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Project purpose and management implications: 
 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. 
 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 
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. 

The objectives of the LTSP are to:  
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 
 
Project start date, length of project and former project numbers or funding sources 
 We began the LTSP in BC in 1991. The LTSP will run for a full rotations length 
of 100 years. Over the years, the LTSP project in BC has been funded by various 
agencies including the Ministry of Forests, Forest Renewal BC, and Forest Science 
Program. 
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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 
 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. 
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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 
 Each year, certain established installations will be fully re-measured because they 
have reached Years 5 or 10. 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. 
 
Interim conclusions and 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, 
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 
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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 
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 
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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 
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. 
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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 
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 
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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-
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 

0607 Final Technical Report – Long Term Soil Productivity Study 7 



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, 
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). 
 
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). 
 
Management Implications 
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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 
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. 
 
Contact information 
 For more information and contacts, please refer to the BC LTSP web site 
http://www.for.gov.bc.ca/hre/ltsp/
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