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Abstract 
 The Long Term Soil Productivity study (LTSP) recognizes that sound forest 
management is based on ecological and economic sustainability. LTSP is an international 
network testing sustainable forest soil management over full timber rotation. BC LTSP 
sites have been installed using 4 BEC zones, 5 timber species, and 3 levels of soil 
compaction and organic matter removal. Soil, vegetation, microclimate, and trees are 
measured periodically. Findings guide refinement of forest practices and policy. 
 
 
Introduction 
 Maintenance of long-term forest productivity is of concern to the scientific 
community, forest managers, the public, and the international marketplace. Forest 
productivity depends on maintaining the diversity and function of the belowground (soil) 
and aboveground ecosystems. Inherent site productivity is a function of off-site factors 
such as climate, landscape-level factors such as ecological diversity, and on-site factors 
such as soil productivity. Soil properties that affect productivity are broadly grouped into 
three classes: physical, chemical and biological. Some of these properties are fixed, e.g. 
soil texture and soil mineralogy. Forest management can, however, alter the majority of 
soil properties. Powers et al. (1990) proposed a model of soil productivity that relates 
alterable soil properties to two factors - soil porosity and organic matter (OM). There are 
numerous direct, indirect and interactive effects of OM and soil porosity, e.g. 
decompacted landings may recompact without organic matter addition and removal of 
OM affects biological activity, which may alter soil structure. 
 Timber harvesting and site preparation affect soil porosity and site OM. 
Harvesting removes OM and nutrients in trees and may displace forest floor during road 
and landing construction. Site preparation may lead to a loss of OM (burning) or its 
displacement (scalping). The adverse effects on tree growth caused by landing 
compaction are well documented but the effects of compaction caused by skid trails, 
random ground skidding and site preparation have not been clearly demonstrated. The 
effects of soil compaction may only appear some time after plantation establishment and 
may be confounded by regional climate and soil texture. Strategies for minimizing soil 
degradation during harvesting and site preparation have been developed, but we need 
solid research to back up these strategies. Although it is clear that soil productivity must 
be conserved, it is also clear that each additional requirement imposed on the forestry 
industry add costs, so regulations and guidelines must be relevant to specific forests and 
soils. 
 In BC, there are few long-term trials of soil productivity. For regulation and 
management to be truly science-based, real data derived from long-term monitoring of 
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forest sites is needed. To avoid the difficulties inherent in chronosequence studies, 
designed studies that are established prior to treatment are required. Data from planned, 
long-term studies can be used by industry and government to evaluate and adjust forest 
practices and regulations (e.g. Forest and Range Practices Act). 
 For these reasons, Powers et al. (1990) proposed a full rotation-length research 
project called the Long Term Soil Productivity (LTSP) study with an experimental design 
involving a 3x3 factorial of soil compaction and soil OM removal. The LTSP is the 
world’s largest coordinated effort to understand how soil disturbance affects long term 
forest productivity. From the inception, BC soil scientists have been involved in the 
development and implementation of this study. Installations based on this design have 
been established in the United States, Ontario and British Columbia. 
 
Objectives 
1) Determine effects of different levels of organic matter (above-ground biomass and 
forest floor) retention and soil compaction on long-term (full timber rotation) forest soil 
productivity on a range of species, sites and ecological conditions 
2) Study long-term effects of organic matter removal and soil compaction on soil nutrient 
status, soil physical properties, soil microclimate, soil biological activity, biodiversity of 
soil organisms, and nutrient cycling 
3) Identify causal relationships between soil properties that are altered by soil disturbance 
and long-term forest productivity 
4) Investigate influence of ecosystem unit on the effects of soil disturbance on long-term 
soil productivity 
5) Provide research sites for detailed studies into forest soils, nutrient cycling, forest 
productivity, and reclamation 
 
 
Methods 
 Five fully replicated installations exist in the province (SBS, BWBS, IDF, IDF-
calcareous soil, ICH with 3rd rep in Idaho). Sites are representative of the zonal 
ecosystem (medium moisture and nutrient conditions). Replicates have similar soil and 
site features. Each installation is a block in a randomized block design. At each study site 
a minimum of nine core treatment plots have been established, representing a factorial 
combination of 3 organic matter removal treatments (OM1 = Stem (boles) only removed; 
OM2 = Stems and crowns removed (whole-tree harvesting); OM3 = Stems, crown and 
forest floor removed) and 3 soil compaction treatments (C0 = No compaction; C1 = 
Intermediate compaction; C2 = Heavy compaction) (OM1C0, OM1C2, OM1C2, 
OM2C0, OM2C1, OM2C2, OM3C0, OM3C1, OM3C2). Treatments were randomly 
assigned to plots. Two tree species are grown in each plot. The final design is a split plot 
design. 
 
Pre-harvest measurement and sampling 
 Ecosystems, forest floor, mineral soil, native vegetation, and timber volume and 
productivity were all determined before harvest using standard procedures. 
 
Harvesting 
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 Sites were harvested during the winter on a snow-pack. Traffic was confined to 
the 10 m buffer strips and soil disturbance kept to a minimum on plots. Trees were 
limbed on plot. Stumps were cut close to the ground prior to treatment application. 
 
Treatments 
1. Organic Matter Retention: On OM2 treatments, all unharvested stems, branches and 
understory trees (logging slash) were removed by hand or by backhoe. On OM3 
treatment plots, all logging slash plus FF was removed by backhoe when soil moisture 
content was low. For the rehabilitation study (see below) some FF material was used as a 
rehab treatment. 
2. Compaction: On OM1 plots, downed woody material was removed before compaction 
and redistributed after. C2 was compacted to 80 percent of the difference between 
hypothetical growth-limiting bulk density and actual bulk density at 0 - 20 cm prior to 
treatment. Level C1 corresponded to approximately 40 percent of the difference. 
 
Post-treatment Sampling 
1. Atmospheric and Soil Climate: A weather station was located at each study site 
following harvesting to monitor air temperature and precipitation, solar irradiance, wind 
speed, seedling air temperature and soil temperature. 
2. Slash Loading: Slash loading was determined immediately after treatments. On OM1 
plots, slash was sampled by species and size class by the triangular intersect method. On 
OM1 and OM2, incidence and depth of decaying wood were determined along a random 
transect. 
3. Soils: Soil chemical and physical properties were determined using standard 
procedures. 
 
Forest Regeneration 
1. Planting: Each species was randomly assigned to half a plot, planted at 2.5-m spacing 
(2 split-plots of 196 trees in 14 rows of 14 trees) and a 100-tree measurement plot was 
established (2 row buffer). Seedlings were local provenance, standard stock type. 
2. Growth: Survival, condition, height, diameter are measured in the first, third, fifth 
growing season, and at intervals thereafter. 
3. Nutrition: Nutrient content of seedling foliage is determined in sample years. 
4. Brush Control: Competing vegetation is controlled by manual brushing until free 
growing stage is reached. 
 
Data Analysis 
 Effects of nine treatments are analyzed for mean tree growth and biomass 
production using a three-factor factorial experiment in a split plot design with the third 
factor (species) on sub plots. Soil properties that correlate with productivity are identified 
using multiple regression and multivariate techniques. Treatment effects over time are 
investigated using time as a repeated measures factor and analyzing response curves. 
Data are shared with our international LTSP collaborators. 
 
Re-measurement of existing installations 
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 Each year, certain established installations will be fully re-measured because they 
have reached Years 5 or 10 (Table 1). Soil samples will be analyzed for pH, total C, total 
N, mineralizable N, total S, available P, CEC and exchangeable cations. Five-point 
moisture curves and saturated hydraulic conductivity will be determined. Whole soil and 
fine fraction (< 2 mm) bulk densities will be calculated. Forest floor mass will be 
determined by excavating 10 samples, approx. 20 x 20 cm, per plot. Height, diameter, 
and condition will be measured at the end of the growing season and current year foliage 
will be sampled for nutrient content. 
 
Maintenance of existing installations 
 Maintenance costs and activities are covered under the separate Long Term 
Research Installation funding. 
 
Associated studies 
1. In co-operation with Dr. M. Jurgensen, School of Forestry and Wood Products, 

Michigan Technological University, and Dr. D. Dumroese, USFS Rocky 
Mountain Research Station, Moscow, ID, (who fund this study) a wood stake 
decomposition study is being carried out at the IDF-calcareous and ICH LTSP 
installations. 

2. At the IDF-calcareous and ICH sites, Dr. D. Maynard, Canadian Forest Service, (who 
funds this study) has installed mini-plots that approximate the LTSP treatments on 
a more operationally relevant scale. Air and soil temperature and soil moisture, 
bulk density, aeration porosity, soil nutrient availability, tree heights and basal 
diameter are monitored. Dr. B. Titus, Pacific Forestry Centre, is monitoring 
decomposition of smaller-sized wood standard material in relationship to soil 
disturbance (compaction and displacement) on the mini-plots to bridge to results 
from the larger wood decomposition study. 

3. We have installed rehabilitation trials at the IDF-calcareous and ICH sites. The rehab 
trial received heavy compaction and complete removal of forest floor (OM3C2). 
On half of the plot, forest floor was replaced and mixed into the top 20 cm of 
mineral soil. On the other half, mineral soil was mixed but no organic matter 
added. Fd or Pl were planted. 

4. Biomass was harvested in year 5 using 4 randomly located (outside of the tree 
measurement areas) one square meter circular plots where all vegetation was 
clipped and bagged as herbaceous, deciduous shrub, evergreen shrub and conifer. 
In addition, one tree of each species was also randomly selected using the same 
process for complete aboveground biomass sampling. The results for this extra 
work has just come out of the lab for the last IDF-N replicate and will be reported 
in the future. 

 
 
Results 
 
 Results from the BC LTSP to date have addressed seedling growth response 
(Fleming et al 2006, Kabzems & Haeussler 2005, Kranabetter et al 2006, Stone & 
Kabzems 2002), seedling physiology (Choi et al 2005, Kamaluddin 2005), soil physical, 
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chemical and biotic responses (Battigelli et al 2004, Kranabetter & Chapman 2004, 
Mariani et al 2006, Page-Dumroese et al 2006, Sanchez et al 2006, Tan et al 2005), and 
vegetation responses (Haeussler & Kabzems 2005). 
 
SBS 
 
Soil properties 

Mineralizable N concentrations of the forest floors and mineral soils generally 
increased after harvest, peaking between year 1 and 5 before declining by year 10 to 
equal to or below preharvest levels.  Bulk density increased with compaction under forest 
floors (from 1.00 to 1.30 Mg m-3), but was more uniform where forest floors were 
removed (from 1.10 to 1.15 Mg m-3).  Any recovery in bulk density on OM3 plots was 
likely limited to surface horizons, however, and deeper soils (> 10 cm) were noticeably 
denser and greater in soil strength than uncompacted plots at year 10. 

 
Spruce and pine 

There was evidence of an interaction between organic matter removal and 
compaction for tree height and height increment at year 12.  Tree productivity was 
generally higher with the intermediate disturbances (OM1C2 or OM3C0) and lower with 
either no soil disturbance (OM1C0) or severe disturbances (OM3C2).  The relative 
differences in tree productivity were much larger for hybrid white spruce (up to 40% and 
60% difference in height and height increment, respectively) than lodgepole pine (for 
current height increment, the OM x Comp interaction p = 0.051 for spruce and p = 0.189 
for pine).  Lodgepole pine trees on average were also twice as tall as hybrid white spruce 
trees, with a height increment almost 3-fold greater across the treatments in year 12.   
 At year 5 postharvest, lodgepole pine and hybrid white spruce foliar N 
concentrations from these plots averaged 13.3 and 12.0 g kg-1, respectively, with no 
significant difference detected between species (p = 0.389).  By year 12, foliar N 
concentrations of lodgepole pine, averaging 12.6 g kg-1, were significantly higher than 
hybrid white spruce, at 9.2 g kg-1.  There was some evidence of a treatment interaction 
with species (p = 0.098): lodgepole pine had relatively consistent foliar N concentrations 
across treatments, while hybrid white spruce tended to peak with the intermediate 
treatments (OM x Comp interaction p = 0.106 for spruce, and p = 0.394 for pine). 
 
BWBS 
 Covariance analysis indicated that the year of treatment did not significantly 
influence soil properties neither between plots logged in 1995 and those logged in 1998 
and 1999 (Kabzems and Haeussler 2005).  Interactions between organic matter removal 
and soil compaction were not significant (Kabzems and Haeussler 2005).  The main 
experimental factors of organic removal and soil compaction can be discussed separately 
for soil properties, understory plants, and tree growth responses. 
 
Soil properties 
 The scalping technique used to remove the forest floor also increased upper 
mineral soil bulk density.  Where forest floors were removed, mineral soil bulk density at 
0 to 10 cm was 36% and 32% higher in years 1 and 5, respectively, compared with 
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preharvest conditions (Kabzems and Haeussler 2005). Air-filled porosity at 0-2 cm in the 
mineral soil was lower 1 year after logging than preharvest for all organic matter removal 
treatments (Kabzems and Haeussler 2005).  Where forest floors were removed, air-filled 
porosity continued to decline between years 1 and 5 and was significantly lower than that 
in both the stem-only and stem and slash treatments in year 5 (Kabzems and Haeussler 
2005). 
 Total C in the upper mineral soil was significantly lower after forest floor removal 
than after stem or stem and slash removal in both years, declining from 11.1% in year 1 
to 8.8% in year 5 (Kabzems and Haeussler 2005).  With the exception of pH, all upper 
soil mineral soil chemical properties were also significantly lower for the forest floor 
removal treatment in years 1 and 5.  Upper mineral soil pH, which ranged between 5.2 
and 5.3, was not significantly affected by either organic matter removal or soil 
compaction. 
 Compaction significantly increased mineral soil bulk density in the upper mineral 
soil layer in year 1 (Kabzems and Haeussler 2005).  By year 5, the uncompacted soils had 
the lowest bulk density at 0-10 cm; however, differences among treatments were not 
statistically significant.  Soil compaction also reduced air-filled porosity to below 
preharvest levels on all treatments in year 1 (Kabzems and Haeussler 2005).  
Uncompacted soils recovered to preharvest levels at 0 to 2 cm by year 5 and had the 
highest air-filled porosity values in both year 1 and year 5 (Kabzems and Haeussler 
2005).  In the first year after logging, only heavily compacted soils had significantly 
lower air-filled porosity than uncompacted soils, whereas 5 years after logging, only soils 
with intermediate compaction hade significantly lower air-filled porosity than 
uncompacted soils (Kabzems and Haeussler 2005). 
 
Plant community 
 Organic matter removal had more short term influence on the composition and 
diversity of the plant community than soil compaction (Haeussler and Kabzems 2005). 
Forest floor removal altered species composition by removing stems, rhizomes, and 
shallow roots, reducing the capacity for vegetative regeneration by existing plants and 
providing seedbeds for ruderal species (Haeussler and Kabzems 2005).  
 Soil compaction had subtler effects on community composition than did organic 
matter removal, but as hypothesized, we observed a strong correlation between changes 
in species composition(principally shifts in the relative dominance of Calamagrostis and 
aspen) and measures of aeration porosity and only slightly lower correlations with soil 
bulk density (Haeussler and Kabzems 2005).  The hypothesis that soil compaction would 
cause a general shift in community composition toward species with higher moisture 
tolerance was not well supported.  Species diversity was lowest on compacted treatments 
without mineral soil exposure where Calamagrostis canadensis quickly expanded to four 
to six times its original cover.  There was a strong negative relationship between 
Calamagrostis cover and vascular species richness and diversity. 
 
Aspen and white spruce 
 Removal of the forest floor combined with physical damage to the aspen lateral 
roots resulted in the greatest numbers of initial aspen regeneration (192 000 stems ha-1, 
Kabzems and Haeussler 2005).  While aspen density was highest after forest floor 
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removal in years 1 and 2, by year 5 there was no significant differences between the 
forest floor and stem and slash removal treatments (average density 44,000 stems ha-1) 
both of which had significantly higher aspen densities than the stem-only removal 
treatments (27 000 stems ha-1).  Aspen height growth was even more strongly affected 
by forest floor removal.  From years 2 to 5, the height of aspen dominants in the forest 
floor removal treatment was significantly shorter than that in the other organic matter 
treatments, with the size gap between these treatments increasing over time (Kabzems 
and Haeussler 2005). 
 Aspen density was not significantly affected by soil compaction over the first 5 
years, with densities ranging from 38,000 to 38,900 stems ha-1.  However, compaction 
did significantly reduce height growth of aspen dominants by 24% to 25% in years 4 and 
5 (Kabzems and Haeussler 2005).  Average year 5 aspen heights for the intermediate 
(125 cm) and heavy compaction (121 cm) treatments were significantly shorter than those 
of the uncompacted soil (158 cm, Kabzems and Haeussler 2005). 
 The best combined model to predict aspen dominant height at year 5 was a 
multiple regression equation that included preharvest upper mineral soil bulk density, 
Calamagrostis cover, pre-to post-treatment changes in air-filled porosity at 10-12 cm, 
and removal of the forest floor (r2=0.88, p<0.001) (Kabzems and Haeussler 2005).  This 
four-factor model did not greatly enhance predictive ability of a two-factor model of 
Calamagrostis cover and organic matter removal treatments (R2=0.81) because soil bulk 
density, changes in air-filled porosity, forest floor removal, and Calamagrostis 
abundance were all strongly correlated.  Post-treatment upper mineral soil bulk density 
was the best single predictor of white spruce total height at year 5 (r2=0.52, p<0.001, 
Kabzems and Haeussler 2005) whether or not the forest floor had been retained. 
 
IDF-K 
 
Soil properties 
 Soil chemical concentrations five years after treatments tended to be relatively 
similar across treatments (data not shown). Only available P in both the mineral soil and 
forest floor, and total C and exchangeable Ca in the mineral soil, showed treatment 
effects. Concentration of these elements was decreased by the loss of the forest floor in 
the OM3 treatments, regardless of level of compaction.  
 Five years after treatment, the effect of one treatment factor on mineral soil bulk densities 
(< 2mm fraction) in the 0 – 20 cm soil depth depended on the level of the second factor. Bulk 
densities of the moderate and heavy compaction levels (C1 and C2) were not significantly 
different. Bulk density of the no compaction treatment was significantly lower (p<0.1) than any 
compaction when forest floor was retained (OM1 and OM2), but not in the absence of forest 
floor (OM3). Soil bulk density on the no compaction treatments remained significantly greater 
(p<0.1) after removal of the forest floor than with forest floor remaining. 
 Because of problems with the fifth year samples from the O’Connor Lake site, 
aeration porosities data analysis is incomplete. 
 
Plant community 
 A large amount of vegetation information was collected and only preliminary data 
analysis has been completed. Total cover of shrubs and herbs was relatively uniform 
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across treatments; total moss and lichen cover was much greater on the OM3 treatments. 
Pinegrass, considered the major competitor to planted conifer seedlings on mesic sites in 
the IDF, exhibited relatively uniform cover across treatments. The reduction in pinegrass 
cover caused by forest floor removal that had been observed in the first two years after 
treatment was no longer obvious. There were no apparent effects of compaction on 
vegetation.  Some other individual species appeared to still exhibit effects of the OM3 
treatment (for example, Linnaea borealis and Elmyus glauca); however, further data 
analysis is required before statistically valid conclusions can be reached.  
 
Seedling growth 
 Pine seedling survival was generally very high (75-100%) at all sites. Survival of 
Douglas-fir was high (> 65%) on scalped (forest floor removal) treatments, however, 
seedlings had much lower survival (40-75%) on unscalped (OM1 and OM2) plots. 
Survival of Douglas –fir was much higher at Black Pines than on the other two sites.  
 The only growth parameter significantly affected by treatment across all sites was 
the effect of organic matter retention on diameter of Douglas-fir (p=0.053, interaction 
significant but ordinal).  Complete organic matter removal (OM3) significantly increased 
Douglas-fir diameter compared to the other two organic matter treatments.  Pine total 
height was not affected by treatment (p=0.42). 
 Because of interactions between organic matter and compaction treatments, 
overall effects of treatments on increment and diameter of pine, and height and increment 
of Douglas-fir, could not be investigated. No further significant effects were indicated by 
comparing treatment effects at each individual level of organic matter or compaction. 
 Exploratory data analysis of foliar nutrient data does not indicate any nutrient 
deficiencies or changes in concentrations associated with treatments. Nutrient 
deficiencies tend to be uniform across a site, and associated with site rather than 
treatment. Changes in growth with treatment are therefore unlikely to be related to 
nutritional changes. 
 
IDF-N 
 Soils, vegetation, and tree growth were sampled, and climate continued to be 
monitored on all plots in collaboration with CFS.  All plots reached the 5 year milestone 
and have been sampled as per methods. In addition, due to poor survival of Douglas-fir 
on all 3 replicates, infill planting was carried out on all 3 sites and these trees measured as 
per year 1 assessments; they will be monitored as per the standard protocol.  This site was 
used in a tour of the Annual North American LTSP AGM that we hosted in Kimberley in 
2004. A refereed journal paper, on seedling physiology work at Mud Creek in year 2, was 
accepted for publication in Forest Science following minor revisions (citation and 
summary at end of this section). Some of the data discussed in the field at the AGM tour 
is presented below. More detailed reporting of the data collected will occur once all the 5 
year data is available from all 3 replicates. 
 For the Mud Creek site, pH data clearly demonstrates the typical trend in these 
shallow calcareous soils whereby pH increases to above 7.2 in water within the top 20 cm 
of the developed mineral soil. Post-treatment aeration porosity and bulk density data 
display the expected trend of decreased porosity and increased density with compaction. 
The subsoil is quite dense already, so compaction did not increase the density in the 10-
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20 cm depth.  Year 3 growth data and survival demonstrate the problem with Douglas-fir 
survival on this frost-prone site. It is too early to draw any conclusions about growth of 
either fir or the lodgepole pine. However, it appears that pine grows better where organic 
matter is left on site, either in-situ, or through tillage on the rehabilitation treatment. 
 
Seedling growth 
 After two growing seasons, we found that the two tree species responded 
differently to treatments. Lodgepole pine height and diameter growth and unit needle-
weight (dry mass per unit needle) averaged 25, 51, and 30% greater, respectively, in the 
rehabilitation than in the other treatments, whereas Douglas-fir responded to the 
rehabilitation treatment by increasing stem diameter growth by 27%, but not height 
growth (a change of 9%). Forest floor removal decreased height growth in lodgepole pine 
by 11%, but increased diameter growth in Douglas-fir by 15%. The decreases in growth 
for lodgepole pine in the forest floor removal treatments were accompanied by lower 
foliar N concentrations. Foliar N concentrations were positively correlated with rates of 
net photosynthesis (r _ 0.69, P _ 0.004) and height growth (r _ 0.76, P _ 0.004) in 
lodgepole pine, but not in Douglas-fir. Low N supply (as observed for lodgepole pine) 
and depletion of soil moisture as a result of forest floor removal likely played a role in 
shaping the growth and physiological responses of the trees in this study (Kamaluddin et 
al. 2005). 
 The effects of soil compaction, forest floor (FF) removal, and rehabilitation 
treatments on foliar _13C and _15N of lodgepole pine (Pinus contorta) and Douglas-fir 
(Pseudotsuga menziesii) were studied. Regardless of soil compaction, FF removal (which 
reduces soil water potential) resulted in less negative foliar _13C values of lodgepole 
pine (from _25.9 to _23.4‰), whereas soil compaction effects on foliar _13C were 
observed only within the FF intact treatment. This result and the more negative foliar 
_13C with increasing seedling growth most likely reflected limitation on CO2 diffusion 
due to water stress caused by those treatments. However, foliar _13C of Douglas-fir 
(range _25.0 _ _24.5‰) were not affected by the treatments, indicating less susceptibility 
to water stress. Soil compaction reduced NH4_-N concentrations in the FF (from 48.5 to 
28.0) and NO3_-N concentrations in the FF (from 13.8 to 6.4) and mineral soil (from 4.3 
to 2.1 mg kg_1), and FF removal tended to decrease NH4 _-N concentrations in the 
mineral soil. Foliar _15N of both species were not affected by soil compaction but were 
increased by the FF removal and rehabilitation treatments, indicating that the latter two 
treatments dramatically altered soil N dynamics (Choi et al. 2005). 
 
ICH 
 The final replicate of the ICH installation was completed and planted at McPhee 
Creek in 2004.  However, in June of that year, wildfire destroyed 3 plots at the Rover 
installation, requiring replacement that has been funded under a separate FII project 
which was successfully completed in 2005. Seedling replanting occurred on Rover due to 
poor survival in 2003. A tour of the Rover and McPhee LTSP sites was conducted as a 
pre-tour to the LTSP meeting hosted on the IDF-N site in 2004. Soils, vegetation, and 
seedling growth were sampled at McPhee, and vegetation at Rover. Reporting of 1 year 
results was delayed until the data was available from the new replacement plots at Rover, 
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which will be the plots monitored in this long-term experiment. Some data are presented 
below: 
 For the Rover Creek site, pH data clearly demonstrates the typical trend in these 
shallow acidic soils, whereby pH increases with depth but stays around 6.2 in water 
within the top 20 cm of the developed mineral soil. Mineralizable N data for Rover is 
much lower than Mud. Post-treatment aeration porosity and bulk density data display the 
expected trend of decreased porosity and increased density with compaction. The subsoil 
is quite dense already, but we were able to compact this sandy soil and increase the 
density in the 20-30 cm depth.  Year 1 growth data and survival demonstrate the problem 
with both Douglas-fir and western white pine survival on this site, presumably due to a 
very dry summer in 2003. It is too early to draw any conclusions about growth of either 
fir or the pine. However, it appears that both species responded well to having organic 
matter left in-situ on site, and survival was better on the rehabilitation or forest floor 
removed sites, perhaps due to the extremely dry summer (2003 was a severe wildfire 
season in the area). 
 
Decomposition of birch sticks on LTSP sites (Dr. Brian Titus, PFC) 
 To date, several decomposition patterns have emerged. For any given site, 
treatment differences tend to decrease with time since disturbance. This is not surprising, 
given the lack of source of input of fresh needles to the forest floor since harvesting. 
Overall, decomposition rates tend to be greatest in the disturbed mounds of mini-plots 
(e.g., Kootenay East 2003-04). This is in keeping with the assumption that mixing or soil 
disturbance increases organic matter decomposition – although it should be noted that 
this contrasts with results from litterbags placed on the soil surface in some other field 
trials. Decomposition rates also tend to increase with soil depth, which is likely a 
reflection of the effects of soil moisture on soil microbial populations. Surface wood 
veneer strips may experience the highest soil temperatures over the growing season, but 
may be too dry for much of the season for decomposition to take place. At Rover Creek, 
unlike the other sites, decomposition tended to be greatest in the undisturbed treatments, 
especially when non-compacted. There is no immediate explanation for this divergence, 
except to note that the other sites are shallow to calcareous material, and Rover Creek 
soils are very sandy. 
 It is assumed that greater decomposition rates leads to greater soil nutrient 
availability, as organic matter is broken down nutrients are mineralized. However, this 
was not the case for mineral N (NH4-N + NO3-N) on many sites, where lower amounts 
were adsorbed by PRS probes when decomposition rates were highest (e.g., Mud Creek 
at 10 cm in 2002-03; r2 = 0.63). Here, it is possible that increased decomposer activity 
itself increased microbial demand for mineral N, and the negative relationship is the 
result of increased microbial immobilization. The decreases in treatment differences in 
decomposition rate over time noted above are also reflected in decreased slopes for 
decomposition – N availability relationships over time. (Data for deposits was excluded, 
as points were generally outliers with both high decomposition rates and high N 
availability.) On some sites, notably Rover Creek, positive relationships were found. 
Again, this may reflect soil differences, as for decomposition rate. 
 In contrast to mineral N, relationships with all other nutrients tended to be 
positively correlated on all sites (e.g., K at Mud Creek). As K is typically released from 
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organic matter through leaching rather than decomposition processes, it is possible that 
the strong positive relationship that was found is a function of soil moisture, with 
increased moisture favouring both increased K leaching and soil microbial activity. 
 Overall, both PRS probes and birch sticks seem to be useful and practical tools for 
better understanding the effects of disturbance on soil processes. 
 
Mini-plot study (Dr. Doug Maynard, PFC) 
 Dr. Doug Maynard from the CFS continued to monitor these plots with his 
funding sources. Soils nutrients and tree growth were sampled, and climate continued to 
be monitored on the miniplots, including the first plots to reach the 5 year milestone.  
Some data is presented below, and more detailed reporting of the data collected this year 
will occur once 5 year data is available from all 3 replicates.  
 The ages range from 2 to 5 years. At Kootenay East there were no height 
differences among treatments for either species. Differences among treatments at Emily 
were not that wide ranging either. Douglas-fir heights at Emily were the highest in the 
deposit. Only the DGNC was not significantly different than the deposit. There was no 
difference among the other 7 treatments. With Pl, only the SGLC was significantly lower 
than most of the other treatments (which were all similar). With Mud Creek, the 
interesting things to note are the most disturbed sites (deep and shallow gouges) had the 
best Pl growth. Also with the Douglas-fir there appear to be differences among 
compaction treatments in the undisturbed plots (did not show up in earlier years). This 
emphasizes the point that we have to be careful about extrapolating early growth 
differences among disturbance treatments. At Rover, the main thing to note is that it 
appears Western white pine does not like deposits and the light compaction of both the 
deep and shallow gouges had the poorest growth for Douglas-fir (although differences 
with the no compacted plots was not significantly different).  
 The only among site comparison to note is that the Pl heights at Emily Creek are 
similar to those at Mud even though trees are a year younger. The fir at Emily Creek is 
about 75% of the height of the fir at Mud Ck but it is 2 years younger. Thus, you could 
speculate that Emily is a more productive site, however, it may simply be climatic 
conditions were different and is not related to the actual soil productivity. 
 
Site rehabilitation study 
 Sampling progress on the 5 year old IDF-N replicates is as per the IDF-N above. 
The last replicate of the ICH was installed in 04 with rehabilitation and planting done in 
the spring, and year one measurements in the fall. Lab data has arrived as of the end of 
March but proper interpretation requires the completion of the replacement plots at Rover 
first (completed under separate FII project). 
 Data from Mud Creek demonstrate that rehabilitation restored the aeration 
porosity and bulk density similar to the undisturbed treatment.  However, the 10-12 cm 
aeration appears lower despite having lower density.  It will be interesting to see if this 
still persists at year 5, which has been sampled and is part of the overall 5 year analysis 
that will be started shortly as all data to complete the last 5 year measurement replicate 
(Kootenay East) has just been received from the lab.  It is likely due to the fact we 
instructed the operator not to go too deep to avoid stirring in the calcareous subsoil. The 
data from Rover does not show this trend. 
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Common approach to soil disturbance 
 Background work continued on the NW Soil Disturbance Working Group, and the 
Canadian Soil Disturbance Working Group that we have now formed.  Three refereed 
journal papers were submitted for review, the initial strategy paper from the LTSP2000 
conference where much of this discussion started (to Forestry Chronicle, Curran et al. 
200x)), the progress paper for our work in the Pacific Northwest which was presented as 
a keynote talk on sustainability at the 10th North American Forest Soils conference in 
2003 (proceedings published in  Forest Ecology and Management, Curran et al. 2005a), 
and the adaptive management approach to soil conservation, which was presented at the 
World Forestry Congress in 2003 (to Forestry Chronicle, Curran et al. 2005b). 
 
 
Discussion 
 
SBS 

We found large differences in growth and N nutrition between lodgepole pine and 
hybrid white spruce that suggest there may be challenges in defining universal criteria for 
detrimental soil disturbance.  The ability of lodgepole pine to maintain relatively 
adequate N status and good tree productivity was in sharp contrast to hybrid white 
spruce.  The differences in tree species response were apparent both over time (from year 
5 to 12) and across soil disturbance treatments.  The results emphasize the dynamic 
nature of these ecosystems after harvesting and the need to examine each species 
response to fully understand the implications of land management practices.   

Soil N availability typically increases after tree harvest (the Assart effect), and 
peaks after approximately 3-5 years, which would be generally consistent with the 
patterns of mineralizable N from our sites.  The relative status of soil N in the mid-term 
(> 10 years postharvest) is less clear, but some studies have reported N availability at 
levels below that of unharvested stands (Piatek and Allen 1999; Finzi and Canham 2000; 
Brais et al. 2002).  A short-term pulse in available N would be consistent for the hybrid 
white spruce in this study, with foliar N concentrations as high as 16.5 g kg-1 at year 5, 
and declining by 22%, on average, by year 12.  Foliar N concentrations for many spruce 
trees are now severely deficient, and, unlike pine, generally reflect the low rates of N 
mineralization in mineral soils and forest floors (both only 1/3 the N mineralization rates 
found in 12-year old gaps in a temperate forest; J.M. Kranabetter, unpublished data).  
Such low rates of N mineralization might develop after significant losses of N from the 
ecosystem via leaching during the assart flush (Smethurst and Nambiar 1990), and a 
decline in microbial activity with lower postharvest inputs of carbon (Hassett and Zak 
2005).  As a general pattern for subboreal forests, we suggest soil N availability increases 
rapidly in the first years following tree harvest, peaking and then declining by year 10 to 
create a high potential for N limitations to growth. 

Both negative and positive short-term effects of compaction and forest floor 
removal on N mineralization have been reported in the LTSP network (Gomez et al. 
2002a; Li et al. 2003; Tan et al. 2005).  We also observed early interactions in 
mineralizable N in this study, but little evidence for soil disturbance effects on N supply 
in the subsequent period (other than simply the reduction in N caused by forest floor 
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removal).  Soil microbial processes such as decomposition rates have proven fairly 
resilient to a range of soil disturbances (Kranabetter and Chapman 2004; Shestak and 
Busse 2005), which might result in little long-term difference in soil biological function 
and organic matter turnover after the initial assart flush.  The consistent, albeit low, rates 
of N mineralization suggest that the differences in tree productivity or foliar N status 
cannot be explained solely by N supply.  In fact, some of the most productive trees and 
highest foliar N concentrations for both species were found on plots with the lowest 
amounts of net mineralized and total N (OM3C0).  The diverging response between tree 
species or across soil disturbance treatments is therefore more likely explained by 
processes governing N uptake.   

Nitrogen uptake and tree growth, especially for hybrid white spruce, was higher 
with the intermediate combinations of soil disturbance.  This response curve across soil 
disturbances might be explained by the influence of soil temperature and bulk density on 
N diffusion and root activity.  Low soil temperatures limit productivity in boreal forests, 
and warming soils through organic matter removal or compaction (up to 3°C increase in 
average daily soil temperature) could affect N uptake by reducing water viscosity, 
increasing rooting depth, and lengthening the season for root growth (Bowen 1991; 
Bonan 1992).  Higher bulk densities via compaction can increase the diffusion rate of N 
through greater unsaturated hydraulic conductivity and improved root/soil contact, both 
leading to a higher N status of the plant (Arvidsson 1999; Gomez et al. 2002a).  
Compaction without the forest floor, however, exposed soils to more drying, which likely 
increased soil strength and mechanical resistance to the point where root development 
and growth was detrimentally affected (Bulmer and Simpson 2005; Page-Dumroese et al. 
2006).  An effort was made to manually control vegetation interactions, but differences in 
plant communities across treatments (Haeussler et al. 2002) and therefore varying levels 
of competition for N cannot be ruled out.  Differences in competition for N between the 
crop tree and its surrounding vegetation would likely not explain the species effects we 
observed, however, because neither pine nor spruce were tall enough to affect the 
surrounding vegetation. 

Better growing conditions created by a moderate amount of soil disturbance have 
also been found with some, but not all, tree species (Brais 2001; Gomez et al. 2002b; 
Eisenbies et al. 2005; Ares et al. 2005; Kabzems and Haeussler 2005), usually on mesic 
sites with medium- or coarse-textured soils.  The beneficial effects of these soil 
disturbances would parallel some experiences with mechanical site preparation and 
prescribed burning (e.g. Örlander et al. 1996; Bulmer et al. 1998; Kranabetter and Yole 
2000; MacKenzie et al. 2005).  Our point is not to encourage widespread compaction or 
organic matter removal, but to recognize that a certain amount of soil disturbance in 
northern climates is perhaps necessary to maintain site potential, at least for some species 
such as hybrid white spruce.  As Haeussler and Kneeshaw (2003) concluded, the most 
important limiting factor in nutritionally poor ecosystems, where rates of C and N cycling 
diminish over time, may well be insufficient rather than excessive disturbance during 
logging.  It should be acknowledged that our treatments do not include the potentially 
detrimental disturbance associated with mineral soil displacement (Rygiewicz et al. 2004) 
(bladed trails, landings etc.), nor do we dismiss the potential for further shifts in treatment 
effects in the long-term. 
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BWBS 
 Within the 5-year period after harvest, soil properties did not appear to change in 
response to removal of aboveground woody biomass, as long as the forest floor was 
retained (Kabzems and Haeussler 2005).  Soil organic matter contributes to reduced bulk 
density and increased air-filled porosity through a combination of physical properties, 
biological activity and contributions to aggregation of primary particles.  The response of 
the forest floor removal treatment contrasts with that of the stem-only and stem and slash 
treatments, where there was an initial post-harvest reduction followed by recovery of air-
filled porosity by year 5.  Removal of the forest floor not only eliminated a pool of 
organic material but also dramatically reduced plant community biomass, which lowered 
organic matter inputs, slowing the rate of recovery from this disturbance.   
 Total C, together with bulk density and air-filled porosity, provided physical 
evidence of a recovery of some soil properties to preharvest levels after 5 years.  At our 
study site, increased organic matter inputs in intermediate and heavy compaction 
treatments was likely due to inputs of fine root material and litter from the expansion of 
Calamagrostis canadensis cover (Haeussler and Kabzems 2005). 
 Forest floor removal had a dramatic effect on aspen suckering rates and on 5-year 
growth of both aspen and white spruce.  Aspen regeneration density was initially 
stimulated by removal of the forest floor.  However, mortality of aspen suckers was so 
rapid that within 5 years the density of aspen regeneration was not significantly different 
from that of treatments that had retained the forest floor (Kabzems and Haeussler 2005). 
 Differences among the various levels of organic matter removal and soil 
compaction in this study were most evident in the height of dominant aspen trees.  The 
most disruptive disturbance (forest floor removal) significantly reduced aspen sucker 
height by the second year, while the effects of soil compaction became statistically 
significant by the fourth year.  Although less evident in the short term, the effect of soil 
compaction on aspen and spruce productivity probably represents a greater concern for 
long-term sustainability.  Only through careful remeasurement of a replicated trial did 
significant differences in tree productivity become apparent.  Current operational 
guidelines and regeneration monitoring may lack sufficient resolution to identify the 
extent and severity of compaction damage to boreal forest sites. 
 
IDF-N and ICH 
 During the funding time period a lot of time and effort has gone into completion 
of these installations. Fifth year measures have just been completed at IDF-N and are 
starting in this coming year at ICH. A large increase in the amount of scientific reporting 
is anticipated now that the very time consuming initial plot establishment phase is over. 
 
 
Conclusions and Management Implications 

The contrasting species response to soil compaction and organic matter removal 
in the first decade of this experiment indicate possible challenges in defining universal 
criteria for detrimental soil disturbance.  In the SBS, moderate levels of soil disturbance 
led to better tree growth and nutrition, especially for hybrid spruce, and these results lend 
support to the utility of treatments such as mechanical site preparation and prescribed 
burning in the management of boreal soils (Hawkins et al. 2006). In the IDF-K five years 
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after compaction and organic matter removal treatments, differences in soil chemical and 
physical properties and vegetation are most apparent in the forest floor removal 
treatments. Lodgepole pine growth gives no indication of a response to compaction or 
organic matter removal. Early Douglas-fir growth may be increased by forest floor 
removal. 
 A great deal of collaboration has occurred with local College, University 
Researchers and the CFS and USDA Forest Service. This is starting to bear fruit, 
including collaboration on related publications such as a recent chapter on bulk density 
sampling by Maynard and Curran (2007). The rehabilitation and mini-plots represent a 
great asset in terms of interpreting overall, large plot LTSP results into operational policy 
and practices. The LTSP team continues to be involved with policy development and 
implementation in BC and also in providing advice to other jurisdictions through contacts 
started with the LTSP work. 
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Table 1. Chronology for the British Columbia installations of the Long Term Productivity Study 
 
Year Installations 

 Boreal white and black spruce Sub-boreal spruce Interior Douglas-fir Interior Douglas-fir 
Calcareous soil 

Interior Cedar Hemlock 

 BWBS-1 BWBS-2 BWBS-3 SBS-1 
Log Lake

SBS-2 
Topley

SBS-3 
Skulow 

Lake 

IDF-1 
Dairy 
Creek 

IDF-2 
Black 
Pines 

IDF-3 
O’Connor 

Lake 

IDF-N-1 
Mud Creek

IDF-N-2 
Emily Creek

Pl/Fd 

IDF-N-3 
Kootenay 

East 

ICH–1 
Rover 
Creek 

ICH-2 
McPhee 
Creek 

ICH–3 
Idaho 

1991    -1           -1 
1992    0 -1          0 
1993    0 0 -1         1 
1994 -1   1 1 0         2 
1995 0 and 1   2 2 1         3 
1996 2   3 3 2         4 
1997 3 -1 -1 4 4 3 -1        5 
1998 4 0 and 1  5 5 4 0 -1  -1     6 
1999 5 2 0 and 1 6 6 5 1 0 -1 0 -1    7 
2000 6 3 2 7 7 6 2 1 0 1 0 -1   8 
2001 7 4 3 8 8 7 3 2 1 2 1/0 0 -1  9 
2002 8 5 4 9 9 8 4 3 2 3 2/1 1 0 -1 10 
2003 9 6 5 10 10 9 5 4 3 4 3/2 2 1 0 11 
2004 10 7 6 11 11 10 6 5 4 5 4/3 3 2 1 12 
2005 11 8 7 12 12 11 7 6 5 6 5/4 4 3 2 13 
2006 12 9 8 13 13 12 8 7 6 7 6/5 5 4 3 14 
2007 13 10 9 14 14 13 9 8 7 8 7/6 6 5 4 15 
2008 14 11 10 15 15 14 10 9 8 9 8/7 7 6 5 16 
2009 15 12 11 16 16 15 11 10 9 10 9/8 8 7 6 17 
2010 16 13 12 17 17 16 12 11 10 11 10/9 9 8 7 18 
2011 17 14 13 18 18 17 13 12 11 12 11/10 10 9 8 19 
2012 18 15 14 19 19 18 14 13 12 13 12/11 11 10 9 20 
2013 19 16 15 20 20 19 15 14 13 14 13/12 12 11 10 21 
2014 20 17 16 21 21 20 16 15 14 15 14/13 13 12 11 22 
2015 21 18 17 22 22 21 17 16 15 16 15/14 14 13 12 23 
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2016 22 19 18 23 23 22 18 17 16 17 16/15 15 14 13 24 
2017 23 20 19 24 24 23 19 18 17 18 17/16 16 15 14 25 
2018 24 21 20 25 25 24 20 19 18 19 18/17 17 16 15 26 
2019 25 22 21 26 26 25 21 20 19 20 19/18 18 17 16 27 
2020 26 23 22 27 27 26 22 21 20 21 20/19 19 18 17 28 
2021 27 24 23 28 28 27 23 22 21 22 21/20 20 19 18 29 
2022 28 25 24 29 29 28 24 23 22 23 22/21 21 20 19 30 
2023 29 26 25 30 30 29 25 24 23 24 23/22 22 21 20 31 
2042 30 27 26 31 31 30 26 25 24 25 24/23 23 22 21 50 
2043 31 28 27 50 50 31 27 26 25 26 25/24 24 23 22  
2044 50 29 28   50 28 27 26 27 26/25 25 24 23  
2047  50 29    29 28 27 28 27/26 26 25 24  
2048   50    50 29 28 29 28/27 27 26 25  
2049        50 29 50 29/28 28 27 26  
2050         50  50/49 29 28 27  
2051           51/50 50 29 28  
2052             50 29  
2053              50  
2092               100 
2093    100 100           
2094 100     100          
2097  100              
2098   100    100         
2099        100  100      
2100         100  100/99     
2101           101/100 100    
2102             100   
2103              100  
* Emily Creek Douglas-fir (Fd) was planted one year later than lodgepole pine (Pl) 
Year –1 = Pre-harvest sampling, Year 0 = Harvesting and treatment application, Year 1 = Planting and post-treatment sampling 
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