of disturbance types 
in 1986 (Wass and Smith 1997). 



Total soil bulk density averaged for the upper 20 cm of disturbed and 
undisturbed soils is shown in Figure 19. Averaged for the track disturbance 
type, total soil bulk density is above 1.8 Mg/m^ an increase of about a 30% 
over the undisturbed soil while density of the berm is about 15% greater 
than the undishirbed soil. Height growth of Douglas-fir after 10 years (Figure 
20) is greatest on the berm followed by growth on the outer track and 
sidecast. Although height on the inner track is lower than on the other 
disturbance types it is still better than height of trees growing on the 
undisturbed soil. Height growth of lodgepole pine after 10 years however 
(Figure 21) is greatest on the inner track, a somewhat unexpected result. In 
fact, the height growth on the complete range of disturbance types is greater 
than the height on the undisturbed soil. 

Figure 20. Height growth after 
10 years of Doug las-
fir by disturbance 
type at Martin 
Creek. 
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Marl Creek Stumping 
Trials on Calcareous 
Soils 

In 1982 an area to the north of Golden BC was clearcut and ground skidded 
and stumps uprooted using a D7 Cat. on over half the block in an effort to control 
root-rot. A portion of the block was not subjected to the uprooting treatment 
and this area was selected for studying skidroad related soil disturbance 
and the effects on tree growth. Soils were loam to silt loam in texture, well 
drained and derived from calcareous morainal deposits. Coarse fragment 
content ranged from 30% to 60%. Average slope on the block was about 
27%. Depth to carbonates in undisturbed soil varied averaging from about 
5 to about 25 cm (average 12 cm). Total soil bulk density (Figure 22) in the 
upper 20 cm of the inner and outer track were similar, both well above the 
values on undisturbed soil and those on the berm (Smith and Wass 1994 a,b). 

In 1985 480 (2-1-0) bareroot Douglas-fir and an equal number of lodgepole 
pine (1-fO) Styroblock 213 plugs were planted across the range of disturbance 
types. Volume growth of lodgepole pine after 10 years (Figure 23) was 
greater on undisturbed soil (by a considerable margin) than growth on all 
other disturbance types associated with the skidroad, with growth on the 



Figure 23. Volume growth after 
10 years of lodgepole 
pine by disturbance 
type at Marl Creek. c 

CO CO 
3 
O 

Q) 
E 
3 

§ 

CD 

Undist In. Tracl< Out. Tracl< Berm 
Disturbance Type 

Sidecast 

inner track being the least. The volume growth of Douglas-fir over a ten year 
period (Figure 24) followed a similar pattern to that of lodgepole pine being 
greatest on the undisturbed and sidecast followed by the berm, outer track 
and was least on the inner track. 

Stumping Trials at 
Gates Creek and 
Phoenix 

Two areas, clearcut in 1980, were treated to control root disease using a 
bulldozer. At Gates Creek part of the area was stumped and windrowed, part 
was stumped, windrowed and raked and part was logged and windrowed. 
The three treatments at Phoenix were similar to Gates Creek except the 
stumps were piled and bumed. The treatments resulted in a variety of soil 
disturbance types which were characterized and seedlings planted on them. 
Only the bulldozer tracks are considered here. In all cases, the compact soils 
occurred in the bulldozer tracks and were identified as shallow and deep 
mts depending on treatment and soil condition at time of travel (Smith and 
Wass 1991). 

Figure 24. Volume growth after 6 
10 years of Douglas-
fir by disturbance type ^ g 
at Marl Creek. 
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Gates Creek Soils at Gates Creek were gravelly sandy loam in texture, derived from 
morainal material and contained 15% to 30% coarse fragments. Total soil 
bulk density in the 0-20 cm depth by disturbance type is shown in Figure 
25. Little difference in bulk density exists between the shallow and the deep 
track, both values are about 20% greater than the undisturbed soil. 600 1+0 
styro-plug Douglas-fir and an equal number of lodgepole pine seedlings were 
planted on the track disturbance types and 200 of each in undisturbed soil. 
After 15 years, volume growth of lodgepole pine on the shallow track and 
on undisturbed soil was nearly identical (Figure 26). while on the deep track 
it was approximately 20% less than both. Douglas-fir volume growth after 
15 growing seasons (Figure 27) was 50% less on the deep track (>25cm) 
and 40% less on the shallow track disturbance type than on undisturbed soil. 

Figure 25. Total soil bulk 
density 0-20 cm by 
disturbance type at 
Gates Creek. I 
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Figure 26. Volume growth 
after 15 years of 
lodgepole pine by 
disturbance type at 
Gates Creek. 
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Figure 27. Volume growth 
after 15 years of 
Douglas-fir by 
disturbance type at 
Gates Creek. 
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Phoenix Soils at the Phoenix site were gravelly sandy loam derived from morainal 
material with a shallow aeolian cap. Coarse fragment content ranged from 
about 40 to 80% (increasing with depth). Total soil bulk density in the upper 
20 cm of undisturbed mineral soil and in the shallow track was slightly below 
1.0 Mg/m^ while values in the deep track approached 1.3 Mg/m? ( Figure 
28). As at Gates Creek 600 each of 1+0 styro-plug Douglas-fir and westem 
larch seedlings were planted on the track disturbance types and 200 of each 
in undisturbed soil. Volume growth of Douglas-fir after 15 years was greatest 
on the deep track disturbance type followed by growth on the undisturbed 
soil and the shallow track (Figure 29). Growth on the latter two disturbance 
types were nearly identical. Volume growth of westem larch (Figure 30) 
was greatest on undisturbed soil followed by growth on the deep and shallow 
track disturbance types, differences of 10% and 20% respectively. 

Figure 28. Total soil bulk 
density 0-20 cm by 
disturbance type at 
Phoenix. 
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Figure 29. Volume growth after 
15 years of Douglas-
fir by disturbance 
type at Phoenix. 
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Figure 30. Volume growth after 
15 years of western 
larch by disturbance 
type at Phoenix. 
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DISCUSSION Results from these and similar studies point to soil compaction and soil 
displacement, (topsoil.removal and exposure of unfavourable subsoils) as 
being two of the most important soil disturbance types affecting tree growth 
in the long term. This is tme across a broad range of ecosystems and covers 
most of the detrimental disturbance associated with summer ground skidding 
operations on steep slopes where the constmction of skidroads is required 
and on flatter terrain where random or overland skidding is practiced. Too 
date 7, 10 and 15 year measurements from our research trials indicate that 
reduced rates of growth resulting from soil compaction are still prevalent 
(growth on tracks most often continues to lag behind growth on other 
disturbance types and on undisturbed soil). In many instances disturbed soils 
in clearcuts or silvicultural systems that retain limited overstory can provide 
a favourable environment for tree growth particularly if suitable early serai 
species are planted. Seedlings planted on soils that are severely altered, that 
is "puddled", (as from a large number of equipment passes) generally have 
very low survival rates and growth is extremely poor. Natural soil 



Random or Dispersed 
SIcidtrail Forwarding 

amelioration in compacted soils has been examined periodically, soil bulk 
density sampling was undertaken on skidroads in the interior (Golden) 7 
years after the first sampling and at MASS, 5 years after the first sampling. 
Some slight change in the upper 5 cm could be detected at MASS however 
at the Golden site no change could be detected from the previous samplings. 
Water erosion and deposition on the interior skidroad surface helped 
confound results as well as the lack of sensitivity of the sampling technique. 

In the typical random ground skidding operation, yarding equipment may 
pass over the same terrain one or more times. The largest % increase in soil 
compaction (increase in bulk density) generally comes with the first pass. 
Subsequent equipment passes over the same track continue to increase bulk 
density but at a slower incremental rate. Hence a single pass with a tracked 
vehicle may increase the bulk density of a moist silt loam by 15 to 20%, 
subsequent passes will further increase this value but at a much slower rate 
ie: 15%, 10%, 5%, etc. In many soil types bulk density increases resulting 
from a single pass will affect seedling growth, however these effects are 
often minimal and can be short-lived as the roots gain "free to grow status" 
once they egress beyond the compacted zone of the track (Senyk, et al 1995). 

At the MASS study a single pass with the excavator on the relatively fine 
textured soils increased total soil bulk density by 17% over the undisturbed 
soil (Figure 1). This resulted in a decrease of 20 to 25% in the fifth year 
volume growth of western hemlock seedlings growing in tracks, when 
compared to seedlings growing in the undisturbed soil (Figure 3). Numerous 
passes with both excavator and skidder as in the Shelterwood treatment 
increased bulk density as much as 50% over the undisturbed soil. Volume 
growth and survival of westem hemlock on these puddled soils is reduced 
dramatically from that in the Clearcut. 

At the Worthless Creek study even 10 to 15 tums of mbber tired skidders 
did not seriously affect soil bulk density on the extremely coarse textured, 
silvo-turbated soils (Figures 15 and 17). Ten year volume growth of westem 
hemlock was actually somewhat better on tracks with up to 10 to 15 turns 
than it was for trees growing on undisturbed soil (Figures 16 and 18). The 
Worthless Creek site had a fairly thick humus layer and shallow rooted, old 
growth trees with extensive root mats. These characteristics, along with 
considerable woody debris left lying on the surface, provided substantial 
floatation for the first few passes of the skidders protecting the mineral soil. 

At the Gates Creek and Phoenix sites total soil bulk density increases in the 
tracks (shallow and deep mts) were 15% and about 20% respectively over 
the undisturbed soil in the former area and 1 % and 30% respectively over 
the undisturbed soil in the latter area (Figures 25 and 28). At Gates Creek 
the volume growth of lodgepole pine after 15 years (Figure 26) was similar 
on the undisturbed and shallow track but was reduced by about 20% on 
the deep mt track, despite the fact that the bulk density of both deep and 
shallow tracks were similar. Douglas-fir 15 year volume was 40% less on 
the shallow track and nearly 50% less on the deep track (Figure 27). At the 
Phoenix site the 15 year volume growth of Douglas-fir (Figure 29) was 
greatest on the deep track and nearly identical on the undisturbed and shallow 
track. Westem larch did better on undisturbed soil than on either deep or 
shallow track (Figure 30). The soils in these two studies had been stumped 
prior to identifying the shallow and deep mt track categories. In this respect 
they are slightly different than the two studies above in that portions of the 



surface humus had been removed and mineral soil disturbed prior to 
identification of the track categories. Lodgepole pine and western larch 
volume growth is not as affected by soil compaction as is Douglas-fir. A 
number of publications have identified differences in the ability of species 
to grow on disturbed soils however in nearly all cases tree growth on 
compacted soils is poorer than growth on most other disturbance types 
studied to date. 

Constmcted skidroads, most often associated with ground based forwarding 
on steep slopes, present a substantially different range of disturbance types 
than those associated with random skidding. Whether roads are built along 
the contour or across the contour, exposure of subsoils by cutting, and mixing 
of the displaced fill material creates both favourable and unfavourable 
conditions for tree growth. 

Depending on how deeply skidroads are cut, the skidroad mnning surface 
can in some cases be composed entirely of subsoil material. In most cases 
however, particularly when skidroads are constructed along the contour, part 
of the running surface (inner track) will have subsoils exposed while the 
other part (outer track) will be composed of fill material. Soil bulk density 
of the cut portion of the skidroad mnning surface (inner track and often 
between track) is naturally high and is increased further by skidder travel. 
The bulk density of the outer track reflects compaction resulting from skidder 
travel for the most part. 

In the Golden Harvesting study, (contour skidroads) trends in total soil bulk 
density values across the range of dismrbance types (Figures 6,10 and 12) 
were similar in all three cutblocks being highest on the inner track followed 
by the outer track and between track respectively. Seedling growth (all 
species) was always poorest on the inner track. This was, often but not 
always, followed by growth on the between track and outer track. Although 
soil density plays a major role in seedling performance on these disturbance 
types (particularly the inner track) other factors, such as nutrient availability 
and moismre conditions play a large role. Water erosion and deposition and 
cutbank ravelling also impact on seedling growth on the skidroad mnning 
surface particularly the inner track. 

At Marl Creek (contour skidroads, calcareous soils) trends in total soil bulk 
density (Figure 22) on the skidroad mnning surface are nearly identical to 
those in the Golden harvesting study above, being highest on the inner and 
outer tracks. Volume growth of both lodgepole pine and Douglas-fir after 
10 years (Figures 23 and 24) mimic results from the Golden study as well 
being poorest on the inner track, followed by growth on the outer track 
however at Marl creek the best growth occurs on the undisturbed soil while 
in the Golden trials the best growth of lodgepole pine occurs on the berm 
and outer and between track. 

At Martin Creek, skidroads were oriented to cross the contours at a very 
steep angle. In this study the total soil bulk density of both tracks was 
averaged (Figure 19). This value was considerably higher than that 
determined for undisturbed soil even though undisturbed or inherent values 
were quite high. After 10 years the height growth of Douglas-fir on the 
skidroad disturbance types (Figure 20) was lowest on the inner track, 
followed by growth on the outer track, however poorest growth occurred 
on undisturbed soil. Height growth of lodgepole pine (Figure 21) after 10 



years was best on the inner track and the outer track and as for the Douglas-
fir, poorest on the undisturbed soil. No explanation for the latter results could 
be determined although competing vegetation has been identified as affecting 
growth in other studies. 
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Objective To determine the extent and the causes of soil surface disturbances and 
compaction from harvesting equipment in 'conventional' (handfell, line-skid) 
and 'mechanical' (feller-buncher, grapple skid, mechanical process) systems. 

Approach * Conduct site impact survey 
• Relate relative magnitudes of soil compaction to machine and soil 

parameters using soil mechanics model 
• Relate spatial distribution of impacts to site characteristics 

Study Site * Location: 54°10.5' N, 105°4.3' W (Beaver Lake, Saskatchewan) 
• Loamy sands, sandy loams and sands loams and sands -14.6% -i- 8.0% 

water content 
• Variable topography (flat to >40% slopes) and drainage conditions 
• Moss thickness 20-440 mm (Average 90 mm) 



Figure 2. Particle-size distribution 
of mineral soil components 
in mechanical harvesting 
block. Coarse fragment 
content ranged from 1.5 to 
8.5%. (bS = black spruce, 
jP = jack pine, tA = 
trembling aspen, wS = 
white spruce) 

100 

20 
IMIIHIIIIIII 

bS (Loamy sand) I H bS C6 (Sandy loam) 
-o-jP-wS (Sand) 
• tA-wS (Loamy sand 

10 1 0.1 

Particle size (mm) 
0.01 

Figure 3. Particle-size distribution 100 
of mineral soil components 
in conventional harvesting 80 
blocks. The USDA texture 
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classification was sand 
60 and the coarse fragment 60 

content was 0.3%. 
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Conventional Harvesting 
System 

The conventional system was a hand fall and delimb (chainsaw) / line skid 
opeation. It used three rubber-tired line skidders in the 70-kW power class 
- two Clark 664Cs and one Clark 664B. They'were 15+ years old and had 
been purchased to secure entry-level harvesting contracts with low capital 
investment. No roads or bladed skid trails were constmcted in this block 
which resulted in maximum skidding distances of 250 to 450 meters. 

Mechianical Harvesting 
System 

The mechanical system was a feller buncher / grapple skidder / road-side, 
stroke delimber tree-length system. It used a Caterpillar 325 feller buncher 
with a 56-cm Koehring circular saw; a John Deere 748G grapple skidder 
with a 450-cm dual function grapple; and two stroke delimbers at roadside. 
A Caterpillar front-end loader was used to load tmcks and to spread tops 
and branches, from the roadside delimbing, back over the block. Roads were 
constmcted to keep skidding distances to a maximum of 110 meters. 



Site Disturbance Survey Dispersed (non- road and landing) site disturbance was measured using a 
randomized systematic point sampling procedure. Approximately one half 
of each site was disturbed. 

Figure 4. Post-harvest soil surface 
condition (DMC = 
disturbed, mineral soil 
exposed, compacted; 
DMG = disturbed, 
mineral soil exposed, 
gouged; OC = organic 
layer intact, compacted; 
UO — undisturbed, 
organic soil layer intact) 
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Table 1. Bulk Densities (0-30 cm average) 
Mean (Std Dev) 

(Mg/m )̂ (Mg/m )̂ 

Undisturbed 1.45 (0.15) 
Conventional 1.50 (0.15) 
Mechanical 1.55 (0.17) 
Forwarding trails 1.55 (0.13) 
Roads 1.76 (0.11) 

Figures. Comparison of post-
harvest bulk densities for 
0-30 cm soil layers. (Error 
bars are +/- one standard 
deviation.) 
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Figure 6. Site disturbance by cause. 
This figure shows the 
distribution of disturbance 
between single pass 
skidder tacks,multiple 
pass skidder trials and 
other non-compacted 
disturbance. 
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Figure 7. Post harvest soil bulk 
densities (0-30 cm depth 
resuhing from mechanical 
harvesting are shown in 
this figure. It shows a 
comparison between 
undisturbed soil density 
and disturbed denstiy 
(measured in the machine 
caused "rut") for single 
pass skidder ruts, multiple 
pass skid trials, feller-
buncher (FB) ruts and a 
combination of all 
disturbance. (The dotted 
line indicates theassumed 
critical bulk density). 
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Conclusions • harvesting systems: 
- impacted similar areas (51% of non-road site) 
- 15% of non-road area possibly degraded 

• Single-pass of machinery generally did not cause unfavourable 
compaction 

• Mechanical compaction (bulk density, mt depths) greater (P <0.05) than 
conventional 



Figures. Comparison of post-
harvest slash disturbance. 
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Degree of compaction governed by site conditions for mechanical 
system (random skidding) 

Higher compaction concentrated near skid trails in conventional system 
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Figure 9. Typical dynamic loads on 
JD 748 grapple skidder 
under operation Front-Left Wheel 
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Figure 10. Typical dynamic load for 
Cat 325 feller-buncher 
under operation 
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• Machines applied 1.5-2 times their static weight to the ground, or ground 
pressures of 70-150 kPa 

• Unfavourable load transfer on grapple skidder would cause increased 
impacts 

• Load distribution more uniform on feller-buncher; expect more impact 
during harvesting than travel 

Soil Ccwmpactl 

Pressure on Soil 
Shearing 

Crushes soil aggregates 

Reduces pore space 

Slows exchange of O 2 and C O . 
Limits water nutrieni'movement 
Increases degree of saturation 

Lowers soil temperature 

Reduced water inflitratiorr 
Standing water/drainage problems 

Increased erosion 

Increases bulk density 

Increases soil strength 

{ Slows root penetration 
, Increases tillage power requirements 

Fewer roots in soil profile 
Need bigger machinery 

Figure 11. Approximate state paths 
associated with a slipping 
wheel operating in loose 
soil. This soil undergoes 
significant compaction 
due to passage of the 
loaded, slipping tire as 
indicated by the reduction 
in voidratio e (and thus an 
increase in bulk density). 

stress stress 



Table 2. Case used in Model Simulations 

System Machine Ground pressure Contact Analysis 

Front 
(kPa) 

Rear 
(kPa) 

width 

(m) 

type 

Mechanical grapple-
skidder 

61 86 0.39 Axi-
symmetric 

feller-
buncher 

56 0.60 Plane 
strain 

Conventional cable-
skidder 

35 95 0.34 Axi-
symmetric 

Figure 12. Measured and predicted 
compaction after single 
pass (front and rear 
wheels) of grapple skidder. 
The shaded region 
highlights assumed critical 
bulk density range. 

Figure 13. Predicted rut formation Distance from tire centre-line (m) 
^ after passage of front and 

rear wheels of grapple-
skidder. 



Table 3. Summary - Compaction Prediction 

Machine Bulk Density (Mg/m^) Rut Depth (mm) 

(1-Pass) Initial Final Predict Meas Predict 

Grapple- 1.31 +13.0% +16.8% 55 62 
Skidder ±0.21 ±1 .7 

Feller- 1.38 +8.7% +8.7% 61 71 
Buncher ±0.07 ±2 .0 

Cable- 1.35 +5.2% +10.4% 51 58 
Skidder ±0.12 ± 1.7 

Figure 14. Soil-water characteristic 
curves for samples from 
mechanical and 
conventional sites. The 
solid curves were predicted 
from average particle size 
distribution curves (0-200 
mm soil depths). 

(Fredlund & Xing, 1996) 
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Soil Shear Strength Model 

Tf = c' + \|/SP tarf (|)'̂  +̂̂^̂̂  

O = 
c' = 

¥ = 
S = 

P = 

shear strength (kPa) 
normal stress (kPa) 
effective cohesion (kPa) 
effective angle of internal friction 
suction (kPa) 
degree of saturation 
soil parameter = 1 for sandy soils 



Figure 15. Mini mum-soil-shear-
strength versus water-
content functions 
estimated using soil-water 
characteristic curve, 
saturated strength 
parameters and a zero 
normal stress. 
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Severe compaction associated with vehicle slippage on wet soil areas 
and slopes 

Compaction by smaller cable skidders comparable to that by larger 
machinery because of similar ground pressures, and lower soil shear 
strength over conventional site 

Recommendations Changes in Operation 
• Mark sensitive wet areas - harvest isolated wet areas in winter 

• Use line-skidder to winch isolated logs from swampy pockets on dry 
ground 

• Designated skid trails in critical areas 

• Avoid skidding difficult areas at night 

• Place slash from coniferous trees in wheel tracks and on designated trails 
to 'cushion' the ground 

• Rehabilitate non-permanent road stractures immediately after harvest 
and install water bars to prevent erosion 

Machine Design Features 
• Use of reduced tire inflation pressures and/or wide tires 

• Use of machinery equipped with CTI (central tire inflation) or ASR 
(automatic slip regulation) systems 

Consider machine designs that achieve better load distribution 



Next... 
Given Site Characteristics: 

Bull< density 
Drainage conditions 
Slope 
Soil texture 
Vegetation (roots) 

Geographic Information System 
Unsaturated-soil-property database 
Machine-soil interaction models 

•Select machinery for given site 
•Identify critical water content 

and axle loading for 
high compaction risk 

But... 

Long term effects 

of 

soil compaction 



Harvest Systems and Strategies to Reduce 
Soil and Regeneration Impacts (and Costs) 

Mike Curran,^ PhD, PAg. 
British Columbia Ministry of Forests 
Nelson BC 

Summary The British Columbia Ministry of Forests (BCMOF) has established soil 
conservadon as a priority for forestry operations throughout the province. On 
steeper and very sensitive sites, this normally means cable or aerial harvesting 
methods. On gentler and less sensitive sites, ground-based harvesting is still the 
dominant method, particularly in the lower volume stands of the BC Interior 
Surveys done throughout the BC Interior from 1990 to 1993 demonstrated that 
soil disturbance guidelines, under development and debate since the 1970's, had 
been successful. The majority of "well planned and harvested" blocks were 
below 13% disturbance for summer, ground-based harvesting, using criteria 
similar to those in the Forest Practice Code. However since the advent of the 
Forest Practices Code of BC in 1995, both the forest indusUy and the BCMOF 
have been hesitant to propose or employ harvesting practices that may 
temporarily exceed the 10% soil disturbance levels, even though these cost 
efficiencies were provided for under the FPC. As a result, harvesting costs went 
up; direct costs have increased due to less efficient layouts such as wider trail 
spacing, and indirect costs due to increased voluntary shutdowns because of 
concerns about harvesting under wetter soil conditions. 

Through co-operative efforts with the forest industry and BCMOF 
operational staff over the last few years, we have been working on a number 
of harvesting strategies that industry feels have been saving up to $3 to 4/ 
m' when compared to more conservative layouts. Four key strategies have 
been tested to ensure that they still protect the soil and related resources; 
these include: closer spaced temporary trails on gentle or moderately steep 
ground, closer spaced temporary spur roads on gentier ground, combined 
designated/random skidding, and hoe-chucking to wider spaced trails. 
Through careful planning, including accurate site descriptions and 
understanding of the site-specific soil disturbance hazards, the end result 
should be harvesting strategies that are less costiy and more flexible because 
they depend less on climatic conditions. Some of these strategies can also 
save silviculture costs by providing a reasonable amount of "site preparation" 
type disturbance duriiig the dispersed skidding component of the harvesting 
operation, thereby dealing with growth-limiting factors during stand 
establishment. Interpretive tools are being developed to match sites (soil 
sensitivity) to appropriate strategies, and to provide simple tests for adequate 
frost or excessive soil wetness; these are also summarized in this paper 

Preface The intent of this document is to introduce the policy and environmental 
framework affecting ground-based harvesting in BC and demonstrate how, 
through careful site description and harvest planning, and full use of 
provisions contained in the FPC, ground based harvesting costs can be 
reduced while still limiting detrimental soil disturbance. Inadequate pre-
harvest site description and/or misapplication of these provisions can result 

' Research Soil Scientist, BC Ministry of Forests, Nelson Forest Region, Nelson, BC 
(250) 354-6274 (http://www.for.gov.bc.ca/nelson/research/homepage.htm.) 

http://www.for.gov.bc.ca/nelson/research/homepage.htm


in inordinate soil disturbance and penalty provisions under the FPC. Some 
issues discussed in this paper are controversial and the science and policy 
supporting the FPC is evolving; the author's intent is to present objective 
information to support adequate conservation of the soil and related 
resources while still providing opportunities for economically viable forest 
harvesting. 

A number of co-authors have been key in various studies and discussions 
on harvesting disturbance impacts on soil properties and tree growth, they 
are listed in the literature cited. BCMOF operational personnel in the Nelson 
Forest Region, and personnel at Atco Lumber Ltd., Crestbrook Forest 
Industries Ltd. (all divisions), Slocan Group (Radium and Slocan Divisions), 
Meadow Creek Cedar Ltd., and Pope and Talbot Ltd. (all divisions) have 
been key in cooperating on operational trials and discussions on issues 
related to harvesting impacts; their comments during the recent District 
workshops given by the author on this topic, and the comments of the 
students in the recent Institute of Forest Engineering of BC, Module 5 (Forest 
Soils and Hydrology), were appreciated during finalization of this 
manuscript. More detailed reviews by Dr. Bill Chapman, Simon Brookes, 
and Darrell Regimbald were greatly appreciated, as were english edit 
comments by Kathi Hagan. Funding for this work has been provided by the 
BCMOF and more recently by Forest Renewal BC through the Invermere 
Enhanced Forest Management Pilot Project and the research program 
administered by the Science Council of BC. 

The British Columbia Ministry of Forests (BCMOF) has established soil 
conservation as a priority for forestry operations throughout the province. 
Since the 1970s, the BCMOF's objectives, in cooperation with the forest 
industry, have been to limit ground-based forest harvesting to gentler and 
less sensitive sites, and to reduce the amount of potential disturbance during 
forest harvesting. 

The BCMOF and Canadian Forest Service have commissioned a number of 
reviews on soil degradation and potential impacts on forest productivity (e.g. 
Utzig and Walmsley 1988; Lousier, 1990; and more recently. Hunt & 
Associates, 1998). Previous discussion of harvesting strategies to manage 
soil disturbance appeared in the Land Management Report and Field Guide 
Insert by Lewis et al. (Lewis et al. 1989; Lewis et al. 1991), and the FERIC 
training materials assembled by Araki (1990). 

The intent of this paper is to update the harvesting strategies aspects of the 
former publications. For more thorough discussion on soil disturbance effects 
on soils and tree growth, the reader is referred to the previous BC reviews 
and/or Greacen and Sands (1980), and Froehlich and McNabb (1984). For 
guidance on individual equipment configurations and compatibility with site 
conditions, the reader should consult the new FERIC handbook on 
"Harvesting systems and equipment in British Columbia" (MacDonald 
1999). 

The Forest Practices Code of BC (FPC) contains policy and regulation 
controlling soil disturbance levels; this document provides further 
background on the underlying rationale for these requirements, and general 
guidance on their implementation, particularly the new FPC General Bulletin 
19 on "The use of temporary access structures to reduce logging costs. " 



Objectives and Intended The main objective of this document is to describe how harvesting 
Audience prescriptions can be developed to maximize independence of climatic 
AUaience conditions while remaining responsive to industry costs and resulting soil 

disturbance levels. 

Specific objectives are to: 

• describe the policy and environmental framework affecting forest 
harvesting in BC, 

• describe key considerations that go into developing a forest harvesting 
prescription, and 

• detail four harvesting strategies that can accomplish the main objective. 

The section describing the policy and environmental framework is critical 
background to understanding the soil disturbance hazard rating system that 
we use in BC to help govern and guide soil disturbance during forest 
harvesting. 

The intended audience for this paper is all levels of the forest industry and 
government in Alberta and related provinces, and the operational forest 
planning and harvesting level of forest industry and government in BC. 

2 BACKGROUND the 1970's and early 1980's soil disturbance of concern was primarily 
excavated and bladed trails (skid roads). During this period, skid road soil 
disturbance levels of over 20% were common (Krag et al. 1986). Concems 
about erosion, off site impacts, and site productivity lead to the development 
of soil disturbance and steep slope guidelines, which were the topic of many 
workshops, committees, and draft policies during the 1970's and 1980's. In 
the latter stages of these initiatives, we had gone from soil disturbance 
concems being focused on displacement of fertile topsoil and creation of 
erosion channels, to also including compaction. The corresponding 
disturbance categories of concern evolved from skid roads with 25 cm 
cutbank height to inclusion of non-bladed skid trails and ruts deeper than 5 
cm into the mineral soil. 

In 1989, the Interim Harvesting Guidelines were released, which 
allowed, on less sensitive sites, 15% soil disturbance including landings 
(about 13% skidding disturbance). Surveys done in 1990 and 1991 
demonstrated that the soil disturbance guidelines had been very 
successful, and even using the new distiirbaii'ce cfifefia, m¥hŷ  
surveyed were below 13% for ground-based harvesting (Thompson and 
Osberg, 1992; following the methods outlined in Curran and Thompson 
(1991). 

In 1993 the Harvesting Guidelines were finalized and had a guideline 
maximum of 13%, but also included provisions for rehabilitation of 
excavated and bladed trails. Building further on the rehabilitation 
provision, the FPC included a requirement to rehabilitate excavated and 
bladed trails, and a soil disturbance guideline limit of 10% to reflect 
rehabilitation of excavated and bladed trails exceeding the 10% number. 
In the Nelson Forest Region, the rule of thumb we have used for summer 
harvesting on less sensitive sites, was "10 -i- 3"̂  based on the 1990-1993 
survey results; many sites have come in under these numbers. 



Since the advent of the Forest Practices Code in 1995, both industry and 
BCMOF staff have been hesitant to propose or employ harvesting practices 
that may temporarily exceed soil disturbance levels, or ensure that harvesting 
can occur under wetter soil conditions. As a result, logging costs went up, 
in terms of direct costs because of less efficient layouts such as wider trail 
spacing, and in terms of indirect costs due to increased voluntary shutdowns. 
With the recent slump in the forest industry, these costs became an issue. 
Through cooperative efforts with industry and BCMOF staff over the last 
few years, we have worked on a number of harvesting strategies that have 
saved industry up to three or four dollars per cubic meter, while still 
protecting the soil and related resources. 

The FPC targets disturbance types that are considered closely linked to 
hydrologic (drainage diversion, erosion, stability), and soil productivity 
impacts. The Forest Practices Code has specific definitions for these types 
of "soil disturbance", but recognizes that foresters commonly create 
purposeful disturbance that is considered beneficial as site preparation for 
seedling regeneration or planting and establishment; these disturbance types 
are not targeted by the FPC. 

BC is a province of complex diversity in terms of the physical and biological 
landscape. One way that this diversity can be classified is by the 
biogeoclimatic ecosystem classification system (e.g. Braumandl and Curran 
1992). This system identifies regional forest ecology based on regional 
climate which is expressed on "zonal" sites. At the forest site level, "site 
series" are identified based on diagnostic, moisture, and nutrient indicating 
plants, or soil moisture and nutrient regime. This classification is required 
for all Silviculture Prescriptions (SPs) and provides a framework for 
determining the suitable species for restocking, making silvicultural 
interpretations, and making some general interpretations regarding seasonal 
soil conditions. The ecological classification is also used in coming up with 
general precipitation and runoff classes for use in the soil disturbance hazard 
keys, described below. 

Slope stability is a concern on steeper and wetter sites. To identify and 
mitigate the potential for landslides, terrain mapping and/or terrain stability 
field assessments are required on sites that exceed certain slope gradients 
or have indicators of potential slope instability. Prescriptions that propose 
ground-based harvesting must also consider soil disturbance hazards by 
reporting and interpreting the compaction, displacement, and erosion hazards 
on the site. In addition, the potential for minor cut and fill failures (mass 
wasting hazard) should be determined whenever excavation is anticipated; 
this is also recommended for the less sensitive sites where stump removal 
is permitted for root rot control. Forest floor displacement hazard should 
be determined whenever dispersed (random) skidding on steeper slopes or 
if stump removal is being considered. 

Determining the soil disturbance hazards on a given site provides a 
framework for developing harvesting strategies by alerting the prescription 
developer to the specific soil disturbance concems on that site. In practice, 
soil disturbance guidelines in the FPC permit up to 5 or 10% net disturbance 
within a cutblock area (excluding permanent access). The trigger for 5% is 

^ That is, 13% maximum during the harvesting operation with a maximum of 10% net 
disturbance following rehabilitation plus a maximum of 3% over this amount during the 
harvesting operation. 

3 ENVIRONMENTAL 
AND POLICY 
FRAMEWORKS FOR 
FOREST SOIL 
CONSERVATION IN BC 

SOIL DISTURBANCE 
HAZARDS 



when one of the key hazards is Very High. A High rating for any hazard is 
primarily intended to alert the prescription developer, and the operational 
staff, of a hazard that may require special treatment to prevent problems 
(manage and mitigate the hazard). High compaction hazard also results in 
more equipment traffic disturbance types being counted under FPC criteria. 
The soil disturbance hazards also help identify site conditions that are 
suitable for construction of excavated and bladed trails (skid roads or 
backspar trails), and/or temporarily exceeding soil disturbance levels and 
rehabilitating slope hydrology and forest site productivity. The hazards are 
defined below, including brief discussions of why they are of concern.̂  

Soil Compaction Hazard Soil compaction is the increase in soil bulk density that results from the 
rearrangement of soil particles in response to applied extemal forces. "Soil 
puddling" is the destruction of soil structure and the associated loss of 
macroporosity that results from working the soil when wet. (Organic matter 
is often incorporated during puddling, because organic matter is lighter than 
mineral particles, soil bulk density may not increase, but the other properties 
described below are still negatively affected.) The science and rationale for 
the compaction hazard key were laid out in Carr et al. (1991). Concerns that 
coarse fragments do not typically provide "bridging" support for equipment 
until they are 70% by volume resulted in modifications to the final key 
currentiy in use by the FPC. 

As described by Dr. McNabb at the workshop, moisture content is probably the 
best determinant of compaction hazard at any given time. In BC, the soil 
compaction hazard key ranks the potential compaction hazard by grouping soil 
textures that are most susceptible to stmctural degradation from compaction and 
puddling, and are most likely to hold moisture and remain wet for longer periods. 
The soil compaction hazard key is a tool to help with planning of an operation, 
while careful monitoring of equipment effects on the soil, and hand tests for 
soil moisture content are the tools diat help guide the operation (described under 
"Weather and climate considerations" in Section 3). 

Soil compaction and puddling are of concern in timber harvesting operations 
because of effects on roots and site water relations. Compacted soils have 
higher penetration resistance that can impede root growth. Compacted and 
puddled soils both have lower aeration porosity and lower hydraulic 
conductivity and infiltration rates; however, in some coarser textured soils, 
compaction may actually increase water holding capacity (these soils 
typically have lower compaction hazard ratings). 

^ Soil degradation hazard rating iceys for soil compaction, displacement, and erosion are 
found in the Forest Practices Code of British Columbia, Hazard Assessment Keys for 
Evaluating Site Sensitivity to Soil Degrading Processes Guidebook. The forest floor 
displacement hazard and the mass wasting hazard are decribed in Forest Practices Branch 
field guide SIl>tl 1, and all hazard keys and data required for them appear on the BCMOF 
field forms FS39. The general BCMOF web site where these and other FPC information 
can be located is: http://www.for.gov.bc.ca/. 

•* The reader should recognize that the net effect on forest productivity will be which affected 
property becomes most limiting to growth, if aeration decreases to growth-limited levels, 
increased water holding capacity becomes an academic issue. In the case of the site studied 
by Utzig and Thompson (1992), described below, the available water holding capacity 
increased slightly on some disturbances on some sites, but "are so small that they are 
probably inconsequential, and probably are within measurement error." 

http://www.for.gov.bc.ca/


Lower aeration porosity results in reduced gas exchange that can adversely 
affect oxygen levels in the soil air; this reduces physiologic function of roots 
which in turn can lead to root die off under wetter conditions. Lower 
hydraulic conductivity and infiltration rates of the compacted or puddled 
soil can result in increased runoff during rainfall and snowmelt events. This 
can lead to increased net export of water from a cutblock, which can affect 
downslope sites, natural drainage features, and other resource values due 
to erosion and sedimentation. Increased water export also means less water 
may be stored on site to support tree growth during summer drought.̂  
Compacted soils can also remain wetter longer, thereby further affecting 
seedlings because the soil may be colder and has poorer aeration. 

From monitoring of traditional spring harvesting in the southern Rocky 
Mountain Trench near Cranbrook, we know that significant declines in 
aeration porosity can occur as soon as evidence of equipment traffic is visible 
on the ground (e.g. wheel lugmarks on the soil or slight impressions with 
track grouser marks; Utzig et al. 1992). Three sites were studied that had 
typical Trench soils: low coarse fragment silt loam to silty clay loam textured 
surface soils, underlain by denser subsoils with more coarse fragments. The 
undisturbed soils had aeration porosity values at or above one threshold 
recommended by the United States Forest Service (USPS) in some of its 
policy for the Pacific Northwest (i.e. 15% at 10 J/kg water tension referred 
to in Boyer 1979). 

On "light disturbance", (<5 cm ruts; often only about 2 to 3 cm deep), the 
resulting aeration porosity was between 10 and 16%, while counted ruts (5 
cm deep) had 7 to 12% aeration, main trails were less (Figure 1). Effects on 
water infiltration, as reflected by saturated hydraulic conductivity, were 
similar (Figure 2). Bulk density increased in a similar but opposite trend to 
the aeration porosity and saturated conductivity, as would be expected. The 
concern about these effects is how extensive the machine traffic disturbance 
is on this tvne of harvesting. On the three sites studied, the combined total 

Figure 1. Aeration porosity at 10 
J/kg tension for two 
sample depths on the three 
sites studied by Utzig et al. 
(1992). Data order U 
(undisturbed), VL (very 
light ruts, <5 cm deep), 1 
(ruts 5 cm or deeper), HT 
(heavy [main] trails). One 
threshold value in USFS 
policy is 15% (Boyer, 
1979); as demonstrated by 
the graph, most of the 
disturbance sampled in 
our study was below this 
15% value. 

2-4 cm 8-10 cm 2-4 cm 8-10 cm 2-4 cm 8-10 cm 

U VL 1 HT U VL 1 HT U VL 1 HT U VL 1 HT U L 1 U L 1 

' These hydrologic effects are recognized by hydrologists for concentrated disturbance 
like main skid trails; however, the jury is still out on the effects on more dispersed traffic, 
which are difficult to study becasue they are influenced by many factors (D.Toews, 
per.comm. Research Hydrologist, B C M O F , Nelson). 



Figure 2. Saturated hydraulic 
conductivity for two 
sample depths on the three 
sites studied by Utzig et al. 
(1992). Data order U 
(undisturbed), VL (very 
light ruts, <5 cm deep), 1 
(ruts 5 cm or deeper), HT 
(heavy [main] trails). 
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of the light ruts, 5 cm mts, and main trail disturbance ranged from 51.6 to 
64.3% of the entire cutblock area, with light disturbance covering from about 
30 to over 45% (Figure 3). 

The above results are consistent with monitoring studies of nearby sites in 
northem Washington, Idaho and Montana (Laing and Howes 1988, Svalberg 
1979, Kuennen et al. 1979). In the Washington study, Laing and Howes 
(1988) predicted a "conservative estimate of 35% volume reductions over 
the next rotation" for detrimentally compacted areas (42% of the cutblock 
area in their study). On similar sites in Northem Idaho and Montana, 
Kuennen et al (1979) suggested that changes in soil physical properties 
resulting from compaction can decrease the ability of trees to compete with 
pine grass. Whether or not such effects would be realized on our sites is not 
clear, but in the absence of hard data to the contrary, we need to be careful 
(we are cooperating with industry on evaluating tree growth on the sites 
studied by Utzig and Thompson (1992). One major installation where we 
are studying light compaction is our USPS designed, cooperative "Long-
term Soil Productivity Study" sites (one is in the Invermere Enhanced Forest 
Management Pilot Project area). 

Figure 3. Soil disturbance levels on 
the three sites studied by 
Utzig et al. (1992). Data 
symbols: LL (very light 
ruts, <5 cm deep), HL 
(heavy [main] trails), 1 & 
2 (ruts 5 cm or deeper), 
and L (very light and 
heavy, combined). 
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In summary, the implications for site water storage, runoff, and tree growth 
are of concern when random skidding causes these types of disturbance. It 
is therefore inferred that, under certain soil conditions (eg, harvesting under 
wetter than optimum soil conditions), detrimental compaction can occur 
before guideline soil disturbance limits are reached.̂  Harvesting strategies 
recommending dispersed skidding traffic need to recognize this risk and 
"tread lighdy." Compaction is a long-lived phenomenon, natural freeze-thaw 
and wet-dry cycles have not been observed to ameliorate machine-induced 
compaction at depth. In the southern BC Interior and Alberta locations, 
where summer drought is one of the factors most limiting to tree growth, 
and in the absence of hard data to the contrary, prevention of widespread 
"below the FPC depth limit" compaction is probably the best bet and can 
be achieved economically. 

Tire Size? One soil conservation strategy used in Alberta is to equip harvesting 
machinery with very wide, high-floatation tires mn at low pressure. Caution 
is appropriate when considering this strategy for application in BC where 
soil and site conditions can be quite different than in Alberta. During wetter 
harvesting conditions, BC soils do not behave in a "semi-liquid plastic state" 
as described for Alberta soils at the workshop. Based on the author's soil 
survey and reclamation planning experience in Alberta, BC subsoils are often 
much stonier, compact glacial tills or much gravellier, dense glacial fluvial 
deposits or coUuvium; they typically are not soft when wet like some of the 
low coarse fragment Alberta subsoils. Consequently, the compressing, 
shearing, and vibrating forces that cause compaction are concentrated on 
the upper layers of these soils; this causes marked mtting and impressions 
under conditions of poor soil strength. 

With the use of wider tires on skidders, main skid trails would become wider, 
and regeneration and residual damage in partial cutting would increase.̂  
Recognition of areas where damage has occurred would become problematic 
during or after operations, because rats would not be clearly definable. Also, 
it is not clear what the traction limitations of wide high-floatation tires would 
be on grassy or slashy slopes. While it is important to encourage innovation, 
proceeding with caution is advised; the BCMOF is available to collaborate 
on any new trials. 

Another option is to use tire chains that increase flotation, some of these 
are quite similar to grousers on cats. If the grousers are not too long (i.e. if 
they do not chop up the surface soil and recompress and shear it with each 
pass), then the use of these appears to extend the operating season of the 
equipment. (Use of standard chains under drier "conditions can reduce soil 
disturbance levels by increasing traction, thereby reducing wheel slippage 
disturbance during normal operating conditions - these are not expected to 

^ On a study of compaction from winter pusliover Iiarvesting, Redfern (1998) found on 
one site near Golden, soil disturbance survey criteria closely matched actual compaction, 
but on another site south of Fairmont they did not. However, becasue these sites were 
harvested under winter conditions when we would encourage dispersed traffic and not 
be concerned about compaction, this important study has little bearing on the strategies 
in this paper, except that we need to study the survey criteria more to ensure that good 
winter harvesting is not discouraged. 

' One way of offseUing residual damage would be to limb and top in the bush; cost 
implications of this practice will depend on whether it's economical to process at the 
stump, which is beyond the scope of this paper. However, limbing and topping in the 
bush is environmentally desirable because of the increased foliar nutrients and woody 
debris left on the site after harvest. 



help increase operating season under wet conditions unless such traffic is 
confined to designated trails.) 

Soil Displacement Hazard Soil displacement is the mechanical movement of soil materials by 
equipment and movement of logs. It involves excavation, scalping, exposure 
of underlying materials, and burial of fertile surface soils. Three aspects of 
displacement can produce soil degradation: 

• exposure of unfavourable subsoils, such as dense parent material, 
gravelly subsoil, and calcareous (high pH) soils, 

• redistribudon and loss of nutrients, and 

• alteration of slope hydrology, which can lead to hydrologic effects 
(discussed under compacdon, above). 

Throughout the BC Interior, soil development is often shallow and many of 
the nutrients that are limiting to tree growth are often "biocycled" and 
concentrated in the upper soil horizons. As demonstrated in the table below, 
the top 20 cm of mineral soil and the forest floor are often where most of 
the nutrients are concentrated. Therefore, we don't want to displace this 
fertile topsoil away from seedlings, or reduce the rooting volume of these 
vital topsoil layers. 

Typical Nutrient Distribution in BC Interior Soils (BCMOF training mtls) 

Soil layer 
Nutrients in kilograms per hectare (% of total) 

Soil layer Nitrogen Phosphorus Potassium 

Forest floor 1450 (44%) 112(82%) 224 (73%) 
0-20 cm 1050 13 56 
20-40 cm 820 8 25 
Total 3320 133 305 

Calcareous Soils Calcareous soils have high pH and fizz with 10% hydrochloric (muriatic) 
acid because free lime (calcium carbonate) is present in the soil. As 
mentioned above, most forest soils in the BC Interior are shallowly 
developed, often only to about 30 cm. Below this is less weathered parent 
material, which in the Rocky Mountains and adjacent areas, is commonly 

_ calcareous, being derived from marine materials such as limestone. In several 
other locations in BC there are also limestone derived soil parent materials 
and/or drier climates where soil development has not yet leached salts from 
the soils - these soils are often calcareous, sometimes very close to the 
surface (eg, Ponderosa Pine and drier Interior Douglas-fir biogeoclimatic 
zones). In Alberta, calcareous soils are common on the eastern slopes and 
foothills of the Rocky Mountains; although similar to BC, the depth to the 
calcareous subsoil appears to become deeper as you go further north from 
the drier, sou them ranges. 

As part of the Invermere Forest District Enhanced Forest Management Pilot 
Project, a major study is being undertaken on soil disturbance, root rot, 
rehabilitation, nutrients, and the effects of calcareous soils on tree growth 
(Curran 1999). Results to date have indicated that, on some sites there may 
be some relationships between slower lodgepole pine growth and depth to 



calcareous soils < 40 cm (Kishchuk et al. 1999). This is consistent with 
Dumanski et al. (1972), who in the soil survey of the Hinton map sheet in 
Alberta, had reported that, based on forest productivity plots, pine growth 
was lower on soils that were shallower to calcareous subsoil. In studying 
tree growth on rehabilitated skid roads, Dykstra and Curran (1999) found 
poorer growth on the rehabilitated portions of the skid road on the most 
calcareous, Lussier River site (Figure 4). 

Figure 4. Three-year height 
increment on rehabilitated 
skidroads at 1996 block 
height, all blocks and 
species studied (PI -
lodgepole pine; Se = 
Engelmann spruce; from 
Dykstra and Curran, 
1999). Lussier block is 
calcareous at 12 cm; data 
order is U (undisturbed), 1 
(inner track), M 
(midroad), and B (berm). 
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Some treatments can bring large amounts of calcareous subsoils to the surface 
as deposits. For example, in a pushover logged site near Golden, BC, up to 
29% of treatment units were calcareous at the surface Quesnel and Curran 
(1999; Figure 5; our new studies on this practice near Invermere have 
demonstrated that less calcareous material is left on the surface, but it still 
amounts to up to 100% of local areas like group selection harvested areas). 
Calcareous deposits can raise the pH of underlying forest floor (Hall and 
Curran 1999; Figure 6). This is cause for concern because a number of 
essential nutrients are considered to be mainly available under acidic soil 
condidons, which in these soils primarily occurs in the forest floor. For 
example. Figure 7 demonstrates the low levels of soil iron on the Lussier 
River site studied by Dykstra and Curran (1999). However, the foliar iron 
levels do not reflect this level (Figure 8); probably because of mycorrhizal 
fungi providing the trees with the required iron. It is likely that there is a 
physiological cost of extra photosynthate in exchange for this iron and that 
may explain why the trees on the calcareous soil are not growing as well, 
further study is underway. 

Calcareous soils are often finer textured (e.g. silty and clayey texture classes), 
which also makes them of more concern for soil compaction and puddling. 

Forest Floor Displacement 
Hazard 

Forest floor displacement is the mechanical movement of the upper organic 
materials by equipment and movement of logs. It involves excavation, 
scalping, mineral soil exposure, and burial of the forest floor. The effects 
of forest floor displacement range from beneficial to detrimental, depending 
on site factors (e.g. mineral soil characteristics) and how far the forest floor 
is displaced from the seedlings. 



Figure 5. Percent of harvested area 
calcareous at Mount 
Seven, near Golden, after 
various harvesting and 
retention treatments (CHv 
= conventional harvest, 
heavy retention; CLt -
conv., light retention; CCc 
= conv., clear cut; PHv = 
pushover harvest, heavy 
retention; PLt = push., 
light ret.; PCc - push., 
clear cut.; from Quesnel 
and Curran 1999). 

CHv CLt CCc PHv PLt PCc 

Figure 6. Forest floor pH after 
leaching in laboratory, 
equivalent to one or five 
years in the field (FF = 
forest floor alone; ST2 = 
under 2 cm strongly 
calcareous deposit; ST8 = 
8 cm; EX2 = 2 cm 
extremely calcareous 
deposit; EX8 = 8 cm; from 
Hall and Curran, 1999). 
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Site and Treatment Vs. Available Iron 

Figure 7. Available iron in 
soil samples from 
rehabilited 
skidroads. Data 
order is (J 
(undisturbed). Inner 
Track, M (midroad). 
Outer track 
(unlabelled bar) on 

_ Bloom and Grave, B 
(berm), and lower 
undisturbed 
(unlabelled bar) on 
Bloom and Grave. 

300.00 



Figure 8. Foliar iron in trees 
growing on 
rehabilitated 
skidroads. Note how 
the trees on the 
calcareous Lussier 
block do not reflect 
the soil levels, 
presumably because 
of mycorhizal fungi 
on the tree roots. 
Other nutrients, like 
manganese, appear 
affected, data 
analysis is in 
progress. Data order 
is U (undisturbed), I 
(inner track), M 
(midroad), and B 
(berm). 
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Forest floors typically represent a major component of the nutrient capital 
on a forest site. In the BC Interior, it is not uncommon for the forest floor to 
contain over 50% of the soil nitrogen and 80% of the phosphorus (recall 
the table in the Displacement hazard section above). Given that many Interior 
sites are considered nitrogen deficient, conservation of the forest floor is 
important. 

Two aspects of forest floor displacement can produce soil degradation: 

• redistribution and loss of nutrients (e.g. chemically bound and 
unavailable in the mineral soil, and accelerated decomposition of organic 
matter) 

• exposure of unfavorable rooting medium 

A review of forest floor displacement and implications for tree growth was 
done in one of our southern Districts by Hickling (1997), who found that 
while there were a few trends in soil nutrient levels, it was difficult to relate 
displacement to any negative effects on tree growth. Because of the difficulty 
in retrospectively assessing actual forest floor displacement 5 to 20 years 
after harvest, we had Hickling install long-term monitoring plots on various 
disturbance types (Hickling 1998). we are monitoring these plots in 
cooperation with Pope and Talbot Ltd.; some of these plots were associated 
with stumping. Most forest operations were well below the forest floor 
displacement limits originally set in the FPC, so determining the forest floor 
displacement hazard is no longer officially required for harvest planning 
and permitting. However, use of this hazard interpretation is supported and 
recommended for planning dispersed skidding on slopes, rehabilitation of 
soil disturbance, and root rot treatments. Forest floor displacement is more 
of a concem on calcareous soils. 

Surface Soil Erosion Hazard Surface soil erosion is the wearing away of the earth's surface by water and 
includes splash, rill, and gully erosion. It has on-site impacts (soil loss, 
nutrient loss, lower productivity) and off-site impacts (water quatity, 
sedimentation, habitat impacts). The surface soil erosion hazard key focuses 



on on-site erosion and conservation of the fertile topsoil layers near 
developing seedlings. The science and rationale for the key were laid out in 
Carr et al. (1991), and tested in the Nelson Forest Region by Commandeur 
(1994), resulting in modifications to the final key currently in use by the 

FPC. One use of the key is to require rehabilitation of excavated and bladed 
trails (30 cm cutbank height) on sites with High Erosion hazard to reflect 
the potential for both increased channelling and redirection of water, and 
erosion under these site conditions. On moderate slopes, this hazard is 
normally mitigated through careful layout and prompt waterbarring and/or 
rehabilitation of skid trails. 

Under the FPC, other assessments are used for haul road erosion and 
sediment delivery to streams. Haul roads and landings are of concern because 
erosion and drainage diversions can lead to sedimentation and stability 
problems. They require careful layout and attention to FPC requirements 
aimed at assessing erosion hazard on haul roads and minimizing erosion and 
sedimentation during construction and maintenance. 

Mass Wasting Hazard The mass wasting hazard assesses susceptibility to small, dismrbance-related 
slope failures. // is not the same as landslide likelihood. Landslide likelihood 
is determined through terrain stability mapping and detailed terrain stability 
field assessments, described in the Forest Practice Code of British Columbia, 
Managing and Assessing Terrain Stability Guidebook. 

Mass wasting hazard refers primarily to small-scale failures which mainly 
cause on-site degradation, while landslide hazard primarily refers to larger 
events. The small scale mass wasting is of concern because it impacts tree 
growing site and may have off-site effects. The two hazards are correlated: 
a Very High mass wasting hazard may indicate a possible landslide hazard, 
and such sites should be checked by a qualified slope stability specialist. In 
addition, small, disturbance-related slope failures can lead to larger landslides 
through drainage diversion or failure of "stacked" excavations up a hillside, 
such as in switchbacks or contour skid roads. 

For a number of reasons not clear to the author, mass wasting hazard is no 
longer officially required for harvesting planning and permitting under the 
FPC; however, determination of indicators of slope instability is still 
required. Determination of mass wasting hazard is important in planning for 
any excavation, or root rot treatments, and is supported and encouraged for 
these uses. 

The mass wasting hazard assessment should be done during cutblock or road 
alignment data collection, similar to indicators of potential slope instability. 
Both these tools help to identify areas of concem for on-site mass wasting 
and bring attention to areas that require further checking for possible 
landslide hazard. (Because of mapping scales, small areas of landslide hazard 
may be missed during terrain hazard mapping; therefore, it is important that 
data collectors carefully review sites for indicators of potential slope 
instability and assess the mass wasting hazard to help identify areas that 
might have been missed during mapping.) 

Gully systems >5 m deep should be mapped out and assessed separately for 
soil disturbance hazard assessment during data collection in the Interior On 
the Coast, gullies are subject to the separate FPC Gully Assessment 
Procedure. 



Other considerations that are important when developing a forest harvesting 
prescription include drainage control (and protection of downslope values), 
the definition of detrimental soil disturbance for the site in question, and 
ensuring the prescription is based on accurate field data. These are each 
discussed below: 

As discussed for the various soil disturbance hazards above, alteration or 
diversion of natural slope drainage is a common concern with all soil 
disturbance, and particularly with any excavation or rutting. Drainage 
problems can lead to erosion, sedimentation, and in the worst case scenario, 
landslides. In the BC Interior, the most common cause of these problems 
are forest roads, landings, and excavated and bladed trails. The FPC contains 
a number of provisions regarding protection of natural streams and wetlands, 
and maintaining adequate drainage control at all times. 

In practice, due diligence is needed regarding waterbarring and cross-
ditching for seasonal deactivation. Care is also required in cases of seepage 
areas that may be too small to be recognized during ecosystem site mapping 
for the Silviculture Prescription. In some regions, the regional ecology guide 
contains general interpretations regarding "road drainage control needs" for 
each ecological site series, to help remind data collectors and prescription 
developers that some sites are wetter during spring runoff than may be 
apparent during data collection in drier periods (e.g. Braumandl and Curran 
1992). 

Drainage control is the number one priority when planning any soil 
disturbance and needs to be planned for in layout and construction. Major 
runoff events can and do occur at any time of the year. In the case of 
excavated and bladed trails, the use of grade relief dips and outsloping 
sections is important in preventing drainage concentrating on landings or 
haul roads which can affect operations, stability, and downslope resource 
values. Timely waterbarring, cross ditching and/or rehabilitation is 
important and drainage control must be in place before spring or other 
runoff events (winter constructed trails and landings must be rehabilitated 
before spring thaw because these structures are often constructed with snow 
in addition to soil). 

Defining Soil Disturbance it is important to recognize that, while the Forest Practices Code has a 
specific definition for "soil disturbance" (those categories of disturbance 
that are counted as being potentially detrimental to soil productivity or off-
site values), not all soil d|sturtonce in the genera 
technical definition of soil disturbance is any disturbance that changes the 
physical, chemical, or biological properties of the soil (Lewis et al. 1991). 
Foresters commonly prescribe purposeful soil disturbance as site preparation 
for seedling planting and establishment; these disturbance types are not 
counted in the FPC criteria briefly described below. By controlling how we 
harvest a site, we can create more "site prep" type disturbance and keep most 
of the potentially detrimental disturbance confined to travel corridors; these 
main trails may then be rehabilitated after harvesting, as appropriate. 
Whenever planning soil disturbance, the preservation and restoration of 
natural drainage patterns should be the primary goal (necessary repetition). 

The strategies described in this document strike a balance between 
"favorable" and "detrimental" disturbance by limiting the amount of FPC 
counted soil disturbance. It is recognized in the FPC that some level of 
disturbance is necessary to permit access to timber. Counted disturbance 

OTHER 
CONSIDERATIONS 

Drainage Control (priority 
one) 



Figure 9. Tree growth on a 
rehabilitated haul road 
near Hudu Creek in the 

- - West Kootenay, on 
noncalcareous soils in 
wetter climate (based 
on data analyzed by 
Sacenieks et al., in 
review). Data symbols 
are U (undisturbed), I 
(inner track), M 
(midroad), and B 
(berm). 

includes main trails and mts/impressions of certain dimensions, and wide 
(1.8 m X 1.8 m) or deep (30 cm) gouges into the soil. Those developing and 
implementing a harvesting strategy need to recognize that on more sensitive 
sites, more disturbance types are counted (e.g. 5 cm mts and impressions 
on High and Very High Compaction hazard, as opposed to 15 cm on other 
soils; wide scalps [forest floor removal over a 1.8 x 1.8 m area] when Erosion, 
Displacement, or Compaction hazards are Very High). On sites with more 
favorable soils, less disturbance categories are counted. 

The actual affect of a given soil disturbance on tree growth will depend on 
which factors are the most growth-limidng on a given site and how these 
factors change over the course of a rotation. In the BC Interior, common 
growth-limiting factors include: competing vegetation, soil moisture 
(drought or excess), soil temperature, summer frost, rooting substrate 
(volume), soil nutritional problems (e.g. calcareous soils), and root rot. The 
net effect on growth will also depend on whether soil disturbance has 
introduced a new limitation, such as reduced soil aeration from compaction. 
Long-term effects could include increased susceptibility to blowdown 
because of poor rooting in detrimentally disturbed soil. 

Regional ecology guides often summarize common growth-limiting factors 
for various ecosystems (e.g. Braumandl and Curran, 1992), and a model has 
been developed for comparing disturbance effects on growth-limiting factors 
when deciding on site preparation prescriptions (Curran and Johnston, 1992). 
An example of tree growth on a rehabilitated haul road is shown in Figure 9 
for a site where competing vegetation is quite severe for the undisturbed 
trees, but not the disturbed sites. Despite the confounded comparision, 
growth on the rehabilitated disturbance shows good promise and we feel 
productivity will be restored with the use of good pre-harvest planning 
combined with good construction and rehabilitation technique; (Sacenieks 
et al. in prep.) 

Regardless of the actual tree growth effects, a number of soil disturbance 
types are also of concern because of potential for effects on site and slope 
hydrology and potential for downslope impacts. On-site changes in site 
hydrology are difficult to study but we need to err on the conservative side 



considering that much of BC is not flat and summer drought is often one of 
the most growth-limiting factors on many sites (effects on hydrology may 
confound tree growth on apparently "undisturbed" microsites in tree growth 
studies). Similar hydrologic concems have been voiced by other researchers 
in the local area, like Kuennen et al. (1979). 

In order to meet the permitting and operating requirements of the FPC, 
detailed ecosystem-level site data is collected. It is important that this data 
be as accurate as possible because it directly influences the economic and 
environmental success of a chosen harvesting strategy. For example, not 
recognizing a Very High compaction hazard can be very troublesome and 
lead to costly, unplanned shutdowns or penalties. Conversely, calling a site 
Very High compaction hazard when it in fact is not will lead to selection of 
a much costlier and more restrictive harvesting strategy. In summary, when 
it comes to data collection, you can pay up front for high quality, or will 
likely pay more later for extra plan reviews and revisions, and problems on 
the ground. Below is a partial list of important supporting documents: 

SIL 411, Data collecUon handbook for Silviculture Prescriptions (and field 
forms FS 39), available from Forest Practices Branch in Victoria. 

Regional ecoguides, which often include anecdotal comments on seasonal 
soil conditions, available from Crown Publications in Victoria, 

Regional guidelines for various practices (e.g. Armillaria Guidelines for the 
Nelson Forest Region by Norris et al. 1998), available from BCMOF regional 
offices, and 

FPC Guidebooks for Silviculture Prescriptions, Soil Conservation, 
Rehabilitation and Soil Disturbance Hazards, Soil Disturbance Survey 
available from BCMOF Victoria. 

Based on the environmental and policy framework described in the preceding 
section, a given harvesting strategy should meet the following four 
requirements: 

1. it must be site specific and responsive to the soil sensitivities on site 
(and downslope), 

2. it needs to offer a reasonable amount of independence from climatic 
intermptions, 

3. it must incorporate rehabilitation, if necessary, to lower disturbance 
below guidelines, 

4. and, it must instill enough confidence at all levels of approval and 
operations. 

Over the last few years we have been working on a number of trials with 
Industry and District staff, to address concems about managing harvesting 
soil disturbance. Trials have addressed tree growth on rehabilitated skid roads 
(Dykstra and Curran 1999), haul roads (Sacenieks et al. in prep.), and landings 
(Bulmer and Curran 1999a). Memos have summarized simple field tests 
developed during operational trials of seasonal harvesting constraints (i.e. 
"how wet is too wet?" and "how much frost is enough frost?"). Other research 
trials have been successful in demonstrating the feasibility of rehabilitating 

"High Quality" Data 
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soil disturbance (Bulmer and Curran 1999b). Combined, these trials were 
designed to test tree growth on rehabilitated disturbance and develop strategies 
to reduce the dependency on weather conditions and reduce shutdown of 
operations during wetter conditions. Research and practical innovation are 
still ongoing, and further field guides will be produced as warranted (e.g. we 
are developing a simpler soil texture key at this time). 

Based on industry innovation, practical experience, and research trials, we 
have identified four key strategies that we feel meet the above criteria: 

a) close trail spacing with rehabilitation, 

b) closely spaced temporary spur (haul) roads with rehabihtation, 

c) combination designated and dispersed (random) skidding, and 

d) hoe-chucking. Interior style (i.e., forwarding to wider spaced trails). 

These strategies may or may not include fully mechanized harvesting with 
feller-bunchers and grapple skidders and may offer the opportunity to reduce 
site preparation costs by creating disturbance during the harvesting or 
rehabilitation phases. Each strategy is described in the next section (Section 
4), after the following discussion of issues common to all of them (slope 
considerations, temporary access stmctures, rehabilitation technique, and 
weather and climate conditions). 

Assessment requirements for slope stability are outlined in the FPC and 
described in the Mapping and Assessing Terrain Stability Guidebook. On 
steep slopes, and on moderate slopes in wetter climatic zones, cable 
harvesting is almost exclusively used. On other sites, slope gradient, 
configuration, and downslope concerns must be compatible with the 
harvesting system proposed. It is recommended that the Mass Wasting 
Hazard and slope instability indicators be used in the field whenever 
excavation and blading is anticipated. Specific slope comments appear in 
the sections on individual strategies. 

The recent FPC General Bulletin 19 clarifies the intent of the FPC with regard 
to temporarily exceeding soil disturbance guideline limits, and then 
rehabilitating below these limits following harvesting. This provision has 
been provided based on results from research and practical innovation. 
B_uLletin_19 states that FPC Soil Cqriservatipn Guidebook guideline 
maximum may be exceeded provided the following requirements are met: 

1. the maximum extra disturbance is specified in the Silviculture 
Prescription (SP), 

2. the Temporary Access Stmctures are approved in the SP, and 

3. and the SP provides for timely rehabilitation of the stmctures. 

On appropriate sites, this effecdvely allows for up to "10 + 5"" percent soil 
disturbance during harvesting, under approved prescription conditions. 
Implicit in this approval is an assumption that soil productivity will be 

" That is, 15% maximum during the harvesting operation with a maximum of 10% net 
disturbance following rehabilitation plus a maximum of 5% over this amount during the 
harvesting operation. 

Slope Considerations 

Temporary Access 
Structures 



restored to the satisfaction of the District Manager. In approving 
prescriptions, the manager will be considering that the SP (harvesting 
strategy). Nelson Forest Region "benchmark" soil disturbance surveys from 
1990 to 1993 demonstrate that, using survey criteria that were similar to or 
more constraining than the FPC, 13% is often all that is needed for well 
planned, summer ground-based harvesdng (Figures 10 to 12). Therefore, 
the 15% should be viewed as an upper limit that should not always be needed 
on the ground, even for summer harvesting. 

Bulletin 19 also notes that we must provide: 

• adequate soil conservation, and 

• adequate environmental protection. 

while not presenting: 

Figure 10. Benchmark soil 
disturbance data from 
Nelson Forest Region on 
summer blocks on 0 to 
15% slopes, from 1990-
1993 surveys, using 
criteria similar to or more 
constraining than the 
FPC. Dark bar is 
dispersed skidding and 
non-bladed trails; light 
bar is bladed trails 
components (cutbanks 
would be less than 30 cm, 
so not excavated and 
bladed under FPC 
definition). 

Figure 11. Benchmark soil 
- disturbance .data from 
Nelson Forest Region on 
summer blocks on 16 to 
30% slopes, from 1990-
1993 surveys, using 
criteria similar to or more 
constraining than the 
FPC. Dark bar is 
dispersed skidding and 
non-bladed trails; light 
bar is bladed trails 
components (at this slope, 
most cutbanks would be 
less than 30 cm, so 
generally not excavated 
and bladed under FPC 
definition). 

^ That is, 15% maximum during the harvesting operation with a maximum of 10% net 
disturbance following rehabilitation plus a maximum of 5% over this amount during the 
harvesting operation. 
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Figure 12. Benchmark soil 
disturbance data from 
Nelson Forest Region on 
summer blocks on 31 to 
45% slopes, from 1990-
1993 surveys, using 
criteria similar to or more 
constraining than the 
FPC. Dark bar is 
dispersed skidding and 
non-bladed trails; light 
bar is bladed trails 
components (at this slope, 
most cutbanks would be 
30 cm or more and they 
would count as excavated 
and bladed under FPC 
definition). The graph 
demonstrates how 
harvesting strategies can 
range from no to almost 
entirely excavated and 
bladed trails, and how all 
sites would come in under 
8% after rehab of the 
trails; and how 13% or less 
is often all that is needed 
during harvesting. 
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a) conflict with known management objectives, nor 

b) unacceptable risks to resources. 

where soils are suitable for rehabilitation to RESTORE SITE 
PRODUCTIVITY. 

Implicit in Bulletin 19 is further guidance based on supporting research and 
extension from Ministry of Forests staff specialists, regarding specifics such 
as "appropriate sites." This document summarizes this guidance, further 
background for application in BC will be provided in a planned Land 
Management Handbook, following one more summer of field trials and 
feedback on the strategies in this document. 

Soil Rehabilitation Soil conditions considered too sensitive or questionable for rehabilitation 
were previously defined in Regional Soil Conservation Standard Operating 
Procedures. Research results to date now suggest that rehabilitation success 
can be expected under a wider range of site conditions. However, a number 
of key hazards need to be avoided still: 

^ " ^ • Avoid Very High hazard for Mass Wasting (often erosion as well), 

• Avoid High Mass Wasting hazard if soil texture is clayey, 

• Avoid seepage sites, and 

• Avoid Very High Compaction hazard on calcareous soils. 

• Other Very High Compaction hazard soils: Consult local soil scientists 
about the feasibility of rehabilitating clayey soils (recall that left 
unrehabilitated, compaction is expected to be a long-lived phenomenon 
and mechanical disturbance is required to accelerate the biological 
processes that ameliorate soil structure and aeration; the viability of 
rehabilitation on clayey soils is still under trial investigation). 



Our research and practical experience has shown that use of Temporary 
Access Structures on other sites is okay provided adequate drainage control 
occurs and good construction and rehabilitation technique is used. 

Drainage control. The primary objective in rehabilitation is to restore the 
natural hill slope drainage, thereby preventing erosion and/or drainage 
diversion. When subsurface drainage hits an excavated cut, such as a skid road, 
it will usually surface and run down the trail until it is directed off by a waterbar, 
dip, or outsloping section of trail. These are all important drainage control 
features to build into a trail and maintain until rehabilitation (remember that 
major runoff events can occur at any time, even during the harvesting 
operation). Not only do intact skid roads increase the risk for erosion, but even 
when waterbarred, they concentrate the snowmelt that should be stored on 
site for summer drought, downslope (off-site), away from hill slope seedlings. 

To ensure subsurface drainage is restored, open waterbars are strongly 
recommended because the loose, rehabilitated soil may still pipe some water. 
Deep water bars are left open and run from the inner track, out through the 
sidecast. Spacing should be the same as normal deactivation and logs may 
be placed in the waterbars if visuals are of concern. (Cross ditches that run 
from an inner ditch through to the sidecast, are not normally required because 
temporary structures often do not require ditches, and are decompacted 
outsloping, typically resulting in no inner ditch line.) 

Timely waterbarring, cross ditching and/or rehabilitation is important 
and drainage control must be in place before spring or other runoff 
events (winter constructed trails and landings must be rehabilitated before 
spring thaw because these structures are often constructed with snow in 
addition to soil; necessary repetition from an earlier section). 

Rehabilitation technique. Soil productivity can be conserved by carefully 
handling the topsoil and minimizing mixing with unfavorable subsoils. 
Rehabilitation technique was previously described in a Canada Mine 
Reclamation conference paper (Curran and Dykstra 1997) that was 
distributed to persons receiving the Skid Trail Rehabilitation Video' (Curran 
1997), and is summarized in field cards (Nelson Forest Region, Research 
Program, 1997). The technique, briefly summarized below, applies to haul 
roads, some landmgs, and winter excavated trails as well. On coarser textured 
soils, some landings may be successfully rehabilitated with simple ripping 
(Bulmer and Curran, 1999a). Trails on gentler ground may just require 
simple ripping and drainage control. 

Construction (excavated and bladed trails; excavator usually used): 

• branches and woody debris are first removed and placed on the downhill side, 

• forest floor and topsoil (to 30 cm) are stripped and placed on top of the 
branches, and 

• running surface is constructed out of subsoil. 

Use of small cats (crawler-tractors) to construct trails is viable under certain, 
restricted site conditions that include cutbank heights less than 35 cm AND 

' The Video and Field Cards are available through the author (contact information on title 
page). 



less than 5 cm into unfavorable subsoil; avoid High Mass Wasting due to 
clayey textured soils. Use of small cats to construct trails under other 
conditions is discouraged because of risk of sidecast ravelling down the slope 
and because of mixing the unfavorable subsoil with the important topsoil. 

Rehabilitation, (do under right soil moisture condition to avoid making clods 
of soil): 

• woody debris is first removed from the running surface because this may 
act as a wooden culvert and pipe subsurface water, 

• decompacted running surface in an outsloping manner (don't rip 
lengthwise), 

• replace soil materials in reverse order, subsoil first, 

• slash and other woody debris are placed back on top of the rehabilitated 
trail, to a similar level as the surrounding cutblock, and 

• reforest the disturbance as per the surrounding cutblock. 

Use of simple ripping as rehabilitation? 

Use of simple ripping with small cats or an excavator is viable under certain, 
restricted site condidons that include cutbank heights less than 35 cm AND 
less than 5 cm into unfavorable subsoil, and on coarser textured, free 
draining soils. 

For non excavated trails: simple ripping may be viable under most soil 
conditions, on trail gradients less than about 5%(?), except High Erosion 
hazard and wetter sites where drainage diversion is a serious concem. 

On all sites ensure adequate waterbarring is left in place after the ripping to 
avoid drainage diversion and erosion due to creating "mole drains" via 
ripping. 

Use of ripping to rehabilitate trails under other conditions is discouraged 
because of risk of drainage diversion along the ripping, and because it is 
much harder (and becomes impossible as amount of cutbank increases) to 
restore of the soil profile to ensure productivity is restored. 

Even when simply ripping, an excavator would probably be the desired 
machine because the operator could do a more effective job of waterbarring 
and placing slash similar to the surrounding cutblock (for visuals, soil 
restoradon). In practice, cutbank height will vary greatly on many sites, so 
the operator can alternate from full rehabilitation to simple ripping and 
waterbarring as they crawl along the trail. The excavator can also carry out 
site preparation on surrounding areas during rehabilitation, in order to 
mitigate growth-limiting factors in the undisturbed areas. 

Disclaimer: the following section is merely interpretive advice to be used at 
your own risk and tempered with your local experience. 

Defining "wet", "dry", "frozen", and "snowpack" have been problemadc. By 
definition, dry has typically meant powdery dry (soil squeezed in the hand 
will not form a cast); frozen has meantl5 cm of hard frost in the soil; and 



snowpack has meant one meter of snow. However, more important have been 
defining the practical limits that operations can continue under. Our research 
over the last few years has helped to define approximate limits for operations. 

Initial planning for climatic conditions is most important and can be assisted 
through use of practical experience, tempered with information from regional 
ecology guides. For example, on the climate description pages for 
biogeoclimatic subzones in the Nelson Region field guide (Braumandl and 
Curran 1992), we have provided our understanding of seasonal soil 
conditions, ranging from the driest to the wettest site series (e.g. "soils dry 
out for short to non-existent time periods"). The time periods and depths 
are defined in an appendix in the ecoguide. This interpretation is important 
because practical experience can be swayed by events like "El Nino" winters. 
One common misinterpretation is that soils remained frozen under 
snowpack. In the BC Southern Interior, and elsewhere, the soil is seldom 
frozen once a snowpack is over 30 cm; actual depth will vary with snow 
density, layering, and temperatures - once there is any snowcover, the soil 
begins to thaw because of heat stored in the ground. 

Once it has been determined at the Silviculture Prescription level that 
seasonal soil conditions are part of the harvesting strategy, operational staff 
need to determine when these conditions occur. In practice, it is often best 
to plan for designated trails and then take advantage of the weather when it 
is stable, and use the trails when it is not favourable (it is much easier to go 
from designated to dispersed, and make the decision about if it is dry enough, 
rather than to go day by day asking "is it too wet today?"). Combined 
designated and dispersed (random) skidding is discussed in one of the 
strategies in Section 4, below. Recall that the soil Compaction hazard key 
is a tool to help with planning of an operation, while careful monitoring of 
equipment effects on the soil, and hand tests for soil moisture content are 
the tools that help guide the operation. 

Simple hand tests for seasonal site conditions are described below: 

How wet is too wet? As demonstrated by Dr. McNabb at the workshop, soil moisture condidons 
near field capacity, or slightly drier, are the ones of concern. Hand tests 
appear to be the simplest criterion to apply and should not vary too much 
from person to person (e.g. stronger people typically have larger hands so 
pressure applied may not vary that much). The physical rationale for hand 
tests is that they mimic forces applied to the soil from machine traffic (the 
combined forces of compression, shearing, and some vibration). 

In development of a hand test we tried a number of criteria during wet soil 
harvesting experiments. One possible criterion was whether the soil was wet 
enough to manipulate to the point of being able to roll a larger diameter worm 
(e.g. 8 mm). However, some textures are not conducive to any size of worm, 
and moisture thresholds are typically exceeded once you can manipulate 
the soil in this way. In fact, textural classes, as defined under the Canadian 
System of Soil Classification (e.g. Day 1983), are not very diagnostic for 
predicting how a soil will behave at a given moisture. The problem is that: 

1. some categories have a very large range in clay content (e.g. 0 to 28% 
for silt loam), 

2. if soils are sent to a lab for textural analysis, some of the soil minerals 
that influence their behavior are "cleansed" from the sample before 



determination (e.g. organic matter, calcareous material, and iron and 
aluminum oxides), and 

3. different clay minerals behave differently to mechanical forces anyway, 
exhibiting different cohesive properties like plasticity and sdckiness. 

Therefore, we needed to define soil texture differently. Instead of reinventing 
the wheel, we looked at other existing classifications and decided that "soil 
consistence" as defined in the Canadian System of Soil Classificadon (Day 
1983) was very similar to some of our simple interpretations. In a test of 
college students, we found that they more accurately and precisely 
determined consistence than textural classes. We also found that, as would 
be expected, "plastic" soils varied in actual clay content, presumably due to 
differing clay minerals. As sand decreased, the soil became plastic with less 
clay (e.g. as low as about 12% in some samples; Thorlakson and Curran 
1998). Use of soil consistence classes will not alter the soil compaction 
hazard for a site, but helps alert the user to soil conditions that are more likely 
to lead to compaction and mtting.'" 

The top 30 cm of the mineral soil needs to be evaluated because wetter soil near 
the bottom of this depth range will distort under equipment pressure and vibration, 
particularly if the soil behaves in a plastic manner. For example, in the Rocky 
Mountain Trench near Cranbrook we have observed rattmg from single passes of 
skidders on powdery dry, sandy soils, because the underlying clay was too wet. 

Hand test procedure: dig a small pit and sample the wettest soil in the top 30 
cm of the mineral soil, squeeze this soil hard in your hand to form a cast that 
looks like a bicycle handle-grip. You should check about five pits in separate 
site locations to decide if and where site conditions are most favorable for 
mechanical operations on a particular day. (Hand tests have not been developed 
for sites dominated by forest floors or organic soils >20 cm.) 

Interpretation: Two interpretations are made, depending on soil consistence. 
In each case, the primary criterion is how much of the hand that contacted 
the squeezed cast is now moist, and provided the cast will easily break apart: 

How wet is too wet hand test: 

If upon hard squeezing, the soil does not directly express water or glisten 
from free water on the newly formed surface (obviously too wet), use the 
following criteria: 

Slightly Plastic,^^ Plastic and Very Plastic soils: one to two passes'̂  okay if 
<25% of those parts of hand that contacted the cast are moist, AND the cast 
easily breaks apart when tapped with index finger. 

Similar interpretations could be made for erosion and mass wasting. More cohesive 
(clayey) soils are less erodible, but more prone to minor cut and fill failures (e.g. silt 
loam textures with over 15% clay). 

" Slightly Plastic soil, the main cutoff in this table is defined as: "a roll 4 cm long and 4 
mm thick can be formed, but cannot support its own weight" (Day 1983). Some practice 
is required to ensure that the data collector has the optimum moisture content of the hand 
texture sample for this test, which should be performed in the field during pre-harvest 
data collection (slowly add more water and retest until it becomes too wet). 
In practice, once three or more passes are made, some compaction has occurred and some of 
the disturbance starts to get picked up on soil disturbance surveys; the actual amount varies 
with equipment, operator, texture, moisture content, slope, direction of travel, and other factors. 



Non-Plastic soils: one to two passes okay if <80% of those parts of hand 
that contacted the cast are moist, AND the cast easily breaks apart when 
tapped with index finger. 

Another test, described by Dr. McNabb at the workshop, is to make a clod 
in your hand and throw it against the machine - if it sticks, it is obviously 
too wet. This interpretation needs further testing for BC soils, but if it falls 
off and doesn't break apart it is probably too wet; if it breaks apart and doesn't 
leave a completely moist mark, it might be okay. On clayier soils, a 
penetrometer can provide an estimation of soil strength (clays are soft when 
wet, hard when dry). Local experience and fine tuning will be requued. These 
other tests will be evaluated in new trials. 

How dry is too dry? Note that sandy soils have low cohesive strength when dry and rutting can 
occur under these conditions - some moisture actually increases the 
trafficability of these soil types. Operating on sandy slopes under dry 
conditions is not recommended. Local experience is needed when 
considering operating on these soils under drier conditions on gentler ground. 

How much frost is As discussed by a number of us at the workshop, soils are often not frozen, 
enough frost? even under shallow snow packs. Frozen soil primarily occurs in our drier, 

low snowfall areas; however, the soil may be too dry to create hard frost, 
local experience is needed in considering frozen ground during prescription 
development. 

For the rare situations where soils are frozen, hammer deformation or 
penetrometer tests appear to be the simplest criterion to apply to frozen soils. 
Penetrometer pressure will vary from person to person, but it is still similar 
enough for our purposes. The physical rationale for these tests is that they 
mimic forces applied to the soil from machine traffic (the combined forces 
of compression, shearing, and some vibration). We tried a "timber mark" 
type hammer that would often be present at landings, and a soil penetrometer 
(simply a "T" of 3/8 inch [9.5 mm] metal rod with a 30 degree cone). Testing 
numerous sites and calibrating by digging through the frost, we have 
determined that once the frost is 7.5 cm (3 in.) in the mineral soil, it is next 
to impossible to get penetration with the penetrometer (i.e. <1 cm); in 
harvesting trials, we didn't get any deformation of the soil under 7.5 cm of 
frost when the soil underneath was dry enough. If only the forest floor or a 
shallower layer in the mineral soil is frozen, more or total penetration is 
possible, but definite resistance is felt. Resistance typical of unfrozen soils 
indicates total lack of frost, in terms of potential to support equipment. 

Below are the interpretations, all are based on the assumption that the 
underlying, unfrozen soil is not wetter than the "how wet is too wet? " criteria 
(you may need to check, if it's too wet the frost can simply act like a layer of 
"cardboard" and transfer compaction to a deeper, less detectable depth, through 
deformation). Determinations should be based on at least 10 different 
penetrometer probings; drip lines around larger trees and depressional areas 
often have different soil water content, and hence frost, during the winter: 

How much frost is enough penetrometer test: 

No penetration (<1 cm): 3 passes probably okay 
Frost resistance: 2 passes probably okay 
No extra resistance: use "how wet is too wet?" 



One strategy that is used intermittently in BC is to blade snow off of main 
trails and let the soil freeze before operating. This is a good practice; these 
frozen trails often do not require rehabilitation, just waterbarring. 

How much snow is Snow condition is more transient than frost or wetness. A powdery dry 
enough snow? snowpack can become wet and compressible in a few hours, under certain 

climatic conditions. In studying snow under harvest conditions, we decided 
that two possible criteria exist: simple snow depth and type, or a boot or 
jump compression test. The rationale for the boot or jump compression test 
is that it mimics the compression, shear, and vibradon forces of machinery 
traffic; the criterion is the depth of snow left under a boot print. All depths 
should be average of at least five readings. Depth criteria are based on the 
assumption that the underlying soil meets the how wet is too wet criteria, 
(check it, it won't be frozen), and snow is not bladed off by the machine; 
further work is continuing: 

Footprint and snow depth tests: 

Wet or near wet, compressible snow (makes snowball): 

Boot compression test >30 cm, OR snow pack >60 cm no limitations? 

Boot compression test 15 - 30 cm, OR snow pack 30-60 cm 3 passes okay? 

Boot compression test 8-15 cm, OR snow pack 15-30 cml or 2 passes? 
Frost?'3 

Shallower? Use how wet or frosty 

Dry, fresh or granular snow (can't make snowball): 

Boot compression test >30 cm, OR snow pack >60 cm 3 passes okay? 

Boot compression test 15-30 cm, OR snow pack 30-60 cm 2 passes okay? 

Boot compression test 8-15 cm, OR snow pack 15-30 cm 1 pass? Frost?'" 

Shallower? Use how wet or frosty 

Frozen, cmsty snow (you can walk on top of it): 

Jump compression test >20cm, OR snow pack>40cm"- unlimited? 

Jump compression test 10-20 cm, OR snow pack 20-40 cm 5 passes okay? 

Jump compression test 8-15 cm, OR snow pack 10-20 cm 2 passes? Frost? 

Shallower? Use how wet or frosty 

Frozen, cmsty snow is often created by doing a single pass over a new area 
at the end of the day; the next morning the snow has usually setup hard and 
will protect the soil better In the rarer cases where frost is present below a 

Recall that soils may not be frozen, even under shallow snowpaclss, use penetrometer 
test for frost. 



shallow snowpack, presence of frost in above tests may be considered 
additive in terms of number of passes. 

4 HARVESTING 
STRATEGIES 

Based on the research trials on industry innovation, practical experience, 
and considerations presented above, four key strategies are presented below 
for sites that are appropriate for ground-based harvesting. 

a) Close trail spacing with rehabilitation 

b) Closely spaced temporary spur (haul) roads with rehabilitation 

c) Combination designated and dispersed (random) skidding, and 

d) Hoe-chucking, Interior style (i.e., forwarding to wider spaced trails). 

Before the strategies are presented, further considerations for steeper sites, 
sensitive sites, and mechanical harvesting are discussed below. 

Steeper and more sensitive sites are usually cable or aerial harvested. Where 
one of these sites is adjacent to a ground-based block, one strategy that may 
be considered is increasing the size of the ground-based block by the width 
of a steeper band of trees that can be fallen out of during harvest. Depending 
on the ability to directionally fall off the steep slope and the willingness to 
pull some line, (and considering operator safety), these "bands or slivers" 
could be over a tree length in width. This strategy would be compatible with 
each of the strategies discussed below. "Total chance" planning must be 
considered because we don't want to isolate wedges of operable land above 
these slivers, or affect the economic viability of a future cable harvest. 

In addition to the above strategy, under some conditions, it may be also be 
possible to use feller-bunchers or hoe-chucking on the less sensitive sections 
of a cable harvest operation. 

Sensitive Sites Under the soil disturbance hazard rating system, more sensitive sites, 
typically those with a Very High hazard rating for Compaction, 
Displacement, or Erosion, have a lower soil disturbance limit of 5% after 
rehabilitation. On these more sensitive sites, it is often best not to exceed 
8% during harvesting because some of the disturbance not counted by the 
FPC may actually be of concern (e.g. the light disturbance in the compaction 
study by Utzig et al. 1992, in Figures 1 to 3). 

On these sites, more constraints need to be placed on harvesting. In practice, 
most of these sites are either harvested under good winter conditions, using 
on-site processors and forwarders with low ground pressures and/or driving 
over limbs and tops, extensive hoe-chucking under the above conditions, 
or using cable harvesting. 

Steeper Sites 

Mechanized Harvesting The following strategies may or may not include fully mechanized harvesting 
with feller-bunchers and grapple skidders, and may offer the opportunity to 
reduce silviculture costs by creating site-preparation disturbance during the 
harvesting or rehabilitation phases. 

For each strategy, some discussion is provided regarding: 

• description 



A. Close Trail Spacing with 
Rehabilitation 

Description 

Environmental 
constraints/considerations 

(slope, soil sensitivities) 

Weatlier and 
climate considerations 

Operational overview; layout 
considerations; falling and 

yarding comments 

• environmental constraints/considerations (slope, soil sensitivities), 

• weather and climate considerations, and 

• operational overview; layout considerations; falling and yarding 
comments. 

On gentle ground, locating designated trails closer together and confining 
most skidder traffic to the trails provides better control over soil disturbance, 
higher equipment productivity, and less reliance on weather conditions. 
Feller-buncher, grapple skidder combinations are well suited to this strategy 
on gentler ground, and moderately steeper ground without High disturbance 
hazards. On more sensitive soils, but still just moderately steep ground, 
excavated and bladed trails may be an option, but caution is required during 
site data collection and interpretation to avoid seepage areas and more 
sensitive, difficult sites. With the exception of the feller-buncher disturbance, 
less site preparation type disturbance occurs when using close trails; follow-
up site preparation may be needed. 

This strategy is applicable to a wide number of sites. Our research has 
demonstrated that soil disturbance can be controlled using this strategy on 
appropriate sites (provided the plan is followed correctly), and rehabilitation 
of the designated trails is likely to restore slope hydrology and soil 
productivity. Winter trails require less rehabilitation, particularly on flatter 
ground where waterbarring may be all that is required. 

The primary cautions are that excess disturbance can result if the plan is 
not carefully followed and monitored, or if drainage problems arise. 

This strategy can be considered under gentle to moderate slope gradients 
(up to 45%), on sites excluding Very High Compaction hazard or Very High 
Mass Wasting hazard (High if clayey texture). 

This strategy is less dependent on weather conditions than the others. 
However, be aware that major mnoff events can occur at any time during 
the harvest operation - drainage control must be built in during layout and 
constmction, or landings may become too wet for operations, or erosion and/ 
or off-site impacts may occur. Designated trails can often be used during 
wet conditions provided trail mtting does not become too deep (e.g. 15 cm 
into native soil on the trails) and drainage is controlled. 

Cost savings from three to four dollars per cubic meter are possible (over 
conventional, wider spacing). Layout needs to consider drainage, lay of land, 
lean of trees. If a feller-buncher is used, a front can be cut while driving 
between trails - most turning should occur on the trails to prevent extra 
disturbance (unless this is creating prescribed site preparation disturbance). 
On steeper ground, closer spaced trails usually means excavated and bladed 
trails, more slash, and lack of site preparation-type disturbance between trails 
- consider the combined designated and dispersed skidding strategy below 
(strategy C). 

Clearcuts: Spacing BETWEEN TRAILS could be reduced to 25 m, provided 
proper rehabilitation measures are undertaken to lower disturbance levels 
below FPC guideline limits. 



Partial cutting: Spacing BETWEEN TRAILS should be at least 30 m, with 
some backing off the trails, under appropriate seasonal soil conditions, to 
strike a balance between thinning thickets and creating some site preparation, 
while protecting a reasonable amount of advanced regeneration. (Some 
silviculture systems specialists feel that a certain amount of backing off trails 
to pick up logs is less damaging than extensive pulling of line and yarding 
to the trails.) 

Suggested spacing table (NOT Very High compaction^'*): 

Silv. system Min. trail spacing'̂  Max. pre-rehab. dist. 
between center-center 

Partial cutting"* 30 m 34 13(15)% 
Clearcutting 25 m 29 15% 

Use of trail spacing closer than the above table is a serious concern because 
of increased site disturbance and potential for hydrologic effects, particularly 
in partial cutting. The concern is that many partial cuts are preparatory cuts, 
with another entry possible as soon as 8 to 15 years. Follow this with the 
shelterwood removal, or another type of entry within 20 to 30 years and we 
essentially have harvesting corridors that we can right off in terms of 
contribution to long run sustained yield - we don't want up to 20% of the 
productive land base in this non-productive category (permanent trails). Use 
of random skidding under appropriate winter or dry soils conditions is more 
preferrable because of reduced permanent access - these need to be balanced 
with potential for compaction on light disturbance and damage to residual 
trees. 

Notwithstanding the above paragraph, use of special low-ground pressure 
equipment, and forwarding systems can result in closer trail spacing with 
very little disturbance (similar to harvesting strategies on Sensitive sites, 
discussed at beginning of this section). Local experience and ongoing 
studies will help guide these innovations that are already in use in some 
areas. 

In order to reduce skidding distance and turn around time, some licensees 
have found it economical to construct closer spaced, lower grade, temporary 
haul roads and promptly rehabilitate these once the harvesting is completed. 
This strategy is applicable to a narrow range of sites described below. 

Our experience is that soil disturbance can be controlled using this strategy 
(provided the plan is followed correctiy), and our research has shown that 
rehabilitation is likely to restore soil productivity. Winter roads on flatter 
ground might only need drainage control work. 

Very High compaction hazard sites: treat as described in the paragraph at the beginning 
of this section on "Sensitive sites." 
On a given site, the protection of other resource values, or advanced regeneration, may 
require wider spacing; see notwithstanding paragraph below regarding tighter spacings. 
See text, below this table, about partial cutting and concerns regarding increased loss of 
forest landbase to permanent access network; take advantage of seasonal soil conditions 
as much as possible to limit main trails, the resulting disturbance during harvesting should 
usually be less than 13% (if site preparation type disturbance is prescribed, pre-rehab. 
level of 15% MAY be acceptable) PROVIDED the final number is under 10%. 

B. Close Temporary Spur 
(Haul) Roads with 
Rehabilitation 

Description 



The primary cautions are that excess disturbance and environmental risk 
can result if the plan is not carefully followed and monitored, or if drainage 
problems arise or are encountered. 

In addition, the practice of rehabilitating spur roads and landings is 
encouraged on all site conditions and is good for restoring productive land 
base and reducing risk of future drainage or slope stability problems. In a 
review of a landing rehabilitation program in the BC Central Interior, Dn 
Chapman''' concluded that "an investment in landing rehabilitation that 
is successful, is likely no worse and conceivably better than many other 
investments in silviculture, because it is directly responsible for the 
generation of all the wood in an area, as opposed to an incremental 
increase that results from most silvicultural interventions.'" The same 
argument holds for haul road rehabilitation and some is occurring under 
Forest Renewal BC multi-year agreements; it would be great to see more 
of this practice as well. 

Environmental constraints/ The close temporary spur road spacing strategy can be considered under 
considerations (slope, soil gentle to moderate slope gradients (35%), on sites excluding Very High 

sensitivities) Compaction hazard or Very High Mass Wasting hazard (High if clayey 
texture). Soil materials should be more deeply developed (e.g. B horizon to 
45 cm, or over 60 cm to unfavourable subsoil), so that adequate topsoil and 
organic materials are available during soil rehabilitation. 

Rehabilitation of other roads and landings is encouraged and can be 
employed under any soil and slope conditions where construction was 
permitted. 

Weather and Major mnoff events can occur at any time during the harvest operation -
climate considerations drainage control must be built into the constraction and layout. Temporary 

roads can often be used during wet conditions provided ratting does not 
become too deep (e.g. 15 cm into native soil) and drainage and sediment 
production are controlled. 

Operational overview; Roadside harvesting is encouraged to reduce the size and number of landings 
layout considerations; falling and required. Given due consideration to other resource values and issues, spur 

yarding comments road density may be increased up to about twice what would normally be 
required. Cost savings are achieved by reducing skidding distances and turn 
around times. Long-term productivity and allowable annual cut benefits are 
possible by having less landbase in permanent access if all spur roads and 
single pass landings are rehabilitated. Environmental benefits accrae from 
having less road system in excavated state during a rotation (during which 
it is reasonable to expect a 100 year ranoff event that would exceed the 
capacity of some road deactivation?). Layout needs to consider drainage and 
lay of land. 

The detailed comments regarding construction and rehabilitation in the 
section on rehabilitation of skid trials apply. 

Technical evaluation and recommendations for the Lignum Ltd. landing rehabilitation 
project. February, 1998. Dr. W. K. Chapman, Regional Soil Scientist, Cariboo Forest 
Region. 



C. Combination Designated 
and Dispersed Skidding 

Description 

Under many site and climatic conditions, we cannot count on an ideal 
operating window for fully dispersed (random) skidding. In addition, some 
concentration of traffic is necessary in the areas around landings. The key 
is to layout trails that can be used under wetter conditions and save the harvest 
from these areas for these wetter soil conditions. At the ends of the trails 
and off to the "comers" of the block, dispersed traffic is planned. Conversely, 
a "go-back" and "speedtrail" layout may be used, as may wider spaced 
speedtrails (e.g. 60 to 80 meters). In practice, this strategy is often used 
already; however, it is not clear how strategic operators are in applying it. 

This strategy is applicable to a wide number of sites. Industry has 
demonstrated that soil disturbance can be controlled using this strategy 
(provided the plan is followed correctly). Length of actual excavated and 
bladed trails can often be minimized, and rehabilitation is likely to restore 
soil productivity. Simple rehabilitation methods, like ripping behind a cat, 
can be used on main trails on less sensitive sites and with low trail and slope 
gradients, provided drainage will be controlled with waterbars, layout, etc.. 

Some contractors and supervisors do a good job of trying to avoid creating 
excavated and bladed trails, and this strategy is often used in their "pedo-
righteous quest" for minimizing deep soil disturbance. 

The primary cautions are that excess disturbance can result if the plan is 
not carefully followed and monitored, or if drainage problems arise or are 
encountered. 

Environmental constraints/ 
considerations (slope, soil 

sensitivities) 

Weather and 
climate considerations 

This strategy can be considered under gentle to moderate slope gradients 
(45%), on sites excluding Very High Compaction hazard or Very High Mass 
Wasting hazard (High if clayey texture). 

Major mnoff events can occur at any time during the harvest operation -
drainage control must be built into the constmction and layout. Designated 
trails can often be used during wet conditions provided mtting on the trails 
does not become too deep (e.g. 15 cm into native soil on the trails) and 
drainage is controlled. Dispersed skidding is only used during times of 
favourable soil conditions. 

Operational overview; layout 
considerations; falling and 

yarding comments; 

Cost savings from three to four dollars per cubic meter are possible (over 
wide spaced designated trails without dispersed skidding). Site preparation 
costs can be saved if creating suitable disturbance during harvesting. Layout 
needs to consider drainage, lay of land, lean of trees. If a feller-buncher is 
used, a cutting front can be cut while driving between trails - on slopes most 
of turning should occur on the trails to prevent extra disturbance unless this 
is creating desirable disturbance types for site preparation purposes. On 
steeper ground, bunches can be laid out to accommodate dispersed skidding 
and minimize length of concentrated trails. 

If skidding between trails, care must be taken in choosing an optimum trail 
spacing to avoid ending up with areas of more than 2 or 3 passes over the 
ground (that is when some disturbance often starts counting, even under 
favorable conditions because of equipment tuming, rocking, etc.). Factors 
affecting trail spacing include timber type (piece size and total pieces), 
equipment yarding capacity, presence of surface roughness (e.g. rock, old 
slash, old stumps), and microtopography. 



D. Hoe-chucking, Interior 
Style 

Description 

Taking advantage of seasonal soil conditions can save time and money in 
terms of harvesting and creation of more favorable "site prep" type 
disturbance by random skidding. However, in pracdce, it is often best to 
plan for designated trails and then take advantage of the weather when it is 
stable, and use the trails when it is not (it is much easier to go from designated 
to random, and make the decision about if it is dry enough, rather than to go 
day by day asking "is it too wet today?"). If soil conditions remain poor, 
simply fill in designated trails between the existing ones and harvest as 
per close trail spacing, with rehabilitation as required (Strategy A). 

Under many site and climatic conditions, there are complex topographic 
conditions that preclude the use of cable harvesting with larger volume 
stands, or the use of condnuous excavated and bladed trails with other timber 
types. Similar to the combined designated and dispersed trail strategy, hoe-
chucking is typically used in the Interior to bring wood to speedtrails for 
grapple skidders. Hoe-chucking can also be used to feed logs to cable 
operations in areas of poor deflection AND PROVIDED the ground 
favorable to equipment operation. 

This strategy is applicable to a wide number of sites. Our practical experience 
has demonstrated that soil disturbance can be controlled using this strategy 
(provided the plan is based on good field data and is followed correctly). 
Length of actual excavated and bladed trails can often be minimized, and 
rehabilitation is likely to restore soil productivity. Simple rehabilitation 
methods can be used on main trails on less sensitive sites and with low trail 
and slope gradients. 

The primary cautions are that excess disturbance can result if the plan is 
not carefully followed and monitored, or if drainage problems arise or are 
encountered. 

Environmental constraints/ 
considerations (slope, 

soil sensitivities) 

This strategy can be considered under gentle to moderate slope gradients 
(45%), on sites excluding Very High Compaction hazard or Very High Mass 
Wasting hazard (High if clayey texture). 

Weather and 
climate considerations, 

Major mnoff events can occur at any time during the harvest operation -
drainage control must be built into the constmction and layout. Designated 
trails can often be used during wet conditions provided rutting does not 
become too deep (e.g. 15 cm into native soil) and drainage is controlled. 
Dispersed skidding can be used during times of favorable seasonal soil 
conditions. (Hoe-chucking can often occur under less favourable conditions; 
proceed with caution.) 

Operational overview; 
layout considerations; 

falling and yarding comments; 

Cost savings can range as high as for closer spaced designated trails, but 
may be less because of the cost of the excavator and depend highly on the 
skill of the operator Site preparation costs can be saved if creating suitable 
disturbance during harvesting. Layout needs to consider drainage, lay of 
land, lean of trees. If a feller-buncher is used, a cutting front can be cut while 
driving between trails - on slopes most of turning should occur on the trails, 
or carefully on or adjacent to stumps, to prevent extra disturbance unless 
this is creating prescribed disturbance types for site preparation purposes. 
On the coast, hoe-chucking often involves multiple handling of each piece 
of wood; in the Interior, handling is minimized through layout of speedtrails, 
but some layouts may require some multiple handling, using a moving front 
of timber that is re-forwarded towards the speedtrail for the skidders. Factors 



affecting trail spacing include timber type (piece size and total pieces), 
equipment yarding capacity, presence of surface roughness (e.g. rock, old 
slash, old stumps), and microtopography. 

Whenever we drive equipment on soil, the potential for negative effects is 
very real. The negative effects can impact on-site processes that regulate 
forest productivity, and can impact off-site values through processes such 
as erosion, increased runoff, landslides, or sedimentation. Some effects, like 
compaction and displacement of the fertile topsoil layers, can take decades, 
centuries, or even longer to be naturally ameliorated back into a similar, 
productive state (our soils have taken about 10,000 years to reach their 
shallow depth of development). 

It is recognized in the Forest Practices Code that some disturbance is 
necessary for accessing and managing timber; it is also recognized that some 
disturbance types can be beneficial for establishing and producing future 
forests on a given site. In this paper, the policy and environmental framework 
affecting forest harvesting in BC was presented, along with the key 
considerations that go into developing a forest harvesting prescription. The 
four harvesting strategies presented were developed to maximize 
independence of climatic conditions while remaining responsive to resulting 
soil disturbance levels (and industry costs). 

The soil disturbance hazard rating system that we use in BC helps govern 
and guide soil disturbance during forest harvesting. This system, and the 
FPC, are not static, but will evolve as further scientific and practical 
information is generated on how our soils respond to various equipment 
forces and disturbances. Equally important is the effect of the various 
disturbance types on long-term forest productivity and other resource values 
such as water. Some of this new information will be available shortly, some 
will take time to research and for tree growth data to provide the "bioassay." 
Some of the effects may not be as severe as thought, but others may be worse. 
As stewards of the forest land base, our collective responsibility is to proceed 
cautiously in issues involving soil productivity and other forest resources. 
The author's primary concems are drainage control and extensive use of 
dispersed traffic under unfavorable soil conditions; fortunately we have 
proven that these can be managed without extra costs, by following the 
strategies presented. 

One of the primary premises behind the strategies presented is to confine 
the heaviest machine traffic to designated trails, except when soil conditions 
are favorable. Another is that rehabilitation will successfully restore 
productivity, provided adequate planning, constmction, and rehabilitation 
technique are used. The recent evolution of the FPC, including providing 
clarification on this use of temporary access stmctures, has been possible 
and supported by the results of research trials and practical innovation. New 
information regarding ground-based harvesting has been presented in this 
paper. 

The success of a given strategy depends on a number of factors, ranging from 
operator skill and layout, to high quality Silviculture Prescription data 
collection. The value of high quality site data can not be understated when 
you consider the risk management decisions that are made in prescribing 
and implementing harvesting strategies. 



The four strategies presented in this document need to be carefully 
considered for a given set of site and resource management conditions. They 
will not work on all sites, nor will they be compatible with all resource 
management objectives. Forest planning and management staff will have 
to make final decisions regarding risk management related to allowing extra 
soil disturbance during harvesting. These decisions need to be based on a 
good operational understanding of what is achievable on the ground. Not 
all strategies require extra soil disturbance. 

As discussed with the strategies, partially cut and/or more sensitive sites 
should be harvested with altemative methods, or saved for harvesdng under 
seasonal conditions conducive to lower disturbance levels, such as 
snowpack, or in the drier zones: dry or frozen ground. 

In summary, the continuing evolution of the FPC is reflecting the results of 
a combination of advancing the science behind the FPC (research) and 
practical implementation of the provisions of the FPC (industry/BCMOF 
innovation). Results to date have demonstrated, that through careful site data 
collection and planning, we can achieve soil disturbance levels and restore 
soil productivity while sdll having lower harvesting costs than when the FPC 
was implemented in 1995. 

A number of key areas still require further study to support the science behind 
the Forest Practices Code, or evolution thereof. A number of these issues 
are being studied on our major installations where we are studying light 
compaction (the USPS designed, cooperative "Long-term Soil Productivity 
Study" sites; one is in the Invermere Enhanced Forest Management Pilot 
Project area). Below is a partial list of some of the areas requiring and/or 
receiving further study, under various site conditions: 

Compaction: level of traffic and how wet is too wet in terms of detrimental 
compaction when using lower ground pressure equipment (e.g. wider tires); 
definition of detrimental compaction on our soils (long-term tree growth 
studies needed). 

Displacement of fertile topsoil and forest floor away from seedling 
microsites; implications of whole tree harvesting; coarse woody debris 
requirements for long-term productivity. 

Implications of various disturbance types for slope hydrology (difficult to 
study). 

Rehabilitation: how much topsoil is enough topsoil?, under what site 
conditions is simple ripping adequate?, rehabilitation techniques and 
feasibility for clayey soils, landing rehabilitation techniques; economics of 
rehabilitation. 

Tradeoff between using Erosion versus Mass Wasting interpretations in 
determining guideline soil disturbance levels and suitability of excavated 
and bladed trails (the author prefers the Mass Wasting hazard). 

Root rot treatment options and implications for soil properties and long-term 
productivity. 

Implications of soil disturbance types under partial cutdng re-entries. 

Areas Requiring 
Further Study 



Properties and behavior of calcareous soils and implications for forest 
management. 

Where is it feasible to use hoe-chucking or feller bunching on cable ground? 

Other harvesting issues will be addressed as identified by industry and district 
staff. 

Any one interested in helping investigate these issues on BC soils is 
encouraged to contact the author or other soil scientists at the BCMOF; we 
can help in identifying potential industrial collaborators, etc. 
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Panel Responses 

Keith Murray 
Millar Western Forest Products Ltd., 
Whitecourt AB 

1) What have you learned at this workshop that you can use operationally? 

• We could potentially negate any possible gain from intensive forest 
management by poor management of our operations. 

2) Where should research resources be directed? 

• D. McNabb and M. Curran told us about simple go - no-go scenarios 
based on throwing a lump of soil at a skidder to see if it sticks. Can we 
quantify the length of time the soil must stick and relate the potential 
risk of damage to the site to retention time? 

• The long-term effects of soil compaction on aspen and conifer tree 
growth. 

• It is apparent from the presentations that we heard today that there is a 
lot of information available on soil topics. Construction of a 
compendium similar in nature to the "Watershed Restoration 
Compendium" would be a useful tool. 

3) Comments 

• Strategies such as multiple entry harvesting, shelterwood cuts, and 
commercial thinning have all been verified as acceptable methods to 
increase the volume of wood extracted from a hectare of forestland. 
While accelerated growth rates from these practices have been 
documented, the impacts of multiple entries and disturbance adjacent 
to extraction trails have not been quantified. To truly evaluate the 
increases in potential allowable cut from intensive practices we must 
also evaluate the extent to which we are negatively impacting growth 
rates on travel corridors and machine trails. 

• Studies, which have been conducted to date, have given us solid data 
on our short term impacts on forest soils but long term effects of 
compaction on the soils of the boreal forest have not been quantified. 
The studies that have already been initiated (i.e. D. McNabb's soil 
compaction studies) must be continued in order to evaluate the long term 
impacts on soil productivity and the soils ability to return to its original 
condition. 

• Decompaction techniques, which are currently being utilized, are based 
upon individual companies' successes and experimentation. There is a 
need to study the various techniques currently in use and document their 
effectiveness and costs. 

• The industry in Alberta is currently moving into second pass cuts. Some 
of these cut patterns are strip cuts (15-m wide) which result in a high 
percentage of soil disturbance due to roads. Methods of effective 
decompaction and organic soil mixing would be helpful to industry. 



• A sensitivity analysis (decision support model) which would allow field 
personnel to make go - no-go decision (economic) based on documented 
rehabilitation costs and site productivity losses compared to potential 
short term savings would be helpful in guiding industry personnel in 
making the proper decisions. 

• Industry expansion in Alberta in the last decade has placed increasing 
pressure on both the coniferous and deciduous wood supply. To maintain 
and/or enhance AAC's the industry is embarking on intensive 
management strategies that they project will result in increased annual 
growth increments thus maintaining current cut levels. 

• One of the key factors in maintaining forest productivity is preservation 
of the soil structure. Maintenance of the productive capacity of forest 
soils must become an objective in the planning and implementation of 
harvest, road constmction, and silviculture activities. While it is possible 
to rehabilitate disturbed soils it is a lengthy and costly process. The 
avoidance of excessive disturbance by pre-planning and daily field 
evaluations is a much more acceptable process. The development of a 
field guide that would allow forestry personnel to evaluate the risks of 
soil compaction or modification would be a worthwhile endeavor. Some 
work has been initiated in this area but a simple field evaluation process 
would greatly enhance confidence in our current practices. 

1) What have you leamed at this workshop that you can use operationally? 

• We have relied heavily on winter conditions to minimize our impacts in 
aspen logging and I am somewhat surprised at some of D. McNabb and 
K. Greenway's data that suggest that there may be some consequences 
to our practices. My experience putting in fire guards and other activities 
during May and June has shown me that generally there is considerable 
frost in the undismrbed forest. 

2) Where should research resources be directed? 

• Our regeneration surveys show better than acceptable results but some 
research should be directed toward the problem areas: identifying the 
sites so they can be avoided or the work delayed until it is more 
economic. 

3) Comments 

• Could an abnormally dry fall increase soil strength to the point of 
assisting in regeneration? 

1) What have you leamed at this workshop that you can use operationally? 

• The importance of the root mat in maintaining soil strength. 

• Methods to assess go - no-go decisions. 

2) Where should research resources be directed? 

• The mills are moving more toward just-in-time deliveries, putting more 
strain on foresters to harvest and deliver throughout the year. We have 
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to be able to do this without significantly damaging the soil. Future 
research should: 

• clearly identify when we can go to work on different sites, and 

• quantify the impacts of harvesting and site preparation on soils and 
regeneration. 

1) What have you learned at this workshop that you can use operationally? 

• The importance of understanding soil moisture as it relates to soil 
compaction from harvesting equipment. 

• A significant amount of soil damage through compaction by logging 
equipment may be avoided by considering soil wetness when planning 
and supervising operations. 

• Aspen regeneration is very sensitive to disturbance levels made by 
harvesting and site preparation machines. 

• Over time it would appear that most soil compaction problems are 
reduced and don't present future problems. 

• It would appear that we could do a good job of managing the risk of 
compaction through better prediction and rehabilitation. 

2) Where should research resources be directed? 

• We need to develop good predictive models to assist us in scheduling 
the timing of harvest operations and identifying the most appropriate 
harvesting equipment. 

• Continue to work on rehabilitation techniques that will restore sites to 
full productivity. 

1) What have you learned at this workshop that you can use operadonally? 

• A number of common sense ideas to reduce site impacts. 

• Workshop helped to focus attention to specific details of the equipment 
- soil interface. 

• There is a need to ensure as many operating areas are available in the 
plan as possible to provide flexibility, especially when there is a need 
to recover more timber from wetter sites than in the past. 

2) where should research resources be directed? 

• Cost-benefit analysis should be undertaken for various equipment 
configurations and designs. 

• Techniques need to be developed and applied that minimize soil impacts. 

• Any operational changes that are made to reduce soil impacts must be 
cost effecdve. 
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