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ABSTRACT 1 

Soil compaction often limits conifer regeneration on sites degraded by landings and roads, but 2 

inadequate understanding of compaction characteristics has sometime led to inappropriate 3 

rehabilitation efforts. We tested liquid and plastic limits, oxidisable organic matter, total C, 4 

particle size distribution, and Fe and Al oxides on soil samples collected from five forest 5 

experiments in interior British Columbia (BC). These data were used to estimate soil maximum 6 

bulk density (MBD) and relative bulk density (RBD): our objective was to relate RBD to tree 7 

growth. Height growth of interior Douglas-fir (Pseudotsuga menziesii var. glauca [Bessin] 8 

Franco) was limited when RBD was > 0.72.  For lodgepole pine (Pinus contorta Dougl. ex 9 

Loud. var. latifolia Engelm.) and hybrid white spruce (Picea glauca [Moench] Voss × 10 

engelmannii Parry ex Engelm.), an RBD of 0.60 - 0.63 corresponded to maximum height 11 

growth, while that of 0.78 - 0.84 appeared to limit height growth. The presence of surface 12 

organic material mitigated compaction and was often associated with lower RBD. Interior 13 

Douglas-fir and lodgepole pine planted in low lying sites in north-central BC did not grow well 14 

and their height growth was weakly related to RBD. Our results illustrate the usefulness of 15 

RBD to assess compaction, and suggest that soil rehabilitation should be considered on 16 

disturbed sites where soil RBD is > 0.80.17 
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INTRODUCTION 1 

The use of heavy machinery in forest management often leads to soil disturbance and 2 

compaction, which in turn strongly affect ecosystem stability and site productivity (Froehlich 3 

1979; Wronski and Murphy 1994; Kuan et al. 2007). Soil disturbance and compaction are 4 

particularly severe on temporary access areas such as forest landings (areas of cutblocks where 5 

harvested trees are processed and loaded onto trucks) and skid trails. These areas may be 6 

unproductive unless soil rehabilitation is carried out. Tree species growing on compacted soil 7 

are characterized by reduced root elongation rate (Whalley et al. 1995), and sometimes by 8 

reduced height growth (Greacen and Sands 1980; Ares et al. 2007; Bulmer et al. 2007). Two 9 

possible reasons for variable tree growth response to soil compaction are that compaction did 10 

not reach growth-limiting levels in some studies or that compaction indicators were not always 11 

successful in describing the relationship between soil compaction and tree growth. Since soil 12 

rehabilitation practices are expensive to apply, a better understanding of soil compaction 13 

effects on tree growth is needed. 14 

Bulk density (BD) has been traditionally used as the most common measure of soil 15 

compaction, but establishment of growth-limiting BD thresholds is not straightforward. Any 16 

threshold value of BD depends on soil properties (e.g., texture, quantity and quality of organic 17 

matter, particle density), site characteristics (e.g., climate), and the criteria used to evaluate 18 

when growth is affected. Daddow and Warrington (1983) summarized several studies and 19 

reported that growth-limiting BD for sandy loams and loamy sands were near 1.75 Mg m-3, 20 

while clay, silty clay loam, silty clay, and silt soils had growth-limiting BD around 1.40 Mg m-21 

3. The root growth-limiting BD values varied from 1.70 - 1.80 Mg m-3 for Douglas-fir 22 

(Pseudotsuga menziesii (Mirb) Franco) seedlings grown on sandy loam to loam soils (Heilman 23 

1981), while an artificially created BD of 1.59 Mg m-3 had stopped root penetration of two-24 

year-old Douglas-fir seedlings grown on sandy loam soil in pots (Heninger et al. 2002). Jones 25 
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(1983), on the other hand, considered the threshold to be a BD level where root growth was 1 

reduced to 20% of optimum. These variable results illustrate why a single growth-limiting BD 2 

threshold is unrealistic for all situations on all sites. 3 

Efforts have been made to identify high-level soil parameters, other than BD, that can 4 

integrate several soil properties and relate them to plant growth. One of these parameters was 5 

the least limiting water range (LLWR) introduced by da Silva et al. (1994), based on earlier 6 

work by Letey (1985). The LLWR describes the range of soil water contents where water 7 

availability, soil mechanical resistance, and air-filled porosity do not exceed assigned values 8 

associated with growth limitation. Changes in LLWR for a particular soil type are mainly 9 

driven by changes in soil compaction (da Silva et al. 1994), hence, determination of the LLWR 10 

may not always be necessary to derive valuable information about conditions affecting plant 11 

growth in compacted soils. 12 

Other high-level integrating soil parameters that were found to correlate well with plant 13 

growth include relative bulk density (RBD) and degree of compactness (D). Both parameters 14 

represent the proportion of field BD to a reference BD and they only vary in the method used 15 

to obtain the reference BD (Eriksson et al. 1974; Pidgeon and Soane 1977; Carter 1990; 16 

Hakansson and Lipiec 2000). Relative bulk density was strongly correlated (R2=0.69) to the 17 

relative grain yield of spring barley (Hordeum vulgare L.) and spring wheat (Triticum aestivum 18 

L.) in a study by Carter (1990) carried out on a fine sandy loam Orthic Humo-Ferric Podzol at 19 

Prince Edward Island. An RBD range of 0.77 - 0.84 was associated with a relative grain yield 20 

≥ 95%, while RBD > 0.89 corresponded to relative yield < 80%, and at that point aeration 21 

porosity was at the critical point to impede growth. Degree of compactness was correlated to 22 

spring barley yield on a wide range of soil types in Sweden with clay content between 2 - 60% 23 

and organic matter content from 1 - 11% (Hakansson 1990). The author found that the optimal 24 

degree of compactness (Dopt) was independent of soil particle size distribution and organic 25 
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matter content (R2=0.00) and that it was consistently at 0.87. Since the reference BD obtained 1 

by the uniaxial test in the study of Hakansson (1990) was 7 - 17% lower than that obtained by 2 

the Proctor test in the study of Carter (1990), the Dopt of 0.87 corresponded to an optimal RBD 3 

of 0.74 - 0.81.  4 

Although RBD has been used successfully to relate soil compaction to growth of 5 

annual plant species, its usefulness has not yet been tested for assessment of tree growth in 6 

forest ecosystems. Development of such a high-level integrating parameter of soil compaction 7 

that can also be successfully related to tree growth will be helpful to guide operational 8 

practices, and to assess the viability of rehabilitation to restore productivity to degraded areas 9 

(Richardson et al. 1999). The objectives of this study were to: (1) determine RBD for soils on 10 

heavily disturbed timber-growing sites such as landings and roads, and (2) assess the 11 

relationship between RBD and tree height growth. We also evaluated the influence of thickness 12 

of surface organic materials (i.e., wood waste mulches applied to disturbed sites or natural 13 

forest floors) on tree height growth. 14 

MATERIALS AND METHODS 15 

Site description 16 

Five experimental sites, including forest landings and roads, were selected throughout 17 

interior British Columbia (BC) (Table 1). When selecting sites for this study, we focused on 18 

those with a broad range of soil disturbance and rehabilitation treatments, and hence, a range of 19 

compaction levels (Table 2). Experiments 1, 2, 4, and 5 were established to evaluate the 20 

effectiveness of tillage and biological inoculation on conifer seedlings; and experiment 3 was 21 

established to determine the effect of tillage and woodwaste amendment on soil rehabilitation. 22 

Each experiment was laid out as a randomized complete block design with three blocks. One-23 

year-old nursery-grown seedlings of interior Douglas-fir (Pseudotsuga menziesii var. glauca 24 
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[Bessin] Franco), lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia Engelm.), and 1 

hybrid white spruce (Picea glauca [Moench] Voss × engelmannii Parry ex Engelm.) were 2 

planted. The species distribution on the experimental sites selected for this study, time for the 3 

site establishment, and tree growth measurement are shown in Table 2. Planting densities 4 

ranged from 2000 - 5000 stems per hectare in experiments 2, 3, and 5. Seedlings were planted 5 

in rows on the roads at experiments 1 and 4 and row spacing was typically 2 m, with an intra-6 

seedling distance of 0.5 m. At the time of measurement, interaction between neighbouring trees 7 

(i.e., competition) was not considered to be a factor affecting the results. 8 

Field and laboratory methods 9 

Three soil BD samples per plot were collected immediately below the interface 10 

between the surface organic material (if present) and mineral soil to a depth of 20 cm in the 11 

underlying mineral material. On sites with < 25% coarse fragment content (diameter > 2 mm), 12 

mineral soil samples for BD determination were collected in 518 cm3 cores. On sites with 13 

coarse fragment content > 25%, BD samples were collected by the excavation method 14 

(Grossman and Reinsch 2002); water was used to determine the sample volume. Coarse 15 

fragments within the sample were screened out and weighed. Volume of coarse mineral 16 

fragments was determined from dry mass, assuming a particle density of 2.65 Mg m-3. Bulk 17 

densities of mineral soil samples were calculated as the mass of dry, coarse fragment-free soil 18 

per volume of field-moist soil, where volume was also calculated on a coarse fragment-free 19 

basis. 20 

Maximum bulk density was derived using four models developed by Zhao et al. (2008). 21 

These models related MBD obtained by the Proctor method (ASTM 2000) to soil physical and 22 

chemical properties using a subset of samples from a wide range of sites in BC (n=144). 23 

Methods used to determine total C, oxidisable organic matter, oxides of Al and Fe, particle size 24 

distribution, and plastic and liquid limits were described by Zhao et al. (2008). For each of the 25 
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soil samples collected in the current study, plasticity was determined and the appropriate model 1 

was used to estimate MBD (Table 3). Relative bulk density was determined as the ratio of field 2 

BD to the predicted MBD, while three non-cohesive samples with very high liquid limit were 3 

excluded in the MBD estimation where the overall model and the specified model (Zhao et al. 4 

2008) provided very different estimates of MBD. With few exceptions, three RBD values at 5 

each plot were averaged to represent the RBD of the plot. The highest RBD value (0.92) from 6 

an untreated landing of experiment 5 was not included in the analysis because of incomplete 7 

tree growth data at that plot. The thickness of surface organic material was measured at each 8 

BD sampling location. 9 

Tree height growth was measured at the end of the growing season (late September - 10 

early October), which corresponded with the time of BD sampling. Tree heights were 11 

measured from ground level to the terminal bud for all the live trees present at the plot (17,111 12 

height measurements were used for this study). Height growth was not measured annually on 13 

all experiments since seedlings varied in age among experiments (Table 2). Varying tree age 14 

precluded the use of height increments in our study. We developed a relative height growth 15 

index (RHGI) by relating height growth for undamaged trees on our disturbed sites to height 16 

growth expected on undisturbed sites with similar ecological characteristics using the 17 

SiteTools software (BC Ministry of Forests and Range 2004) as follows: 18 

)(
)(

),(
cmagesametheatSiteToolsbygrowthheight

cmmeasuredgrowthheight
agespeciesRHGI =  19 

where height growth by SiteTools at the measurement age was derived based on the average 20 

site index for the measured species and ecosystem. The use of RHGI eliminated variation 21 

caused by differences in climate and other site conditions among study sites, thus isolating soil 22 

compaction effects on tree growth. 23 

Where RHGI = 1.0, soil conditions of the rehabilitated site are considered similar to 24 

comparable undisturbed sites supporting expected tree growth. Where the index > 1.0, tree 25 
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growth on the treated areas is better than that in undisturbed conditions. Rehabilitation of 1 

disturbed areas may be needed when RHGI < 1.0, because it suggests that trees are growing 2 

more slowly than trees on undisturbed sites with comparable ecological conditions. In practice, 3 

the effectiveness of rehabilitation is based on the degree to which pre-disturbed conditions are 4 

reached; in other words, rehabilitation will be considered unsuccessful if trees on the 5 

rehabilitated site are smaller than on undisturbed sites. In this study, we considered a RHGI of 6 

1.0 to represent the growth-limiting RBD threshold. 7 

Data analysis 8 

We used SAS REG procedure (SAS Institute 1990) to carry out multiple regression 9 

analysis by experiment, with RBD, surface organic material, and derived variables from 10 

surface organic material and RBD (e.g., RBD-1, RBD2, surface organic material × RBD) as 11 

independent variables, and RHGI as the dependent variable. Thickness of the surface organic 12 

material was used as a dummy variable and its value was set at 1 when thickness was > 3 cm 13 

and 0 when thickness was < 3 cm. A stepwise method was used to exclude any independent 14 

variables that may have overlapping effects on the dependent variable. The χ2 significance 15 

level was set at 0.25 for entry of variables and 0.10 for retention of variables, respectively. To 16 

derive the relationship between RBD and RHGI, we used the curve fitting functions in 17 

SigmaPlot (Systat Software 2000). For the experiment with a poor relationship between RHGI 18 

and RBD (i.e., spruce growth on experiment 4), studentized residuals were calculated to 19 

remove outliers (SAS Institute 1990) and the new data were fitted with both linear and non-20 

linear equations. 21 

Data from the experiments covering the widest RBD range for each tree species were 22 

analyzed separately. These included experiment 1 (planted with lodgepole pine) and 23 

experiment 2 (planted with Douglas-fir). Experiment 4 was located in north-central BC, which 24 

is near the northern limit for Douglas-fir and lodgepole pine (BC Ministry of Forests and 25 



9 

Range 2006); data for these two species in this experiment were analyzed separately. 1 

RESULTS 2 

Relative bulk density and surface organic material 3 

The RBD values ranged from 0.48 - 1.01 (Table 4), with the highest values in disturbed 4 

plots without rehabilitation (e.g., experiments 1 and 4) and the lowest values usually observed 5 

on rehabilitated sites (e.g., experiments 2, 3, and 5). The RBD values did not always match 6 

treatments as expected. For example, the un-rehabilitated roads at experiment 4 had very low 7 

RBD values (0.54 for experiment 4B and 0.67 for experiment 4C), while at experiment 2, a 8 

shallow tillage treatment yielded an RBD of 0.94 which was even higher than RBD of some 9 

un-rehabilitated plots. 10 

The thickness of surface organic material varied from 0 - 16 cm (Table 4). Surface 11 

organic material was not present on un-rehabilitated plots, with the exception of several un-12 

rehabilitated roads and landings that had developed a thin (1 - 2 cm depth) layer of fan moss 13 

(Rhizomnium glabrescens (Kindb) T. Kop.) and Juniper moss (Polytrichium juniperinum 14 

Hedw.). In experimental plantations and organic amendment treatments, the surface organic 15 

material ranged from 7 - 16 cm in thickness. 16 

The relationship between RBD and BD for all soils was best described by a linear 17 

regression (Fig. 1a), with 64% of variation in RBD explained by BD. A stronger relationship 18 

(R2= 0.72) was obtained for cohesive soils only, which also tended to have a higher RBD (P < 19 

0.003) than non-cohesive soils for a given BD. Substantial variation in RBD was observed for 20 

the  soils with intermediate BD values (i.e., between 0.80 - 1.40 Mg m-3 of BD, Fig. 1a). The 21 

very loose soils with both low RBD and low BD values tended to be non-cohesive soils with 22 

no surface organic material, while the very compacted soils with both high BD and high RBD 23 

values were cohesive soils with no surface organic material (Fig. 1a; soil organic matter data 24 
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not shown). Among the cohesive soils, a wider range of BD was observed for soils that had < 3 1 

cm of surface organic material, compared to those with thicker surface organic material (Fig. 2 

1b). Relationships between RBD and BD were significant for both soil groups, while the group 3 

with surface organic material < 3 cm had significantly lower RBD values (P < 0.001) than the 4 

group with thicker surface organic material (Fig. 1b). 5 

Surface organic material was the first co-variable used in the multiple regression 6 

analysis in the years immediately after planting for several experiments (Table 5). For the 7 

experiments where surface organic material was strongly correlated to tree height growth, the 8 

amount of variation in height growth explained by surface organic material was generally 9 

found to decrease over successive growing seasons (Table 5). Experiment 3 had a narrow 10 

range of RBD, and surface organic material in combination with RBD or RBD2 was positively 11 

related to tree growth. For experiments with a wider range of RBD values (i.e., experiments 1, 12 

2, 4, and 5), surface organic material was usually the second variable or was excluded from the 13 

regression analysis in the late growing seasons: RBD2 was the main variable negatively related 14 

to RHGI (Table 5). Strength of surface organic material and RBD in explaining RHGI was not 15 

improved when soils were grouped according to the presence of surface organic material (data 16 

not shown), because grouping narrowed the RBD range and decreased the number of 17 

observations. 18 

Relative bulk density and relative height growth index: north-central BC 19 

For both interior Douglas-fir and lodgepole pine, RHGI in the seventh growing season 20 

was always < 1.0 throughout all the three RBD ranges (RBD < 0.70, 0.70 – 0.83, and > 0.83).  21 

This indicates that environmental conditions on the experimental sites were not suitable for 22 

optimal growth of these two species (Fig. 2). The presence of surface organic material did not 23 

affect RHGI of interior Douglas-fir or hybrid white spruce, while it significantly improved 24 

RHGI of lodgepole pine at RBD of 0.70 - 0.83 and RBD > 0.83 (Fig. 2b). Although higher 25 
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RHGI of hybrid white spruce was observed for soils with thick versus thin surface organic 1 

material throughout the three RBD ranges, the differences were not significant (P > 0.32) (Fig. 2 

2c). 3 

The RHGI of interior Douglas-fir was higher at low RBD (< 0.70) than at high RBD 4 

ranges (0.70 – 0.83, and > 0.83), while no growth differentiation was observed between the 5 

two high RBD ranges (P > 0.12; Fig. 2a). Height growth of lodgepole pine decreased with 6 

increasing of RBD for trees growing in the soils with surface organic material < 3 cm (P < 7 

0.03; Fig. 2b) , while no significant growth differentiation was observed in trees growing in 8 

soils with thick surface organic material (P > 0.08; Fig. 2b). Variation in the RHGI of hybrid 9 

white spruce was wider than of interior Douglas-fir and lodgepole pine, and RHGI was not 10 

significantly different among the three RBD groups (P > 0.13; Fig. 2c).  11 

Relative bulk density and relative height growth index: hybrid white spruce 12 

The RHGI of hybrid white spruce decreased linearly (P < 0.001) with increasing RBD 13 

in the fourth and seventh growing seasons, but the linear relationships only explained 25 - 27% 14 

of the variation (Fig. 3a). For both growing seasons, there were non-linear relationships 15 

between RHGI and RBD at RBD < 0.75, while no substantial change in RHGI was observed at 16 

RBD > 0.75. The RHGI was generally > 1.0 at RBD < 0.75, with two exceptions where RHGI 17 

was around 0.5 when RBDs were at 0.67 and 0.68. These two RHGI-RBD data points gave the 18 

highest studentized residuals (> 1.9). These two samples were from a road section with large 19 

amounts of buried wood and poor tree growth. Removing these two data points strengthened 20 

the linear relationship between RHGI of the seventh growing season and RBD by 15%, and a 21 

peak model (Systat Software 2000) best fit the data distribution (R2= 0.66) (Fig. 3b). The peak 22 

model also indicated that RBD threshold associated with RHGI < 1.0 was at 0.78 for the 23 

seventh growing seasons, and height growth peaked at RBD of 0.63 (Fig. 3b). 24 
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Relative bulk density and relative height growth index: interior Douglas-fir  1 

Height growth of interior Douglas-fir at experiment 2 did not vary with soil compaction 2 

during the first growing season, with RHGI values above 2.0, but intercepts of the trend lines 3 

dropped over subsequent growing seasons (Fig. 4a). After two growing seasons, 54% of 4 

variation in the height growth was explained by RBD. For the fifth and seventh growing 5 

seasons, about 70% of variation in height growth was associated with changes in RBD, 6 

implying there was an increasing influence of compaction on height growth. The best-fit 7 

(exponential) regression lines showed that RBD values > 0.72 were associated with height 8 

growth lower than expected (i.e., RHGI < 1.0) from the fifth growing season onward. On the 9 

other hand, RHGI values above 1.0 over the whole range of RBD during the first and second 10 

growing seasons reflected the superior height of planting stock (24 cm) relative to height of 11 

natural regeneration (20 cm) predicted by SiteTools for the undisturbed sites. 12 

Height growth of Douglas-fir at experiment 4 was weakly related to RBD, and the 13 

RHGI kept dropping through the two growing seasons (Fig. 4b). There was a sharp drop in 14 

RHGI at RBD > 0.70 for the two growing seasons, while further change in RHGI was not 15 

observed when soils were additionally compacted. The data showed that interior Douglas-fir 16 

did not grow well in both normal (RBD of 0.70 - 0.80) and compacted (RBD > 0.80) soils in 17 

north-central BC.  18 

Relative bulk density and relative height growth index: lodgepole pine 19 

The RBD values from experiment 1 were distributed over a wide range and the 20 

relationships between lodgepole pine height growth and RBD were relatively strong (Fig. 5a). 21 

During the first growing season, height growth was not related to RBD. From the second 22 

growing season onward, height growth varied with RBD, indicating that compaction affected 23 

tree growth. During the second growing season, a linear regression best described the 24 

relationship between height growth and RBD, and better height growth than in undisturbed 25 
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conditions was obtained at RBD < 0.78. From the fifth to the eighth growing season, a second 1 

order regression best described the relationship, and better growth occurred when RBD was < 2 

0.80 (season 5) and < 0.87 (season 8). Pooling lodgepole pine height growth data over 3 

experiments 1, 3, and 5 (Fig. 5b) showed the same trends as described for experiment 2 (Fig. 4 

5a), where reduced height growth is associated with an RBD limit of 0.78 and 0.84 for growing 5 

seasons 5 and 8, respectively. Height growth peaked at RBD of 0.60 - 0.63 in the fifth and 6 

eighth growing seasons. 7 

DISCUSSION 8 

Soils with surface organic material had a narrower range of BD and very few of them 9 

were severely compacted. The RBD values for these soils were consistently lower than for 10 

soils without surface organic material, partly reflecting that plantation soils with undisturbed 11 

forest floor layers received less machine traffic than roads and landings, but also potentially 12 

illustrating the importance of surface organic material in mitigating the effect of machine 13 

traffic (Soane 1990). It is also possible that the natural aggregates in undisturbed soils under 14 

the surface organic material made them harder to compact (Dexter 1988).  15 

Although the presence of surface organic material mitigated the negative influence of 16 

compaction on height growth, our study showed that tree height growth was better related to 17 

RBD than to the thickness of surface organic material. The presence of organic material can 18 

reduce daytime mineral soil temperature during the growing season, reduce evaporation, and 19 

has been associated with greater soil water content in moderately compacted soils (Bulmer et 20 

al. 2007). Despite this, when soils were severely compacted, other factors such as poor aeration 21 

and high mechanical resistance associated with high RBD more likely limited plant growth (da 22 

Silva et al. 1994; da Silva and Kay 1996). Therefore, it may be important to reduce soil 23 

compaction below a limiting level so that presence of surface organic material can enhance tree 24 

height growth. 25 
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The RHGI of hybrid spruce was consistently near its minimum values when RBD was 1 

> 0.75, with only several instances where it exceeded 1.0. Hybrid spruce is a shallow rooted 2 

species, forming over 87% of its root mass in the top 15 cm of soil (including both forest floor 3 

and an A horizon) (Safford and Bell 1972; Kimmins and Hawkes 1978; Strong and La Roi 4 

1983), suggesting that it is sensitive to soil compaction. The fact that hybrid spruce attained 5 

height growth equivalent to the undisturbed soils in some cases may be attributed to the 6 

presence of cracks and fissures along which roots could grow, and the presence of lateral roots 7 

close to the surface of the roads. The height growth models used by SiteTools to calculate 8 

RHGI for spruce may also slightly underestimate the ‘expected’ height at these young ages, in 9 

which case our proposed RBD limiting values would need to be revised down. 10 

In north-central BC, the range of RHGI for seven year old spruce trees growing on the 11 

worst performing plots versus the best performing plots (0.55 - 2.1 or about 3.8 times greater 12 

for the best performers) is greater than that for lodgepole pine (0.39 - 1.04 or about 2.6 times 13 

greater) and Douglas fir (0.21 - 1.3 or about 6.2 times greater). The relative magnitude of the 14 

growth effects for spruce, pine, and Douglas-fir on these sites may provide insight into their 15 

relative susceptibility to compaction, particularly during the seedling establishment phase 16 

when the majority of roots are confined to surface soil layers. Considering that RHGI did not 17 

respond to increasing RBD in very compact soils, it could be more informative to use response 18 

measures (e.g., mortality, transpiration rate, or chlorophyll fluorescence) rather than height 19 

growth to reveal compaction effects on spruce seedling performance at extremely high RBD 20 

values (i.e., RBD > 0.80). 21 

Height growth of Douglas-fir and lodgepole pine in the first growing season was not 22 

related to RBD. Root development in the nursery is a major factor controlling survival and 23 

first-year growth of planted seedlings (Ritchie and Dunlap 1980). When seedlings are planted, 24 

a hole is created that is at least large enough to fit the root plug, resulting in a looser rooting 25 
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area relative to the surrounding soil. This planting technique results in similar rooting 1 

conditions during the first growing season in the field to those in the nursery. In addition, one-2 

year-old nursery-grown seedlings have a reasonable nutrient reserve, contributing to good 3 

growth during the first year following planting. When the roots extend out of the planting hole, 4 

properties of the neighboring soil, such as pore size, soil water availability, soil strength, 5 

aeration, and temperature, start to affect seedling growth (Letey 1985; Lipiec et al. 1991). 6 

The high RHGI of Douglas-fir (> 2.0) observed in the first growing season reflected the 7 

robust initial growth that resulted from the large planting stock produced by good nursery 8 

cultural practices. While the initial seedling conditions affected relative height growth in the 9 

following growing seasons, the influence of these conditions was not as strong. We found that 10 

RBD influenced height growth through the seventh (Douglas-fir) or eighth (lodgepole pine) 11 

growing season, and some research suggests that such effects may persist for many years or 12 

even decades. Froehlich et al. (1985) reported that trees planted on compacted skid trails in 13 

west-central Idaho still had not recovered to the undisturbed conditions 23 years after logging. 14 

Interior Douglas-fir did not overcome transplant shock in the north-central interior sites 15 

in our study, which was evidenced by the continuous decrease in its relative height growth 16 

from the first through the seventh growing seasons, even when RBD was < 0.80. Our results 17 

imply that climate or other site conditions may have reinforced the effect of compaction on 18 

early height growth for interior Douglas-fir on these sites, which are often characterized by 19 

forest floor removal and site disturbance. 20 

At experiment 2, which is located in the middle of Douglas fir’s geographic range in 21 

BC, RHGI of seedlings growing in compacted soils (RBD > 0.72) appeared to decline 22 

continuously from planting through seven years. In contrast, RHGI for seedlings growing in 23 

un-compacted soils appeared to converge near a value of 1 after five to seven years, indicating 24 

that the trees were meeting expectations where soil conditions were favourable. 25 
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Successful conifer establishment on harvested sites depends on ectomycorrhizal 1 

development to capture scarce site resources (Danielson 1985; Perry et al. 1987), and forest 2 

floor removal has been shown to dramatically reduce ectomycorrhizal colonization (Simard et 3 

al. 2003) while compaction can reduce colonization even further. For example, in well-aerated 4 

soils, un-inoculated interior Douglas-fir readily formed ectomycorrhizae within several months 5 

(Teste et al. 2004), but in compacted and disturbed soils, colonization of Douglas-fir seedlings 6 

was restricted (Skinner and Bowen 1974; Wert and Thomas 1981). Early mycorrhization in the 7 

field is especially important for Douglas-fir because this species does not generally form 8 

mycorrhizae under nursery conditions (Berch et al. 1999). It is possible that poor soil structure 9 

and poor mycorrhizal colonization resulting from site preparation may have affected interior 10 

Douglas-fir growth at this early stage in our study. Still, RBD could be used to establish the 11 

relationship between height growth and soil conditions; this is because compaction changes 12 

soil structure, which in turn affects seedling growth and mycorrhization through its effects on 13 

penetration resistance, aeration, and water supply. 14 

During early growth of lodgepole pine, our observation that RBD < 0.80 supported 15 

similar tree height growth to undisturbed conditions agrees with other studies (da Silva et al. 16 

1994; Carter 1990; Hakansson 1990). In a loamy sand soil grown with alfalfa (Medicago sativa 17 

L.), an RBD of 0.80 was associated with high LLWR (corresponding with aeration ≥ 10%, 18 

maximum available water, and penetration resistance < 2,500 kPa). Where RBD > 0.80, 19 

however, there was a sharp drop in LLWR (da Silva et al. 1994). An RBD of 0.90 was 20 

associated with minimal LLWR in the study of da Silva et al (1994) and they found that annual 21 

plant growth was impaired under such a compacted condition. Our findings that RHGI < 1.0 22 

occurs at very high RBD agrees with the study of da Silva et al. (1994).  In particular, we 23 

found that tree height growth was substantially impeded (RHGI < 0.5) at the uppermost RBD 24 

value of 1.01. 25 
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In our study, the RBD threshold at which compaction limited the height growth of both 1 

lodgepole pine and hybrid spruce was between 0.78 – 0.84. Maximum height growth of these 2 

two species occurred at RBD 0.60 - 0.63.  In studies that used annual plant species such as 3 

spring barley, an RBD of around 0.80 corresponded to the maximum yield (Carter 1990; 4 

Hakansson 1990; Hakansson and Lipiec 2000), while an RBD of 0.89 started to limit yield 5 

(Carter 1990). Interestingly, the most common RBD values reported for continuously tilled 6 

soils were around 0.66 (Arvidsson and Hakansson 1991) and values as low as 0.63 were 7 

seldom reported in studies with annual plant species. 8 

Lodgepole pine showed more resistance to compaction than spruce. Not only did 9 

lodgepole pine have increasing threshold RBD values over successive growing seasons (e.g. 10 

0.87 in the eighth growing season), but its relative height growth also declined more slowly 11 

than for hybrid spruce when RBD was > 0.63.  In compacted soils, lodgepole pine develops a 12 

dual root system with the lateral roots growing largely within the top 30-60 cm and vertical 13 

roots extending to the rock layer at a depth of 100-120 cm (Berndt and Gibbons 1958; Bishop 14 

1962). On blade-scarified sites with forest floor incorporation into the mineral soil, lodgepole 15 

pine developed a root system larger than spruce by the second growing season, and this trend 16 

continued during the rest of the five-year experiment (McMinn 1978). After seven growing 17 

seasons, lodgepole pine trees have likely developed a root system that extends deeper than the 18 

level of our soil measurements. This would reduce the effect of compaction on growth, as the 19 

trees could be deriving a greater proportion of their growth resources from relatively 20 

undisturbed soils at depth.  21 

Calculated as a ratio of field BD to the reference BD of the same soil, RBD removes 22 

influences of intrinsic soil properties (i.e., particle density, texture) on BD that are not directly 23 

affected by compaction. Based on our study, an RBD of 0.80 appears to represent a growth-24 

limiting threshold for lodgepole pine and hybrid spruce at their early growth stage, regardless 25 
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of soil texture and particle density, while BD thresholds reported in other studies varied 1 

substantially with soil texture. For example, Daddow and Warington (1983) reported BD 2 

thresholds of 1.60 - 1.80 Mg m-3 for sandy loam and 1.40 Mg m-3 for silt loam. Consequently, 3 

the proposed growth-limiting RBD threshold of 0.80 corresponds to growth-limiting BD values 4 

(80% of MBD) of 0.85 - 1.71 Mg m-3 for sandy loam soil texture and 0.84 - 1.41 Mg m-3 for 5 

silt loam texture in our study. 6 

Uncertainty of BD in characterizing soil compaction and plant growth was also 7 

reflected in its correlation with RBD, as these two parameters are not entirely interchangeable 8 

(R2=0.64) in describing soil compaction, especially when BD was not high. For example, at 9 

experiment 1 of our study, the burn and deep-till treatments at one plot had the same low BD 10 

(0.74 Mg m-3), but interestingly, the RBD (0.68) of the deep till treatment differed substantially 11 

from that of the burn treatment (0.42). Similarly, a deep-till treatment and a burn treatment 12 

from another plot had quite different BD values (1.03 and 1.26 Mg m-3, respectively) while the 13 

RBD did not differ (0.73). In studying productivity and foliar N response of lodgepole pine and 14 

hybrid spruce to soil disturbance at the Long-Term Soil Productivity (LTSP) sites in the Sub-15 

Boreal Spruce biogeoclimatic zone, Kranabetter et al. (2006) did not find universal criteria 16 

defining detrimental soil disturbance. Where machine traffic and soil disturbance lead to subtle 17 

differences in BD, expected compaction levels would not be reached since BD does not 18 

necessarily indicate level of compaction, therefore determination of the RBD may provide 19 

additional insight into the factors affecting forest productivity on compacted soils, compared to 20 

BD alone. 21 

Heterogeneity of forest soil and complexity of site conditions in forest ecosystems often 22 

make it difficult to achieve the expected levels of compaction in field experiments. Our 23 

findings suggest that BD may not always be a good indicator of forest soil compaction, and it 24 

is more beneficial to characterize soil compaction by RBD. Bulmer et al. (2007) studied the 25 
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effects of tillage and wood waste amendment on lodgepole pine seedling growth on the same 1 

site as our experiment 3, and they found that rehabilitation methods did not result in an 2 

expected increase in height growth. On this experiment, we found that the untreated plots 3 

already had a very low RBD (0.70), and height growth was not reduced. This low RBD value 4 

implied that rehabilitation using tillage was not necessary, while such a finding could not be 5 

made based on BD values alone (Bulmer et al. 2007). 6 

In studies focusing on compaction impacts, it would be more informative to quantify 7 

(i.e., determine RBD) rather than qualify the level (i.e., simply state a generic level of soil 8 

compaction, such as light, medium, and heavy) of compaction. By stratifying soils into 9 

plasticity groups, as we have done, such interpretations could be further refined. Our findings 10 

suggest that rehabilitation practices are needed at sites where RBD exceeds 0.80, and that 11 

compaction is not detrimental at lower RBD values. 12 

CONCLUSIONS 13 

Relative bulk density was a better parameter than BD in characterizing forest soil 14 

compaction. Relative bulk density should be considered as an indicator of forest soil 15 

compaction with consequences for tree height growth and hence site productivity. Relative 16 

bulk density values observed in this study ranged from 0.48 - 1.01, and rehabilitated roads, 17 

landings, and undisturbed soils were often associated with low RBD values. While soils with 18 

thin surface organic material had high BD and RBD values, un-rehabilitated soils did not 19 

always have high RBD values and thus did not require rehabilitation. Presence of surface 20 

organic material mitigated the severity of compaction and was associated with lower RBD 21 

values. When interior Douglas-fir was planted close to the northern limits of its geographic 22 

range in BC, and where lodgepole pine was planted on low-lying areas and clay-rich soils, 23 

these species did not grow well and RBD was weakly related to the height growth. Height 24 

growth of interior Douglas-fir was limited when RBD was > 0.72. Threshold RBD values 25 
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obtained for the 0 - 20 cm soil layer that limited height growth of lodgepole pine increased 1 

from 0.78 to 0.84 as the trees got older. An RBD of 0.60 - 0.63 corresponded to the maximum 2 

height growth of lodgepole pine and hybrid white spruce. To obtain good seedling 3 

establishment, rehabilitation involving soil decompaction must be considered when RBD 4 

exceeds 0.80. The relationships found in our study have implications in assessing forest soil 5 

compaction and its effect on site productivity. The results will also help predict and monitor 6 

soil behaviour and associated tree growth in response to timber harvesting and site 7 

rehabilitation.  8 
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Table 1. Location, elevation, annual precipitation1, temperature, and soil texture for the experiments. 1 

Experiment 

No. Location 
Latitude, longitude 

Elevation 

(m asl) 

Annual precipitation 

(mm) 

Annual temperature 

(oC) 
Soil texture2 

1 Bear Lake 54°37' N, 123°13' W 820 805 3.0 L/SL 

2 Miriam Creek 50°24' N, 118°57' W 790–1050 601 4.7 SL 

3 OK Falls 49°18' N, 119°26' W 1100 517 4.8 SL 

4A Apollo Lake 54°32' N, 124°15' W 818 514 2.6 SiL/SiCL 

4B John Prince 54°41' N, 124°28' W 900 561 2.2 L 

4C Younges Road 54°21' N, 123°27' W 880 586 2.3 L/SL 

5 Will Lake 50°27' N, 119°38' W 1260 511 3.4 SL 

1mean annual temperature and precipitation were estimated for all sites based on the Climate BC model and normal conditions from 1971-2 

2000 (Wang et al. 2006).  3 

2 L = loam; S = sand; Si = silt; C = clay4 
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Table 2. Establishment time, treatments, number of soil samples, tree species, and year of tree height measurements for the experiments 1 

included into this study. 2 

Experiment Year established Treatments* No. sample Species and year when tree growth was measured† 

1 2000 B, DM, P, S, U 45 PL: 2000, 2002, 2004‡, 2007 

2 2000 P, DD, SD 27 Fd: 2000, 2001, 2004, 2006 

3 1998 D, DT, DSS, U 35 Pl: 2001, 2002, 2005 

4 2001 B, P, U 81 FD: 2004, 2007; PL: 2004, 2007; SX: 2004, 2007 

5 2000 P, D, DTBP, U 35 Pl: 2007§ 

*B, burn; D, decompact; DD, deep till; DM, deep till and mulch; DSS, decompact and sortyard waste on surface; DT, decompact and 3 

topsoil; DTBP, till and burnpile/topsoil; P, plantation; S, scratch; SD, shallow till; U, untreated. 4 

†Fd, interior Douglas-fir; Pl, lodgepole pine; Sx, hybrid white spruce 5 

‡no height data for plantation 6 

§only have tree data for treatments D and DTBP7 
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Table 3. Four regression models used to derive maximum bulk density (MBD). 1 

Name* Model† R2 n 

Overall MBD=2.02-1.35LL+0.0005CL-0.005oxOM-0.16AlO+0.0005VCS 0.92 144

Non-plastic MBD=1.98-1.61LL-0.11AlO+0.0006VCS-0.003TC+0.0006CL 0.98 29 

Moderately 

plastic 

MBD=2.27-1.62PL-0.003oxOM-0.0005MSI-0.003TC-0.0005FSI-

0.18AlO 
0.92 99 

Highly 

plastic 
MBD=1.72-0.004TC -0.82PL 0.87 16 

*non-plastic, soils with no plastic limit; moderately plastic, soils had plastic limit while liquid 2 

limit < 0.50 kg kg-1; highly plastic, soils with liquid limit > 0.50 kg kg-1. 3 

†LL, liquid limit and PL, plastic limit (kg kg−1); AlO, Al-oxide (%); oxOM, oxidisable organic 4 

matter; TC, total C (g kg−1); CL, Clay; MSI, medium silt; FSI, fine silt; VCS, very coarse sand (g 5 

kg−1).6 
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Table 4. Ranges of relative bulk density (RBD) and site indices for interior Douglas-fir (Fd), 1 

lodgepole pine (Pl), and hybrid white spruce (Sx) of the experiments. 2 

Site index 

Experiment RBD range 

Thickness range 

of surface organic 

material (cm) 

BEC* 

unit 
Series 

Fd Pl Sx 

1 0.54 (B†) – 1.01 (U) 0 – 10 SBSmk1 01 —‡ 20.1 — 

2 0.48 (C) – 0.94 (SD) 0 – 5 ICHmw2 03 21.0 — — 

3 0.50 (DSS) – 0.71 (D) 0 – 11 IDFdm1 01 — 18.0 — 

4A 0.72 (P) – 0.86 (P) 0 – 12 SBSdw3 01/06 18.0 21.0 18.4/15.0

4B 0.54 (U) – 0.96 (U) 0 – 16 SBSdw3 01 18.0 21.5 18.4 

4C 0.67 (U) – 0.86 (P) 0 – 13 SBSmk1 07/08 21.0 21.0 20.8 

5 0.63 (DTBP) – 0.91 (D) 0 IDFdk2 03 — 18.0 — 

*BEC, biogeoclimatic ecosystem classification. 3 

†treatment code corresponding to the RBD value. See Table 2 for treatment codes. 4 

‡not applicable.5 
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Table 5. Regression analysis of thickness of surface organic material (FF) and relative bulk 1 

density (RBD) on the relative height growth index. 2 

Species*, growing seasons Intercept Coefficient and variable R2 P 

Experiment 1 (n=15) 

Pl 1 0.99 0.08 FF × RBD2 0.20 0.096

Pl 2 1.92 -1.20 RBD  0.75 0.000

Pl 5 1.97 -1.53 RBD2 0.74 0.000

Pl 8 2.18 -1.61 RBD2 0.78 0.000

Experiment 2 (n=9) 

Fd 1 2.39 0.31 FF × RBD2  0.69 0.000

Fd 2 1.62 0.51 FF – 0.47 RBD 0.98 0.000

Fd 5 1.59 -1.46 RBD2 + 1.09 FF × RBD2 0.86 0.003

Fd 7 1.59 -1.65 RBD2 + 1.06 FF × RBD2 0.82 0.006

Experiment 3 (n=12) 

Pl 4 0.79 0.56 FF × RBD 0.62 0.002

Pl 5 0.85 0.96 FF × RBD2  0.61 0.003

Pl 8 1.15 0.72 FF × RBD2 0.33 0.052

Experiment 4  (n=27) 

Fd 4 -0.41 0.89 RBD-1 0.29 0.005

Fd 7 -0.90 1.06 RBD-1 0.42 0.000

Pl 4 0.84 - 0.44 RBD2 - 0.59 FF × Log (RBD) 0.37 0.004

Pl 7 0.95 0.14 FF - 0.50 RBD2 0.39 0.003

Sx 4 -1.25 2.08 RBD-1 0.29 0.004
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Sx 7 0.58 -4.65 Log (RBD) 0.25 0.008

Experiment 5 (n=6) 

Pl 8 1.83 -1.44 RBD2 0.83 0.011

   *Fd, interior Douglas-fir; Pl, lodgepole pine; and Sx, hybrid white spruce. 1 

   †χ2 score for each variable was less than 0.25, and no variable was selected in the regression 2 

analysis. 3 

4 
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Figure 1. Relationship between relative bulk density and field bulk density for (a) cohesive and 1 

non-cohesive soils, and (b) cohesive soils with (>= 3 cm) and without (< 3 cm) surface organic 2 

material. *** Significant at P < 0.001.  3 

Figure 2. Relationship between the relative height growth index of (a) interior Douglas-fir (Fd), 4 

(b) lodgepole pine (Pl), and (c) hybrid white spruce (Sx) and relative bulk density for the seventh 5 

growing season at experiment 4. Error bars are SEs. Relative height growth bars with the same 6 

letter are not significantly different at P = 0.05. 7 

Figure 3. Relationship between relative height growth index of hybrid white spruce (Sx) and 8 

relative bulk density at experiment 4 (a) with all data, and (b) with outliers being removed. 9 

Number following name ‘Sx’ indicates number of growing seasons in the field. Data distributed 10 

above the dotted y = 1.0 line indicate better height growth than in the pre-disturbed conditions. 11 

**, *** Significant at P < 0.01, 0.001, respectively. 12 

Figure 4. Relationship between relative height growth index of interior Douglas-fir (Fd) and 13 

relative bulk density (a) at experiment 2, and (b) at experiment 4. Number following name ‘Fd’ 14 

indicates number of growing seasons in the field. Data distributed above the dotted y = 1.0 line 15 

indicate better height growth than in the pre-disturbed conditions. *, **, *** Significant at P < 16 

0.05, 0.01, 0.001, respectively. 17 

Figure 5. Relationship between relative height growth index of lodgepole pine (Pl) and relative 18 

bulk density (a) at experiment 1, and (b) at experiments 1, 3, and 5. Number following name ‘Pl’ 19 

indicates number of growing seasons in the field. Data distributed above the dotted y = 1.0 line 20 

indicate better height growth than in the pre-disturbed conditions. **, *** Significant at P < 0.01, 21 

0.001, respectively. 22 
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