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ABSTRACT 
 

Three research trials have been established in coastal BC on Vancouver Island to investigate longer-term 

effects of hoe-forwarding on tree growth and site productivity.  Two of the trials were established in the 

early 1990s in response to concerns of site disturbance by ground-based harvesting systems, and to 

monitor effects of the newly introduced hoe-forwarding system.  A third trial was established ten years 

later near Jordan River to further study the effects of puncheon under the machine as a means of 

protecting the mineral soil.  A second experiment was also established on this site to study tree growth on 

specific disturbance types recognized by the Ministry of Forests (Soil Conservations Surveys Guidebook, 

BC Ministry of Forests 2001).   

 

Each of the trials was established on a different site type and with different experimental designs.  

Although the results cannot be directly compared, information gained from each individual site 

contributes to an understanding of disturbance levels created by hoe-forwarding and the effect this 

machine has on tree growth over the longer-term for a number of sites.   

 

Results for the summer-trafficked Holberg site where salal was an aggressive competitor (CH site) 

suggested that greater disturbance appeared to hamper salal growth, allowing trees to better establish and 

access soil nutrients even after re-establishment of the salal.  On the HA block with prior windthrow and 

reduced salal competition, tree growth was best on the control to 15 years even when protective puncheon 

was used under the machine on the trafficked lines.  On the winter-logged Woss site where no puncheon 

was used to remove logs across the “moderate to low compaction hazard” sandy loam to loamy sand soils, 

better growth of trees (7.5 dm3 tree-1) was found on the untrafficked control at Year 15 as compared to 

track trees.  Soils on the track remained compacted to Year 15.  Early results for the Jordan River site 

were insignificant, although growth trends appear to suggest that greater disturbance on this site may lead 

to slightly better tree height and volume gains over the short-term.  This site will continue to be monitored 

to investigate longer-term effects of hoe-forwarding on this trial. 

 

Although foliar analysis did not discern treatment differences at Year 15, it did indicate nutrient 

deficiencies, particularly in N on both the Holberg and Woss sites.  Elemental concentrations at Jordan 

River in Year 5 were within a range considered to be adequate. 

 

Several management implications were gained through these studies.  A greater level of soil disturbance 

on sites with aggressive salal competition may prove to be beneficial for early establishment and growth 

of planted seedlings, providing the beneficial effects of salal control are not negated by adverse effects on 

soil physical properties.  Medium- to coarse-textured (sandy loam to loamy sand) soils with “moderate to 

low” hazard rating for soil compaction and puddling may be more sensitive to the effects of trafficking, 

particularly under wet soil conditions than initially anticipated.  These soils may therefore require seasonal 

and weather restraints to limit soil disturbance by compaction and puddling.  Seedlings planted on 

compacted tracks may have reduced height and volume growth over the rotation. Therefore it is 

recommended that undisturbed, flank or even between-track positions be utilized for establishment of 

future crop trees.  Although early results at Jordan River were insignificant, growth trends suggest a 

slightly greater level of soil disturbance may be beneficial for tree growth over the short term.   
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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 survival 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 lead to development of the “Site degradation guidelines for the 

Vancouver Forest Region” (BC Ministry of Forests 1991).  

 

Long-term 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 longer-term effects on tree 

productivity through 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, insufficient numbers of 

sample trees (Douglas and Schwab 1991).  Proper assessments of site conditions and treatments at the 

time of harvesting, and in subsequent years is essential. 

 

Hoe-forwarding was introduced to coastal B.C 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 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.  A third experiment was 

established in 2001 near Jordan River on southern Vancouver Island within the CWHxm2 biogeoclimatic 

variant to further assess the benefits of puncheon, and the growth of Douglas-fir across a range of 

identified disturbance types.   
 

 
2.0 METHODS 

 
2.1  HOLBERG SITE 

 

The study site at Stranby River near Holberg is representative of the 04 site series within the CWHvh1 

biogeoclimatic variant (Green and Klinka 1994).  The trial is situated on a relatively flat fluvial terrace 

with imperfectly to moderately well-drained silt loam Orthic Humo-Ferric Podzol soils in the top 60 cm of 

mineral soil, grading to a loamy sand texture below 60 cm.  Coarse fragment content ranged from 25 to 

35% for the upper silt loam soil and 50 to 60% for the loamy sand subsoil.  Forest floor depth averaged 43 

cm at the time of treatment. 

 

The site was initially logged in 1989, removing a stand of western hemlock (Tsuga heterophylla) and 

amabilis fir (Abies amabilis).  Three treatment blocks were established in an area with two former stand 

types consisting of varying proportions and age-class distributions of western hemlock and amabilis fir.  

Depth of forest floor, understory vegetation, and slash loading was variable between the forest types.  Two 
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of the blocks (Blocks 1 and 3) were established on areas where older western hemlock and amabilis fir 

stands were removed.  These stands may have been transitioning towards the CH phase (Lewis 1982).  

The third block (Block 2) was established in an area where a more even-aged western hemlock/amabilis 

fir stand had developed following a major windstorm in 1906.  This area was representative of the HA 

phase as described by Lewis (1982).  Downed wood was extensive across the area.   

 

Four treatment lines were established in each of three replicate blocks consisting of one, two, four and no 

passes (control) with the hoe-forwarder (12 treatment lines).  Logging was simulated by swinging an 11 m 

western hemlock log side to side every 5m along each trail.  The site was trafficked in mid-August under 

moist soil conditions, and protective puncheon was used under the hoe-forwarder at all times.  Soils were 

assessed for moisture content at the time of trafficking, forest floor depth, particle size analysis, and soil 

bulk density following trafficking.  Soil disturbance levels were determined using a methodology similar 

to Curran and Thompson (1991) with modifications for puncheon impressions and deposits.  Results of 

the disturbance assessment are reported in Douglas and Courtin (2001). 

 

Western hemlock seedlings were planted along the tracks, between the tracks, and on the flank of the 

tracks.  A row of trees was also planted on the untrafficked control.  Tree growth, i.e., height and diameter 

increment has been monitored after three, five, nine and 15 growing seasons.  Treatment differences were 

assessed using cumulative growth increments calculated as the difference between height or volume at 

planting and later measurement dates.  Volume was calculated using an equation developed by Kovats 

(1977).  Foliar analysis was conducted at five and 15 years. 

 

2.2   WOSS SITE 

 

The Woss site lies within the CWHmm1 biogeoclimatic variant and 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 well 

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.  Using the “Hazard Assessment Keys” (BC Ministry of 

Forests 1999), this site would be rated as “moderate to low” for soil compaction and puddling.   

 

The original stand consisted of 40% Douglas-fir (Pseudotsuga menziesii), 38% western hemlock (Tsuga 

heterophylla), 19% western redcedar (Thuja plicata), and 3% amabilis fir (Abies amabilis) with understory 

vegetation consisting of salal (Gaultheria shallon), dull Oregon grape (Mahonia nervosa), red huckleberry 

(Vaccinium parvifolium) and Alaskan blueberry (V. alaskaense); a poorly developed herb layer with sporadic 

vanilla leaf (Achlys triphylla) and a well developed moss layer (Hylocomium splendens, Eurhynchium 

oreganum, Rhytidiadelphus loreus, and Rhytidiopsis robusta).   

 

The study area was logged by hoe-forwarding between December 1991 and mid-February 1992 under very 

moist to wet soil conditions.  It was originally planned that this site be logged with one-pass hoe-forwarding 

during the summer with the use of puncheon prescribed only “where necessary”.   

 

Fifteen treatment lines were delineated along trafficked trails established by the hoe-forwarder during 

operational logging.  Soils were assessed for moisture content at the time of trafficking, forest floor depth 

and particle size analysis.  Soil bulk density samples were not collected from this site.  Soil disturbance 

levels were assessed using the methodology of Curran and Thompson (1991) with modifications for 

puncheon impressions and deposits.  Results of the disturbance assessment are reported in Douglas and 

Courtin (2002a). 
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Douglas-fir seedlings were planted along the tracks, between the tracks, and on the flank of the tracks.  A 

row of Douglas-fir was also planted on adjacent untrafficked control lines.  Tree growth, i.e., height and 

diameter increment has been monitored after three, five, nine and 15 growing seasons.  Treatment 

differences were assessed using cumulative growth increments calculated as the difference between height 

or volume at planting and later measurement dates.  Volume was calculated using an equation for 

Douglas-fir developed by Kovats (1977).  Foliar analysis was conducted at five and 15 years. 

 

2.3 JORDAN RIVER SITE 

 

The Jordan River site lies within the CWHxm2 biogeoclimatic variant and is representative of both the 01: 

HwFd – Kindbergia site series and the 05: Cw-Swordfern site series (Green and Klinka 1994).  The site has 

relatively uniform mineral soils on gently to moderately sloping terrain (10 to 30%), although areas with 

exposed bedrock outcrops are also present within the study area.  The soils are sandy loam to loamy sand 

Orthic Humo-Ferric Podzols, developed from glacial till parent materials that are moderately well to 

imperfectly drained.  Coarse fragment content ranged from 30 to 50%.  Average depth of forest floor prior to 

logging was 21 cm, but ranged from an average of 11 cm on the lower section of the study area to an 

average of 35 cm on the top.  

 

The original stand was a second growth forest consisting of 70% western hemlock (Tsuga heterophylla), 30% 

Douglas-fir (Pseudotsuga menziesii), and minor amounts of western redcedar (Thuja plicata) and Sitka spruce 

(Picea sitchensis).  Understory vegetation prior to logging consisted of swordfern (Polystichum munitum), 

deerfern (Blechnum spicant), salal (Gaultheria shallon), and red huckleberry (Vaccinium parvifolium), with a 

well-developed layer of Oregon beaked moss (Eurhynchium oreganum). 

 
The study area was felled in April and May 2001, using mechanical harvesters and logged by hoe-forwarding 

during the summer (June and July) of 2001.  Three treatment blocks were established during operational 

logging, each with replicates of one, two, or three passes by the hoe-forwarder randomly assigned across 

each block.  Half of each treatment line was trafficked with puncheon under the machine; the other half 

was trafficked without protection other than residual slash, for a total of 18 treatment lines (3 blocks by 6 

treatments). Felling by mechanical harvester precluded establishment of an untrafficked “control” 

treatment in this study.   

 

Soils were assessed for moisture content at the time of trafficking, forest floor depth and particle size 

analysis.  Soil disturbance levels were assessed using the methodology of Curran and Thompson (1991) 

with modifications for puncheon impressions and deposits. Results of the disturbance assessment are 

reported in Douglas and Courtin (2002b).  Soil bulk density samples were collected from this site in Year 

2.  Douglas-fir seedlings were planted at 2m intervals along the tracks of the trafficked (puncheon vs. no 

puncheon) lines.   

 
A second experiment was also established as part of this study to monitor growth of planted Douglas-fir 

on specific disturbance types identified by the Forest Practices Code (BC Ministry of Forests 2001), 

including ruts of three depth classes (< 5 cm, 5 to 30 cm, and >30 cm) and scalped and gouged 

disturbances along with areas of repeated trafficking.  A number of clearly untrafficked locations were 

also selected as “undisturbed” points for this part of the study.  Tree growth, i.e., height and diameter 

increment was monitored after one, three, and five growing seasons.  Treatment differences were assessed 

using cumulative growth increments calculated as the difference between height or volume at planting and 

later measurement dates.  Volume was calculated using an equation for Douglas-fir developed by Kovats 

(1977).  Foliar analysis was conducted at five years. 
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3.0 RESULTS AND DISCUSSION 

 

Nine and 15-year results of the Holberg and Woss sites have been reported in four BC Ministry of Forests, 

Forest Research Extension Notes (Douglas and Courtin 2001; Douglas and Courtin 2002a; Douglas and 

Brown 2009a; and Douglas and Brown 2009b).  Five-year results at the Jordan River site were reported in 

Douglas et al. (2007).  A summary of the 15-year results for Holberg and Woss and the five-year results at 

Jordan River is presented below.   

 

3.1  HOLBERG SITE 

 

Diverging patterns in tree growth noted in Year 9 at Holberg and attributed to site differences between 

Blocks 1 and 3 and Block 2 were even more pronounced by Year 15 (Douglas and Brown 2009a).  Blocks 

1 and 3 continue to be transitional towards the CH phase (Lewis 1982) with abundant salal in the 

understory.  Block 2 remains more typical of the HA phase with more deer fern (Blechnum spicant), 

salmonberry, and fireweed (Epilobium angustifolium) in the understory, although invasion by salal had 

occurred on some areas of this block by Year 15.  Therefore, the 15-year data for tree height and volume 

increment in Blocks 1 and 3 were analyzed separately from those in Block 2.  This limits statistical 

inferences for data from Blocks 1 and 3 and prevents statistical analysis of Block 2 data.  Even so, some 

distinctions can be made. 

 

3.11  HEIGHT INCREMENT 

 

Height increment on Blocks 1 and 3 after 15 growing seasons appeared greatest in the four-pass treatment, 

least in the control, and intermediate in the one- and two-pass treatments, although differences were not 

statistically significant.  Height increment in the four-pass treatment was approximately 3.3 m (154%) 

greater than the control, and approximately 2.0 and 2.3 m (56 and 70%) taller than in the one- and two-

pass treatments, respectively.  In Block 2, the best height growth of trees at Year 15 was in the control, 

followed by trees in the four-pass treatment.  By Year 15, trees in the control were approximately 3.4, 3.1, 

and 1.8 m (60, 51, and 25%) taller than those in the one-, two- and four-pass treatments, respectively. 

 

Differences in height increment seemed to increase between treatments with time.  At Year 5, the four-

pass trees of Blocks 1 and 3 were 1 m (+100%) taller than the control trees, 1.9 m (120%) taller in Year 9, 

and 3.3 m (154%) taller by Year 15.  Trees in the control of Block 2 were 0.6 and 0.5 m (36 and 22%) 

larger than those in the one- and two-pass treatments in Year 5 and 3.4 m (60%) and 3.1 m (51%) taller 

than the one- and two-pass treatments at Year 15. 

 

In general, height increment was greater in Block 2 than in Blocks 1 and 3.  In the control, trees were 

approximately 7.0 m taller (+323%) in Block 2 than in Blocks 1 and 3.  Trees in the one-, two- and four-

pass treatments in Block 2 were ca. 2.1, 2.8 and 1.9 m (+62, 88, and 34%) greater, respectively, than the 

one-, two- and four-pass treatments of Blocks 1 and 3.  

 

3.12  VOLUME INCREMENT 

 

As with height increment, 15-year volume increment in Blocks 1 and 3 appeared greatest in the four-pass 

treatment, least in the control, and intermediate in the one- and two-pass treatments, although, again, 

differences were not statistically significant. Volume increment in the four-pass treatment was 

approximately 18 dm3 tree-1 greater (883%) than the control at Year 15, and 14 dm3 tree-1 (230%) greater 

than the one- and two-pass treatments.  By contrast, 15-year volume increment in Block 2 appeared 

greatest in the control.  Control tree volume increment was approximately 34, 46, and 47 dm3 tree-1 (i.e., 

99, 200 and 213%) greater than in the four-, one- and two-pass treatments.  
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Volume increment of the four-pass treatment in Blocks 1 and 3 seemed to increase with time as did the 

trees on the control of Block 2.  At 9 years, the four-pass treatment of Blocks 1 and 3 was 5 dm3 tree-1 

(742%) greater than the control, but by Year 15, trees on the four-pass treatment were 18 dm3 tree-1 

(883%) taller.  Volume growth of control trees on Block 2 was 1 dm3 tree-1 (90%) greater than the one- 

and two-pass treatments in Year 5, 10 dm3 tree-1 (132%) greater after 9 years, and 47 dm3 tree-1 (213%) 

greater after 15 years.  

 

As with height increment, volume increment generally appeared greater in Block 2 than in Blocks 1 and 3.  

The beneficial effect of increased machine trafficking on Blocks 1 and 3, and the detrimental effect of 

increased trafficking on Block 2, meant that absolute differences between Block 2 and Blocks 1 and 3 

were greatest in the control (+67 dm3 tree-1; +3300%).  

 

3.13  FOLIAR NUTRIENT CONCENTRATIONS 

 

Foliar elemental concentrations generally did not vary at Holberg with number of passes or with location 

relative to equipment tracks at Year 15 (Douglas and Brown 2009a).  However, concentrations of P and Fe 

were greater in controls than in the one-, two- or four-pass treatments.  P concentrations may have been 

greater on flanks than between tracks.  In contrast to growth data, apparent treatment effects did not 

change when Block 2 data were excluded.  

 

Across treatments, Block 2 trees appeared to have higher foliar concentrations (than did the smaller Block 

1 and 3 trees) of N (6.8 vs. 5.6 and 5.9 g kg-1), Fe (44 vs. 21 and 12 mg kg-1), Cu (3.4 vs. 1.5 and 2.0 mg 

kg-1) and Zn (7.8 vs. 5.1 and 6.0 mg kg-1).  

 

Current-year-shoot needle mass was positively correlated (α = 0.05, n=43) with concentrations of N, S, 

Fe, Cu, Zn and Al and negatively correlated with P, K, and B.  Current-year-shoot needle mass was 

correlated with 15-year stem growth increment, as were elemental concentrations. 

 

Critical foliar elemental concentrations for hemlock are not well-known (Brown 2003).  However, mean 

concentrations of N were in the range considered very severely deficient and concentrations of Fe, Cu, and 

Zn were “probably-possibly deficient”.  Foliar P concentrations were at a level considered moderately-

severely deficient (Carter 1992).  P deficiencies may limit growth responses by hemlock to N additions 

even when N is severely deficient (Brown 2003; Negrave et al. 2007).  Here, the negative correlation of 

growth with P concentrations and the higher P concentrations in smaller control trees suggests that P is not 

as deficient as is N.  Conversely, the low concentrations of Fe, Cu, and Zn, their correlations with shoot 

and tree growth, and higher concentrations in the larger Block 2 trees suggests that those elements may 

have been deficient on this site.        

 
3.2  WOSS SITE 

 

3.21  HEIGHT AND VOLUME INCREMENT 

 

Douglas-fir trees growing on the control of the Woss site had significantly better height growth in Year 15 

(p=0.0432) than those growing on the tracks (Douglas and Brown 2009b).  Height growth on the controls was 

greater by 31% (0.31 m) relative to the track at five years and by 12% through Years 9 and 15 (0.33, 0.71 m).  

Height growth in the between-track and flank treatments generally appeared to be slightly less than in 

controls, but differences were not statistically significant.  

 

It appears that height growth of the track trees may be improving in relation to the other treatments over time.  

At five years, height increment in the track trees was significantly less than the other three treatments 

(p<0.001).  By Year 9 only the control and between-track trees had significantly better height growth than the 
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track trees (p=0.0141), and after fifteen years, only the control trees were significantly taller than those in the 

tracks (p=0.0432).   

 
Similar to height growth, volume increment of Douglas-fir at 15 years was significantly better on the 

control than on the tracks (p=0.0222).  As with height, volume increments in the flank and between-track 

treatments did not differ with the control or track treatments at 15 years. 

 

Volume increment on the control appears to be increasing over time in relation to the other three 

treatments.  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 different to 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 different) than the between-track and flank trees.  

 

3.22  FOLIAR NUTRIENT CONCENTRATIONS 

 

After 15 years, needle mass per shoot varied with treatment on the Woss site and was significantly greater 

in controls than in the tracks, between tracks, or flanks (Douglas and Brown 2009b).  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 were unaffected (Douglas 1998).  Foliar N 

concentrations at Year 15 appear to be deficient (Ballard and Carter 1986), as may be foliar K (Mika and 

Moore 1990).  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.  

 

 

3.3  JORDAN RIVER SITE  

 

3.31  HEIGHT AND VOLUME INCREMENT 

 

No significant differences in tree growth response (i.e., height or volume increment) were found on the 

Jordan River site at five years between the puncheon and no-puncheon treatments.  However, early growth 

trends suggest that both tree height and volume may be increasing with increasing passes on the no-

puncheon treatment, and decreasing with increasing passes where puncheon was used (Douglas et al. 2007).   

It may be that compression of the thicker forest floor has created more favourable microsites for Douglas-

fir on this site, particularly in these early stages of growth.  Slightly poorer (but not significant) growth of 

Douglas-fir on the three-pass puncheon treatment may reflect an increased slash loading with increased 

number of passes by the hoe-forwarder.   

 
No significant differences in tree growth response (i.e., height or volume increment) were indicated at 

Year 5 for the range of identified disturbance types, i.e., ruts of various depths on the puncheon and no-

puncheon treatments, scalps, gouges, areas of repeated traffic, and undisturbed areas.  However, early 

growth trends suggest possibly better (but not significant) height and volume growth of Douglas-fir in the 
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ruts of the no-puncheon treatment, on the gouge locations, and on the medium sized scalp disturbance.  

The smallest height and volume increment growth may be on the “undisturbed”, large scalp, and the 

shallow rut of the puncheon treatment.   

 
3.32  FOLIAR NUTRIENT CONCENTRATIONS 

 

Treatments had few effects on foliar elemental concentrations at Jordan River on the trafficked treatment 

lines (Douglas et al. 2007).  Number of passes was weakly significant (P = 0.055) for Zn concentrations, 

with the one-pass treatment having higher concentrations than either the two- or three-pass treatments.  

The presence of puncheon was weakly significant (P = 0.067) for Ca; trees in the puncheon treatment had 

lower Ca concentrations than those in trafficked sites without puncheon.  Mg concentration increased with 

number of equipment passes in the absence of puncheon, but decreased with increasing number of 

equipment passes in the presence of puncheon, consistent with trends in tree height increment. 

 

In the assessment of identified disturbances, K, S, and Mn concentrations were lower in large scalps than 

in gouges, smaller scalps or in undisturbed planting sites, consistent with observations of slower growth in 

that disturbance type.  Concentrations of K tended to be lower in trees planted in very deep ruts, whereas 

concentrations of Ca and Mg were greater. 

 

A comparison of foliar elemental concentration data with published diagnostic criteria indicated that most 

elements were well within concentration ranges considered adequate for Douglas-fir (Ballard and Carter 

1986; Zasoski et al. 1990).  The possible exception was K, for which adequate concentrations are 

considered to be > 6.5 (Ballard and Carter 1986) or 6 (Mika and Moore 1990) g kg-1 and for which “poor” 

K/N ratios were considered to be < 50% (Mika and Moore 1990).  In this study, both K concentration and 

K/N ratios were low in several treatment combinations or disturbance types, particularly very deep ruts 

and large scalps.  Concentrations of Mg were at “adequate” levels (Ballard and Carter 1986), although the 

treatment mean concentrations had a similar pattern to that of height increment.    

 

 

4.0 CONCLUSIONS 

 

4.1  HOLBERG SITE 

 

Fifteen-year results for the Holberg study are confounded by large within and between-block variability, 

obscuring treatment effects on this site through 15 growing seasons.  Treatments on Blocks 1 and 3 where 

salal competition is severe differed from those on Block 2 where salal competition is relatively minor; 

hence they were assessed separately.  The lack of replication limits statistical inferences about the 

different treatments; but even so, some distinctions can be made.  

 

Initially, we hypothesized that tree growth would decrease with increasing intensity of treatment.  This 

may well have occurred on Block 2 where well-aerated mineral soil mounds created by windthrow during 

a 1906 windstorm, and considered favorable growing sites within the hypermaritime, were compressed 

during the trafficking.  On this block, mean tree growth on the untrafficked control plot was considerably 

greater than on trafficked plots (both height and volume; but not statistically significant), although growth 

was not least on the most heavily trafficked (four-pass) treatment.  The lack of salal on Block 2, both at 

the time of treatment and subsequently, appears to have allowed soil effects to be more clearly expressed 

over time. 

 

In contrast, tree growth on Blocks 1 and 3 increased with intensity of treatment, with the greatest growth 

occurring on the four-pass treatment.  Blocks 1 and 3 contain abundant salal and control trees are severely 

N-deficient.  Greater disturbance (four passes with the hoe-forwarder) has clearly hampered the competing 
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salal, allowing the trees to establish and more successfully compete for nutrients, particularly N.  Once 

established, these trees appear to have the ability to access nutrients even though competing salal has 

firmly re-established on the site.   

 

It was also apparent that trees growing on lower intensity treatments of Blocks 1 and 3 (one- and two-

passes with the hoe-forwarder) did not achieve the same level of early establishment.  Tree growth on 

these treatments was consistently poorer than the four-pass treatment over the first 15 years, and it is 

unlikely these trees will surpass those growing on the four-pass treatment in the near future.  

 

4.2  WOSS SITE 

 

Although soils on the Woss site were rated as “moderate to low” hazard for soil compaction and puddling 

(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 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 (7.5 dm3 tree-1), when the control had gained a competitive advantage over the underbrush. 

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.    

 

Research on the Woss site 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.  The 

recommendation is to utilize either undisturbed, flank or even between-track positions to establish future 

crop trees where tracks are clearly discernable.   

 
4.3  JORDAN RIVER SITE 

 

Although no significant differences were indicated between levels of trafficking and the use of puncheon, 

or across the range of identified disturbance types, it appears that early growth trends (although not 

significant) suggest slightly better growth where disturbance is somewhat higher.  Trees growing on the 

trafficked lines showed slightly better height and volume growth at five years on the two- and three-pass 

no-puncheon treatments, and slightly poorer growth where increased trafficking occurred on the puncheon 

treatments.  In addition slightly better growth of Douglas-fir was suggested, although not significant, in 

ruts on the no-puncheon treatments, and on gouged and scalped disturbances. 

 

It was anticipated that the use of puncheon would provide protection to the underlying mineral soil on this 

site.  However, it may be that compression of the thicker forest floor has created more favorable growing 

sites for Douglas-fir in these early years.  A greater amount of residual slash remaining on some puncheon 

treatments may have affected early growth response, particularly on those treatments with increased 

number of passes by the hoe-forwarder. 

 

Growth responses to treatments may be related to foliar nutrient concentrations.  K concentrations were 

low in general for Douglas-fir, but were particularly low in large scalps and very deep ruts; Mg 

concentrations were within the “adequate” range, but showed similar responses as growth on the trafficked 

lines.  Most elements were well within concentration ranges considered adequate for Douglas-fir with the 

possible exception of K. 
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Growth response of Douglas-fir will continue to be monitored on the Jordan River site over time. 

Although early results indicated no significant treatment differences, growth trends suggest that treatment 

differences may become more apparent with time. 

 

 

5.0  MANAGEMENT IMPLICATIONS 

 
Several management implications were gained by this research to 15 years.  A more extensive list of 

recommendations for hoe-forwarding and further discussion of these management implications is provided 

in Douglas and Lewis (2009). 

 

1)  A reduction in the use of puncheon on sites with thick forest floors and aggressive salal 

competition may provide a beneficial effect of controlling competing salal that is well in excess 

of any negative effects of soil disturbance.  However, it is important to ensure that the level of 

disturbance does not reach the point where gains from reduced competition would be negated by 

adverse effects on soil physical properties.  This would likely be indicated by relatively deep and 

continuous rutting into and puddling of the mineral soil, where the machine tracks have 

completely broken through protective forest floor layers. 

 

2) Seasonal or weather operating restrictions should also apply to sites rated as moderate to low 

compaction and puddling hazard, i.e., mesic and drier sites with sandy loam to loamy sand soils.  

Hoe-forwarding these types of soils 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 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. 

 

3) Avoid planting seedlings in tracks where an increased number of passes or wet conditions have 

led to rutting and discernable compaction. Utilize undisturbed, flank or even between-track 

positions to establish future crop trees. 

 

Soil disturbance results for the Holberg and Woss studies 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 5 percent detrimental disturbance limit set out by 

the Ministry of Forests at that time.  
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