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1.0 INTRODUCTION

For more than a decade, it has been recognized
that ground-based harvesting systems disturb
forest soils. Compaction and rutting of soils may
ultimately affect tree sur vival and growth
through increased soil density, decreased rooting
volume, and reduced soil aeration and water
permeability (Heilman 1981; Minore et. al 1969).
These effects on tree growth, which may persist
for several decades (Hatchell et al. 1970, Butt
1987, Miller et al. 1996), may lead to short- and
long-term reductions in tree growth and forest
productivity. The level of soil disturbance will
vary with soil texture, forest floor thickness, and
soil water content at time of harvest (Miller and
Sirois 1986, Corns 1988). In addition, machine
type, size and operating practices will directly
influence the level of disturbance. Concerns
about soil disturbance levels from ground-based
harvesting systems led to the development of
the “Site Degradation Guidelines for the
Vancouver Forest Region” (BC Ministry of
Forests 1991).
L ong-ter m data from properly designed
experiments, which could be used to validate soil
disturbance guidelines, were lacking at that time.
Early attempts had been made to assess longerterm effects on tree produ ctivity throu gh
retrospective studies on previously logged sites
(Thompson 1989, 1990; Douglas and Schwab
1991). Data from such studies were difficult to
interpret, due to lack of proper experimental

design, limited knowledge of site conditions at the
time of harvest, and, typically, insu fficient
numbers of sample trees (Douglas and Schwab
1991). Proper assessment of site conditions and
treatments at the time of harvesting, and in
subsequent years, is essential.
Hoe-forwarding was introduced to coastal BC in
the late 1980s for use on gently sloping terrain.
The system was expected to reduce soil disturbance
in comparison to ground-based skidders and
bulldozer logging systems by reducing ground
pressure, particularly when puncheon (logs and
debris placed under the tracks of the machine)
was used. However, the level of soil disturbance
and the actual effects of the hoe-forwarding
harvesting system on site productivity were
unknown at the time.
Two benchmark studies were therefore established
on Vancouver Island in the early 1990s to record
levels of soil disturbance created by this machine,
and to measure tree growth over the longer term
as an indication of site productivity. The first trial
was established near Holberg on northern
Vancouver Island to examine responses of western
hemlock in the CWHvh1 biogeoclimatic variant.
The second trial was established near Woss in the
CWHmm1 variant to examine responses of
coastal Douglas-fir. Periodic results from these two
trials have provided site-specific growth response
data in relation to varying levels of soil
disturbance. Fifteen-year results from the second
trial, established near Woss, are reported here.
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2.0 METHODS
2.1 STUDY SITE

The Woss site lies within the CWHmm1 biogeoclimatic variant
at an elevation of 370 m. It is representative of the 03: HwCw
– salal site series, with minor proportions of 01: HwBa –
pipecleaner moss (Green and Klinka 1994). Site topography is
relatively uniform with flat to gently sloping terrain. Soils are
sandy loam to loamy sand Orthic Humo-Ferric Podzols,
developed from ice-contact, morainal parent materials that are
moderately w ell drained. Coarse fragment content is
approximately 55%, ranging from gravel to large boulders.
Thickness of the forest floor at the time of logging averaged 29
cm. Under the Forest Practices Code (BC Ministry of Forests
1999), this site would have been rated as “moderate to low hazard”
for soil compaction and puddling.
The original stand consisted of 40% Douglas-fir (Pseudotsuga
menziesii), 38% western hemlock (Tsuga heter ophylla), 19%
western redcedar (Thuja plicata), and 3% amabilis fir (Abies
amabilis). The understory vegetation consisted of a moderately
developed shrub layer including salal (Gaultheria shallon), dull
Oregon grape (Mahonia ner vosa), red huckleberry (Vaccinium
par vifolium ) and Alaskan blueberry (V. alaskaense), a poorly
developed herb layer with sporadic vanilla leaf (Achlys triphylla),
and a well developed moss layer (Hylo com ium splendens,
Eurhynchium oreganum , Rhytidiadelphus loreus, and Rhytidiopsis
robusta).
2.2 EXPERIMENTAL DESIGN

The study area was logged by hoe-forwarding between December
1991 and mid-February 1992 at a time when soil water content
was high. The hoe-forwarding machine used was a Komatsu
PC400-5 log loader, weighing approximately 120,000 lb with a
nominal ground pressure of 11.2 psi. Puncheon was rarely
used on this site. It was originally planned that the site be logged
with one-pass hoe-forwarding during the summer with the use
of puncheon prescribed only “where necessary”. Due to
operational constraints, this site was instead logged in winter
under rather unfavourable, very moist to wet soil conditions.
Study locations were sections of trails established by the hoeforwarder during operational logging. Fifteen 20-metre strips
were established along the tracked trails (Figure 1). An additional
15 control lines were established in untrafficked areas
immediately adjacent to the trafficked lines.
Soil properties for each treatment line were assessed postharvest including a determination of mineral soil texture, forest
floor depth, and soil moisture content immediately after logging.
No determination of mineral soil bulk density was made on
this site. Soil disturbance was assessed using a similar
methodolog y to Cu rran and Thompson (1991), w ith
modifications for puncheon impressions and deposits. Results
of the disturbance assessment are reported in Douglas and
Courtin (2002).
Ten Douglas-fir (Pseudotsuga menziesii) seedlings were to be
planted down the centre of each track (“track”), in between
the tracks (“between-track”), and beside the track (“flank”) at
2m spacing. A single row of 10 Douglas-fir seedlings was to be

ForestResearch, CoastForestRegion, MFR

-2-

planted along the control. During planting, a mixture of both
Douglas-fir and western redcedar (Thuja plicata) seedlings was
established along the treatment lines. However, at least 10
Douglas-fir seedlings were identified for each treatment, for a
total of 611 measurement trees across the trial.
2.3 TREE MEASUREMENTS
Tree height and root collar diameter were assessed at the time
of planting and after the first, third, fifth, and ninth growing
seasons (Figures 2, 3 and 4). In Year 15 (Figures 5 and 6),
diameters were measured at breast height (DBH; 1.3m) for
the larger trees; root collar diameter was measured for trees
less than 1.3 m tall. Tree survival was assessed at each
measurement date.

Cumulative growth increments were calculated as the difference
between height or diameter at planting and later measurement
dates. By Year 15, differences in diameter increment were no
longer comparable due to a number of trees less than 1.3 m
across the treatments. Therefore, treatment differences in
volume increment were also assessed. A volume equation
developed by Kovats (1977) for coastal Douglas-fir was used.
This equation includes a correction factor to account for
differences in diameter measurement position as shown below:
V=a*Db *Hc*e ((h/H)* d)
Where V = volume in cm3
D = diameter at measurement height h in cm
H = total height in cm
h = distance from point of germination to point of diameter
measurement in cm
a = 0.03548
b = 1.70435
c = 1.38551
d = 2.30499
e = base of natural logarithms
2.4 FOLIAR ANALYSIS

Foliage was sampled and analyzed to determine treatment
differences in foliar contents of N, P, K, Ca, Mg, Al, S, Cu, Zn,
Fe, Mn, and B. In each block, one shoot per each of five trees
was collected from each treatment, using the same trees sampled
in Year 5, and composited. Severely stressed and dying trees
were not sampled. Samples were confined to current-year firstorder (terminal) shoots and were collected from the upper third
of the crown. On the largest trees, samples were collected at
approximately 4.8 m (maximum height of the pruning pole).
Following collection, samples were stored under refrigeration,
then oven-dried at 70oC for a minimum of 48 hours. Needles
were removed, and needle mass and mass of 100 needles were
deter mined. S amples were analyzed for elemental
concentrations at the Ministry of Forests and Range analytical
laboratory. Total N and S were determined by micro-Dumas
combustion using an automated NCS analyzer. For other
elements, samples were digested in a microwave digestor with
a mixture of 30% H2O2 and concentrated HCl and HNO3
(Kalra and Maynard 1991), then analyzed by inductively-coupled
argon plasma emission spectrometry (ICAP).
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Flank tree

Betweentrack tree
Track tree

Track

Figure 1. Treatment line H-4 soonafterlogging. Note track impression
indicated by dotted lines. (Photo courtesy Alex Inselberg.)

Betweentrack tree

Figure 2. Treatment line H-4 at three years. Note trees planted
between the track (left), on the track (centre) and on the flank (right).

Track tree
Flank tree
Betweentrack tree

Track tree

Flank tree
Figure 3. Treatment line H-4 at five years. Note between-track
trees (left) track trees (centre) and flank trees (right).

Figure 4. Treatment line H-4 at nine years. Note between-track
trees (left) track trees (centre) and flank trees (right).

Track tree

Betweentrack tree

Flank tree

Figure 5. Treatment line H-4 at 15 years. Note between-track
trees (left) track trees (centre) and flank trees (right).

Figure 6. Trees on control line C-5 at 15 years.
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2.5 DATA ANALYSIS

To test for significant differences in treatment means, multiple
comparison tests were carried out using a Tukey adjustment to
ensure the overall Type I error for all treatment comparisons
was less than or equal to 0.05. If the overall treatment p-value
was not significant (p-value > 0.05), no comparison of treatment
means was tested.
Treatment mean needle masses and elemental concentrations
were analyzed by analysis of variance using JMP statistical
software (SAS Institute). Relationships between needle mass
and elemental concentration were further analyzed by
correlation (Pearson correlation coefficient) analysis.
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The four treatments (control, track, between track, and flank)
were randomly allocated within each of the 15 blocks. A
randomized complete block design was used to test for mean
differences in height and volume growth after 15 growing
seasons between treatments levels. The analysis of variance
was carried out using the proc mixed procedure with SAS ®
statistical software.
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Figure 7. Cumulative height increment of Douglas-fir through
five, nine, and 15 years. Error bars represent standard error
and letters represent differences between treatments within
each consecutive year. Treatments with the same letter are
not significantly different.

3.0 RESULTS AND DISCUSSION

3.2 FIFTEEN-YEAR HEIGHT INCREMENT OF DOUGLAS-FIR

3.1 FIFTEEN-YEAR DOUGLAS-FIR SURVIVAL

Douglas-fir trees growing on the control had significantly better
height growth in Year 15 (p=0.0432) than those growing on
the tracks (Figure 7). Height growth on the controls was greater
by 31% (0.31 m) relative to the track at Year 5, and by 12%
through Years 9 and 15 (0.33, 0.71 m). By Year 9, trees growing
on the tracks had become well established, with possible root
expansion beyond the compacted tracks. Height growth in the
between-track and flank treatments generally appeared to be
slightly less than in controls (Figure 7), but differences were
not statistically significant.

Survival of Douglas-fir may have been consistently better on
the control plots over the first 15 years (Table 1). Ninety-two
per cent of the control trees were remaining at Year 15
compared with 86 to 88 per cent survival for the other three
treatments. A total of 540 test trees remained in 2007.
Damage by Roosevelt elk (Cer vus canadensis r oosevelti) has
contributed to tree mortality during the trial, and was a key
factor for mortality from 9 to 15 years. These animals
frequented the trails created by the hoe-forwarder and caused
damage to measurement trees growing along the tracks, along
with some damage to control trees. Damage consisted of bark
stripping, sometimes girdling the tree, or breakage of the crown,
leading to re-growth of multiple leaders and poor stem form.
However, damage by these animals did not appear to affect
overall treatment differences.
Root disease (Armillaria ostoyae) also contributed to mortality
on this site. Identifying signs were resinosis on the lower stem
of measurement trees beginning in Year 5 and the presence of
characteristic mycelial fans under the bark (Stefan Zeglan, pers.
comm., February 1997). Mortalities due to root rot appeared
limited to one area of the trial, and were more common on the
between-track treatment. However, the disease may also be
present on other areas of the trial.

It appears that height growth of the track trees may be
improving in relation to the other treatments over time. At
Year 5, height increment on the track trees was significantly
less than the other three treatments (p<0.001; Figure 7). By
Year 9 only the control and between-track trees had significantly
better height growth than the track trees (p=0.0141), and after
15 years, only the control trees were significantly taller than
those on the tracks (p=0.0432).
3.3 FIFTEEN-YEAR VOLUME INCREMENT
Similar to height growth, volume increment of Douglas-fir at
15 years was significantly better on the control treatment than
on the tracks (p=0.0222; Figure 8). As with height, volume
increments in the flank and between-track treatments did not

Table 1. Tree survival by year.
Year

1993
1995
1997
2001
2007

Control
Tree
% of
numbers original
172
100
165
96
164
95
163
95
158
92

Track
Tree
% of
numbers
original
143
100
133
93
130
91
130
91
125
87

Between Track
Tree
% of
numbers
original
142
100
134
94
133
94
132
93
125
88

Flank
Tree
% of
numbers original
154
100
146
95
146
95
143
93
132
86
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differ from the control or track treatments at 15 years.
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Volume increment on the control appears to be increasing over
time in relation to the other three treatments (Figure 8). For the
first nine years, volume growth of the control trees was slightly
lower than those growing between the tracks, and slightly greater
(but not significantly so) than those on the track. By Year 15,
volume increment of the control trees was 53% larger (7.5 dm3
tree-1, P = 0.022) than those on the track, and slightly larger (but
not significantly so) than the between-track and flank trees.
3.4 FOLIAR ANALYSIS OF DOUGLAS-FIR
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After 15 years, needle mass per shoot varied with treatment
and was significantly greater in controls than in the tracks,
between tracks, or flanks (Table 2). This was consistent with
treatment rankings for stem height and volume increments over
15 years. Needle mass per shoot was positively correlated (P <
0.05) with 100-needle mass (r=0.51, n=60) and foliar N (r=
0.27) and S (r=0.34) concentrations and negatively correlated
with foliar P (r=-0.27).
One-hundred-needle masses and foliar elemental concentrations
were generally not affected by treatments after 15 years,
although Zn concentrations were slightly higher in the control,
and concentrations of N, P, K and B may have been lower on
the between-track treatment than in other treatments. A lack
of difference between treatments is not particularly surprising,
as roots of trees in adjacent treatments are likely intermingled
and now competing for nutrients from the same soil volumes.
In contrast, after five years, S was lowest in controls and other
elements w ere u naffected (Dou glas 1998). Foliar N
concentrations at Year 15 appear to be deficient (Ballard and
Carter 1986), as may be foliar K (Mika and Moore 1990).

Year 5
Control

Year 9
Track

Year 15

Between Track

Fl ank

Figure 8. Cumulative volume increment of Douglas-fir
through five, nine, and 15 years. Error bars represent
standard error and letters represent differences between
treatments within each consecutive year. Treatments with the
same letter are not significantly different.

Concentrations of N, P, S, Mn, Zn and, especially, K appeared
to be lower after 15 years than after five (Douglas 1998). The
apparent changes over time may not be meaningful, given that
different analytical laboratories and procedures were used in
the two sets of analyses. Sampling relatively lower in the crown
in larger trees in Year 15 might also have affected
concentrations of some elements.
4.0 SUMMARY AND CONCLUSIONS

Although the soils on this site were rated as moderate to low
hazard for soil compaction and puddling using the “Hazard

Table 2. Needle mass and foliar elemental concentrations and elemental ratios after 15 years in relation to treatment. P values
for contrasts are not shown if P > 0.05. Abbreviations: C = control, T = track, B = between track, F = flank, NM/S = needle mass
per shoot, 100NM = mass of 100 needles.
Trt
C
T
B
F
P value
Trt
C vs TBF
B vs CTF

C
T
B
F
P value
Trt
C vs TBF
B vs CTF

g
NM/S
4.6
3.6
3.7
3.8

g
100NM
0.56
0.54
0.51
0.53

N
11.6
11.3
11.0
11.4

0.003
<0.001

0.379

0.180

0.116

0.142

0.045

0.021

0.036

Fe
42
32
33
34

0.395

B
12
12
11
12

0.167

P
1.6
1.5
1.4
1.6

mg kg-1
Cu
Mn
3
337
3
317
3
331
3
309

0.592

0.472

K
4.6
4.4
4.1
4.4

g kg-1
Ca
2.6
2.6
2.7
2.6

Mg
1.0
1.0
1.0
1.0

S
1.0
1.0
1.0
1.0

0.665

0.216

0.943

Zn
15
13
13
13

N/P
7.7
7.5
7.9
7.4

N/S
11.9
11.7
11.8
11.9

K/N
0.40
0.39
0.37
0.39

0.213
0.037

0.597

0.994

0.392

0.043
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Assessment Keys” (BC Ministry of Forests 1999), it is clear
that trafficking these soils under wet soil conditions has led to
some longer-term consequences for site productivity. To Year
15, height growth of Douglas-fir trees growing on the
untrafficked control plots was consistently better than those
growing on the tracks. Volume increment of the control trees,
initially similar to the track trees to Year 9, was significantly
greater than the track trees by Year 15 (7 dm 3 tree-1), when the
control had gained a competitive advantage over the
underbrush. Height and volume growth in the between-track
and flank trees were not significantly different to either the
control or track trees at Year 15. Therefore, it is apparent that
even medium- to coarse-textured (sandy loam to loamy sand)
soils require some protection from the effects of trafficking if
they are to be logged under wet, winter conditions.
Foliar elemental concentrations indicated nutrient deficiencies
in Douglas-fir across the study site after both five and 15 years,
suggesting nutrient supply is an inherent limiting factor on this
site. The medium- to coarse-textured soils, in combination with
high coarse fragment and low soil organic matter contents, are
responsible for this relatively poor inherent nutrient supply.
This research also suggests that tracks created by ground-based
harvesting systems and compacted with increasing levels of
trafficking may be poor planting positions for new seedlings.
A recommendation for similar sites where the tracks are
compacted is to utilize undisturbed, between-track or flank
positions to establish future crop trees. Soil compaction along
these tracks can be identified through difficulty in penetrating
the soil with an ordinary planting shovel.
Soil disturbance results for this site were obtained only for the
tracked areas of the treatment, since the intent was to determine
the effects of specific disturbances. This approach does not
consider the allowable limits for soil disturbance across a specific
area or cutblock defined by the previous Forest Practices Code,
or now allowable under the Forest Range and Practices Act.
Results of a survey by Thompson (1997) showed that eight
hoe-forwarding sites surveyed using Forest Practices Code
procedures were all compliant and within the allowable five
per cent detrimental disturbance limit set out by the Ministry
of Forests at that time.
5.0 MANAGEMENT IMPLICATIONS

Seasonal or weather operating restrictions should also apply to
sites rated as having moderate to low compaction and puddling
hazard, i.e., mesic and drier sites with sandy loam to loamy
sand soils. Hoe-forwarding during wet soil conditions without
the use of protective puncheon may result in detrimental
disturbance, leading to reduced growth and performance of
Douglas-fir or other species over the longer term. The extent
of such detrimental effects can be controlled with the use of
protective puncheon or mats, and by the pattern used during
logging. In addition, rehabilitation of localized, heavily disturbed
areas will also reduce the overall level of detrimental soil
disturbance across the cutblock.
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