


















































































































































































































































































































































































































































































































































































































































1:10 000 - 1:20 000
1: 5000 - 1:10 000
1: 1000 - 1: 3000

b. Site characteristics data
Site characteristics are used to make land use decisions, to design implementation of land uses
chosen, and to establish standards for land uses. The three levels of this planning system permit land
uses, design, and standards to be "fine tuned" as planning resolution increases. Where timber
harvesting is a specified land use, site characteristics are used to calculate the terrain unit stability, to
determine stand volumes, to calcuiate growth and yieid rates, and to determine the appropriate
silvicultural system and harvest technique for the site. The site characteristics form the basis for
decisions and include:

- terrain unit stability tactors
- terrain
- uniformity/complexity
- slope gradient
- frequency of slope breaks
- recent historic evidence of slope failures

- site moisture regime as related to hygrotope and drainage
- indicator vegetation
- soil

- depth of LFH
- texture
- soil pH
- gradation
- depth to impermeable layer
- mottles/gleying/free water

- stand characteristics, sampled by height classes, includes natural regeneration
- species
- density
- height
- diameter at breast height
- age
- rings last 2 em of diameter
- % live crown
- crown width
- health and vigour rating - subjective rating based upon foliage colour, length, density and whether

buds are filled and turgid
- indicators of disease, insects, and physiological problems

- stand characteristics, not sampled by height class
- % crown closure
- dominance pattern

These variables are recorded on a site characteristics card each time one or more change
significantly, or at minimum frequency of 200 m along a transect. The recording of site characteristics
is not a "plot" approach but a sample point representing a critical microsite, or a general area (± 2 hal.
Both fixed radius plots and/or variable radius plot sampling may be employed in sampling site
characteristics.

2.3 Map Production

Foilowing the completion of data collection for a particular planning level, the transect terrain data and
significant site characteristic changes are plotted at an appropriate scale. The map scale varies with the
intensity of data collection, with the following as a guide:

Valley level
Management unit level
Operations unit level
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Maps at each planning level form the base data for decisions required at that planning level. At the valley
level and management unit level, practical overlay map systems are often incorporated, The overlay maps
may be based upon an expanded transect data base (compared to B,2 above) and/or on data from other
sources,

2.4 Summarizing of Site Characteristics

The map and the site characteristics data are used to stratify the area into ecosystem/terrain units, Similar
ecosystem/terrain units may have similar management objectives and may be managed with similar methods,
In valley plans, this stratification forms the basis of selecting the most desirable land use or mixture of land uses
and of the initial management units. In management unit plans, site characteristics summaries finalize the
management units and identify the initial management operations units. In an operations plan, the stratifica­
tion forms the basis for the selection of appropriate operations techniques and standards. Where timber
harvesting is the designated land use, site characteristic strata are used to select silvicullural and logging
systems.

2.5 Rating of Terrain Unit Stability

Terrain unit stability is a rating used to predict potential site degradation if construction activities (roads,
logging, mining, trails) are carried out on the site. Ratings of "moderately stable" and "unstable" may prevent
certain activities. For exampie, timber harvesting would be excluded on sites with unstable ratings. Ground
skidding would only be permitted on stable and certain moderately stable sites. Yarding or aerial logging
systems should be required on most moderately stable sites and those unstable sites considered possible to
log without excessive levels of site degradation and without significant negative effects to associated
ecosystems.

The site characteristics described in 2.2.b above form the basis for the rating. Through the application of
terrain unit stability ratings, site degradation from soil disturbance and damage to water courses can be
minimized. As with any ecological rating system, however, its use and accuracy depend on the ability and
objectivity of the user.

2.6 Pre-harvest Planning

Where timber harvesting is a designated land use, the following interpretations occur:

a. The terrain unit stability and site characteristics are used to determine the silvicultural system,
including:
- trees to be felled, trees to leave
- method of regeneration, species selection, stock type(s), pianting density, time of planting
- logging system (cable yarding, ground skidding, etc,)
- harvest moisture conditions (season of harvest)
- operations unit boundaries
- maximum acceptable soil disturbance
- site preparation prescriptions
- potential rehabilitation plans
- pre-commercial or commercial thinning prescriptions

b. Map layout
The initial location of transportation, silvicultural and logging system components is determined on the
map as appropriate to the level of planning being performed.

c. Field layout
Using the map layout as a guide, the transportation, silvicultural and logging systems components are
laid out in the field. From valley to operations level, the order in which the major components are laid
out is:
- main roads
- secondary roads
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- spur roads
-landings
- others applicable to the specific logging system (skidroads, tailhold cat roads, yarding routes, etc.)
- block boundaries

All components are traversed and plotted on the operations level map. Summaries of silvicultural and
logging prescriptions are contained on the operations map. This map forms the primary means of
communication between all parties involved in a timber harvesting operation.

d. Operations phase
Following field layout of the transportation, silvicultural, and logging systems, the unit is ready for
harvest. Familiaritywith all portions of the harvest operation by machine operators and otherworkers,
along with continuous monitoring by competent supervisors, provides the best chance for success.
People who performed the planning are usually the best choice to carry out supervision of operations.
Planning must be ongoing during operations. Adjustments are made where necessary to maintain
efficiency and to meet the operations standards.

e. Evaluation phase
Evaluation is a part of supervision and is ongoing throughout the operations phase. Post-harvest
evaluation is performed to:
- rate the success of obtaining minimal soil disturbance during a harvest operation. The level of soil

disturbance is assessed and compared with the pre-harvest operation standards.
- provide a basis for planning future operations through learning by experience.
- develop rehabilitation plans as reqUired
Evaluation is performed on the operations level map and includes the establishment of representative
transects that locate and measure soil disturbance. The map is adjusted to show any modifications
from the planned system, and an overall rating of the operation (satisfactory, marginal, unsatisfactory)
is determined.

319



SOIL COMPACTION AND BIOLOGICAL ACTIVITY:
A BRIEF REVIEW

F. N. Pascoe and D.O. Myrold
Department of Soil Science

Oregon State University
Corvallis, OR 97331

ABSTRACT

Compaction reduces gas diffusion in soil by decreasing total pore space, especially of larger pores, thus
reducing the effective diffusion coefficient. Research has shown gas diffusion to cease at about 10% air-filled
porosity (air-filled pore volume/total soil volume). This alteration in soil aeration influences microbial and root
activity. Aerobic microbial activity decreases with less than about 25% air-filled porosity. In terms of oxygen
concentrations, some microbial activity continues even when gas phase concentrations are as low as 2%
oxygen. Tree roots seem more sensitive to decreased soil aeration, and root growth decreases dramatically at
10% oxygen concentration. Although it would appear that roots might be more adversely affected by changes
in soil aeration, neither air-filled porosity nor gas phase oxygen concentration alone are sufficient to describe
the effect of compaction on soil aeration. Interactions among roots, micro-organisms, and gas diffusion
properties must all be considered and need to be studied for a better understanding of the system as a whole.
Modeling may be a useful tool in approaching this problem.

1 EFFECTS OF COMPACTION ON PHYSICAL PROPERTIES

Compaction directly affects several physical soil properties. Bulk density increases due to a decrease in
macroporosity. Compaction also results in the conversion of macropores to micropores, which alters aeration,
infiltration, and hydraulic conductivity (Greacen and Sands 1980). Soil strength also increases. Although
these changes in soil physical properties have direct and indirect impacts on seedling survival and growth, the
mechanisms through which these impacts occur are not well understood.

It has been shown that growth limiting bulk densities occur and vary with soil texture. Daddow and
Warrington (1983) developed an empirical relationship that correlated growth-limiting bulk densities with
average pore radius. By determining percent sand, silt, and clay and calculating average pore radii, a limiting
bulk density can be found. High silt or clay soils had growth-limiting bulk densities ranging from 1.45 to 1.40 Mg
m-3 , while values for sandy soils were as high as 1.65-1.75 Mg m-3 (Daddow and Warrington 1983). Before a
soil reaches this point of severe compaction, seedlings already show significant growth reduction. Bulk
densities of this magnitude may reflect a limiting soil strengfh which cannot be penetrated by roots. Before
such limiting values are encountered, other factors likely playa significant role in reducing tree growth
(Froehlich and McNabb 1984).

Taylor (1949) found that gas diffusion rates decreased with increasing bulk density and water content.
When relative diffusivity (the diffusion rate in a given medium relative to the diffusion rate in air) was plotted
against air-filled porosity, a positive linear relationship was observed. Others (Grable and Siemer 1968; Lai et
al. 1976) have found that curvilinear representations better describe this relationship. Upon further investiga­
tion, Currie (1983) found that this relationship consisted of two parts. At lower air-filled porosities, the
relationship was curvilinear and represented diffusion through aggregates, while at higher air-filled porosities,
diffusion occurred through macropores between aggregates and was more linear in nature. Currie (1984)
found that compaction affected gas diffusion as a function of air-filled porosity. The effect was different than
when moisture content alone was varied, and was suggested to be the result of two factors. First, compaction
changed crumb structure so that as the soil was dried, the observed increase in diffusion was not as great as
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that for non-compacted soil. Thus the first pores to empty were no longer as efficient at transporting gases
because of the distortion from the compaction. Second, an increase in the bulk density reflected increased
amounts of crumbs. Therefore intra-crumb pore space increased, resulting in lower diffusion rates. Simply
wetting a sample did not reflect the permanent increase in intra-crumb diffusion, although some changes were
noted with wetting and drying.

When samples are compared at the same water potential, compacted soils will have higher volumetric
water content (Grable and Siemer 1968; Reicosky et al. 1981) and lower diffusion rates (Currie 1984; Pritchard
1985). The greatest changes in diffusion rates per unit change in water content were seen at the point when
inter-aggregate pore space was drained and water was held only within the intra-aggregate space, i.e., about
field capacity. These results illustrate the dependency of soil aeration on both total porosity and pore size
distribution, with gas diffusion effectiveiy halted when total air-filled porosity drops below about 10% in soils
(Cannell 1977).

2 EFFECTS OF SOIL COMPACTION ON BIOLOGICAL ACTIVITY

2.1 Microbial Activity

It should be noted that very few studies have directly examined the effect of soil compaction on microbiai
activity. However, the most likely effect is on gas transport in soils. Reduced aeration and lower gas diffusion
as a result of compaction could have various biological impacts, depending on whether microbes ortree roots
are first affected, If microbes are more sensitive to lower aeration, reduced nutrient mineralization or losses
from denitrification may result in fertility problems.

Fungal populations are sensitive to soil structure and thus affected by soil compaction. A study of
compaction on forest soils found significant differences in fungal populations between control and compacted
plots (Smeltzer et al. 1986). Total fungal populations were lower on the compacted plots, Interestingly,
Fusariumspp., which are often pathogenic to young plants, reacted in the opposite manner. These differences
were significant for at least two years following compaction, but after five years differences could no longer be
detected. This same study found no significant differences in total bacterial populations as a result of
compaction at any time during the study period.

Measurements of total microbial populations may be indicative of overall status of a system. However,
activity measurements are a more direct measure of the impact of a given perturbation to the system. For
example, Dick' found that soil enzymes were more sensitive than total microbial biomass to soil compaction,
although both measurements were significantlylowerin compacted soil. Soil respiration rates are also lowerin
compacted soil (F. Pascoe and D. Myrold, Oregon State Univ" unpublished data), at least under laboratory
conditions. Most other relevant studies have examined the effect of aeration on biological activity in
compacted soils, using two different measures of aeration: oxygen concentration of the gas phase, or some
measure of air-filled porosity.

Parr and Reuszer (1962) studied the effect of oxygen concentration on organic matter decomposition.
They found that CO2 evolution at 5% oxygen was about half that at atmospheric oxygen concentrations,
however, decomposition at 0,5% oxygen was still almost three times the anaerobic rate. The work of
Greenwood (1961) also illustrates the ability of aerobic heterotrophs to metabolize actively at low oxygen
concentrations. He found that Km values for oxygen uptake (the oxygen concentration atwhich oxygen uptake
is half the maximum rate) were approXimately 4 M, which corresponds to about 0.3% oxygen inthe gas phase.
Similarly, Greenwood (1962) found little change in nitrate and nitrite concentrations at oxygen concentrations
as low as 2%, suggesting that autotrophic nitrifiers were not inhibited at this oxygen concentration.

linn and Doran (1984) worked on tilled and nontilled soils, with bulk densities of 1.4 and 1.14 Mg m-3 ,

respectively. They tound that aerobic microbial activity increased until the water-filled pore space reached
60% (water volume/total pore volume), which corresponds to 25% air-filled porosity (air-filled pore volume/total
soil volume). At this point of maximum aerobic activity, anaerobic processes were still negligible. Aerobic
processes decreased and anaerobic processes increased at higher levels of water-filled pore space,
~----=--= ..
1 Dick, R.P., Dept. of Soil Science, Oregon State University, Corvallis, pars. comm.
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indicating that oxygen diffusion was becoming limiting. Although the data of Linn and Doran suggested that
25% air-filled pore space was optimal for aerobic microbial activity in soils, other data suggest that this
optimum value may be soil dependent. For example, Bridge and Rixon (1976) found maximum oxygen uptake
rates varied between 15 and 30% air-filled porosity for soils of three different textures. Jawson and Skopp
(1985) have shown that a maximum in microbial activity can be predicted with a model that links soil diffusion
and soil microbiai processes using water content or air-filled porosity as the input variable.

Smith and Cook (1946) found significant differences in nitrate production between compacted (air-filled
porosities of 7.1 % and lower) and non-compacted treatments. Similar results were obtained by Whisler et al.
(1965), who looked at aeration effects on microbial activity and found a highly significant correlation between
air-filled porosity and nitrate production for two of the three soils. These were soils with low (6.7% and lower)
air-filled porosity. Oxygen diffusion at this low level of air-filled porosity probably represents a limiting value for
nitrification in these soils. Nitrogen fixation rates in soil have also been shown to be affected by compaction.
Landina and Klevenskaya (1985) observed lower rates in compacted soils (bulk densities of 1.3-1.4 Mg m-3 ,

7-16% air-filled porosities) than in noncompacted soils (1.1-1.2 Mg m-3 , 10-19% air-filled porosities).

These data illustrate the effect of oxygen concentration or air-filled porosity on aerobic microbial activity.
Generally, optimum aerobic activity occurs at about 25% air-filled porosity and aerobic activity becomes
greatly depressed at less than 10% air-filled porosity. Alternatively, aerobic activity decreases at oxygen
concentrations less than about 2-5%. However, neither oxygen concentration nor air-filled porosity alone
completely describes the supply of oxygen to micro-organisms in soil.

2.2 Root Growth

Soil aeration effects on plant root growth were examined by Leyton and Rousseau (1958). They found
that oxygen concentration less than 6-10% greatly reduced root growth expressed as a percentage of growth
under normal aeration conditions. A compilation of data from 11 studies for various plant crop species showed
critical oxygen concentrations for roots to be around 10-15% (Glinski and Stepniewski 1985). Greenwood
(1971), reviewing aeration and its effect on plant growth, noted that root elongation was decreased to 70% of
maximum with oxygen concentrations of 6%, although some studies had shown little effect at oxygen
concentrations as low as 2%.

Fewer studies on the effect of compaction on root growth have used porosity changes as an index. Foil
and Ralston (1967) found inversely proportional linear relationships between bulk density and root length or
root weights. They also presented data for non-capillary pore space (air-filled porosity at -6 kPa) that
suggested that root growth was decreased approximately 50% when non-capillary pore space was less than
about 10%.

Skinner and Bowen (1974) found strong trends showing that compaction reduced mycorrhizal strand
penetration by 73% in unsterilized forest soil. However, they found increased mycorrhizal penetration in the
compacted soils that had been sterilized. This could suggest that microbial activity, in concert with poorer gas
transport of the compacted soil, further decreased oxygen concentration, thereby reducing mycorrhizal
growth.

Although both root grow1h and microbial activity exhibit a wide variation in responses, the data do seem to
indicate a higher sensitivity to oxygen deficit for roots, perhaps because of the higher respiration rates of roots
compared to that of bulk soil (Glinski and Stepniewski 1985). Aeration and gas diffusion affect both microbial
activity and root activity, but there is also an interaction between the two. Conceivably, under given conditions
of air-filled porosity, soil conditions could be aerobic or anaerobic depending on the activity of the roots and
microbes. Modeling gas diffusion is one way to examine this interaction.
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3 MODELING SOIL COMPACTION EFFECTS ON BIOLOGICAL ACTIVITY

Numerous models of oxygen diffusion and consumption in soil systems exist, with varying levels of
complexity. These models can be divided into four general categories: (1) gas diffusion in a homogeneous soil
profile (Radford and Greenwood 1970; Kanwar 1986), (2) gas diffusion within soil aggregates (Currie 1961;
Greenwood 1961), (3) gas diffusion in aggregated soils (Smith 1980), and (4) root aeration models (Armstrong
and Beckett 1985).

For example, when the data of Currie (1984) are substituted into a steady state model of gas diffusion in a
homogeneous soil profile described by Glinski and Stepniewski (1985), the depth of aerobic soil conditions is
calculated to decrease by a factor of three as soil was compacted from a bulk density of 0.99-1.29 Mg m-3 .

Using a representative soil respiration rate of 7.3x1 0-7 cm3 O2 cm-3 S-1, this translates into the depth of aerobic
soil changing from 1 to 0.35 m in compacted soil at field capacity. Results such as these illustrate the
importance of interactions between soil physical and biological processes.

Of course, real soils are composed of soil aggregates, which greatly modify the soil microenvironment and
consequently affect soil biological activity. The measurement of oxygen profiles within soil aggregates and the
influence of these gradients on denitrification are just one example (Sexstone et a/. 1985). Data such as these
could be used to verify models of intra-aggregate diffusion. The implications of such models would be the
prediction of microsites within the soil where different activities could occur.

A more complete model would need to account for diffusion through the inter-aggregate spaces as well as
the intra-aggregate spaces (cl. Smith 1980). Unfortunately, this type of model has not yet been tested against
experimental data. In addition, models of root grow1h, respiration, and distribution must be incorporated into
soil gas diffusion models so that the entire plant soil system can be adequately described.

4 CONCLUSION: RESEARCH NEEDS

It is clear that soil compaction affects aeration and gas diffusion and that this effect is more complicated
than a simple decrease in total porespace. Despite this complexity, our understanding of the physics of this
phenomenon is reasonably good, at least compared to our knowledge of the effects of compaction-related
aeration on microbial activity and plant growth. Research is needed on both plant roots and microbes, and,
perhaps most importantly, on interactions between the soil physical system, microbial activity, and plants.
Measurements of the effect of soil compaction on plants and the resultant changes in soil aeration must
examine more than just root grow1h. Since shoot-to-root ratios, for example, may vary in response to
compaction, simple root growth measures may be inadequate. Work of this type is necessary if we are to
increase our understanding of how soil compaction degrades site quality.
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CLOSING REMARKS

J.D. Lousier, P. Ag.'
Ecology Program Manager

Research Branch
B.C. Ministry of Forests and Lands

Victoria, B.C.

How does one summarize and close a workshop that started with a flourish in the first session and that
maintained momentum, interest and challenge throughout? Let me begin by attending to some "housekeep­
ing chores." On behalf of the Research Branch and the rest of the Ministry, I would like to express a large vote
of thanks and appreciation to:

Gerry Still and the other members of the organizing committee;
all the speakers and poster-presenters, especially those here on their own time, for their excellent
presentations, their motivation and their attitudes;
all the session chairmen for keeping us on time and coordinating the individual sessions;
the question runners; - those who provided the logistical support with registration, visual aids
equipment, coffee and doughnuts; and
lastly, the audience for your participation, your motivation and your patience; the success of the
workshop is indicated by the number of audience members here right to the end.

All those listed above have contributed to a workshop that provided not only an occasion to discuss a
timely and important aspect of soil science and forest management, but also an opportunity for good
interaction between researchers and operational foresters and engineers. I believe that the proceedings of
this workshop will be a much-used and often-cited benchmark publication within the forestry community in
British Columbia.

In summary, I feel the major points or questions raised during the workshop are:

1. We have some serious problems related to soil degradation in many areas of the province, and we
have incurred some massive costs and losses.

2. We do have access to appropriate planning strategies, and harvesting and management methods
and technology to minimize or avoid some of the soil degradation losses that have normally been
incurred, and rehabilitation methods and technology to reduce the level of degradation on some
severely disturbed sites. Even with these tools in hand, we do not have a good record of
implementation in British Columbia.

3. Concern has been raised that we do not understand the nature of our soil resource sufficiently and its
behaviour under stress.

4. The nature of soil degradation problems is often difficult to define; we need new approaches and
methods/technology to quantify degradation effects accurately.

5. We need adequate and appropriate legislation to regulate activities that cause degradation and we
need adequate enforcement capabilities.

6. Rehabilitation of degraded forest soils has not proven to be cost effective, but it is responsible forest
land management. The high costs of rehabilitation can be substantially reduced, or even eliminated in
some cases, if we attempt to understand the resource we are managing and undertake appropriate
planning procedures to avoid or minimize soil degradation in the first place.

7. We must be aware that, while the severe soil degradation problems are easy to identify and describe,
there are much more subtle degradation problems associated with silvicultural activities which must
be understood and accommodated when we define and implement our management objectives. How
well we understand and manage our soils determines the ultimate success of our silviculture plans.

1 Current address: Site 11, Compo 102, RR. #1, Lantzville, B.C. VOR 2HO.
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Many of the presentations have offered us some solutions to these problematic points and questions, and
I think these solutions can be grouped into three areas:

1. More information needed: Through research and operational trials, we must generate new and better
information to allow us to assess the nature, extent and rehabilitation requirements of soil degradation
problems in British Columbia more capably and accurately.

2. More extension and demonstration: Better and greater use can be made of existing information and
expertise to ensure more appropriate planning, more careful operations, and more effective re­
habilitation plans and activities. Information/technology transfer and demonstration, particularly
through effective training, are a top priority in many areas of forest management today in British
Columbia.

3. Improved attitudes: We cannot expect to deal effectively with our soil degradation problems if we do
not increase the level of respect for our soils resource and for responsible integrated land man­
agement objectives. Soil is a major forest resource that is affected directly by forest management and
must be recognized as SUCh. While there are still so many uncertainties about the causes, nature and
extent of forest soil degradation, it is important to adopt a conservative resource management attitude
and assume that unless we know better, loss of productivity as a result of forest soil disturbance is
significant. This means that allowances forthe same must be made in TSA analyses, and efforts must
continue to reduce unnecessary soil disturbance in forest management operations.

Thank you again, one and all!
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