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Abstract

International protocols, such as those of the Montreal Process (MP), specify desired outcomes without specifying the process
and components required to attain those outcomes. We suggest that the process and its components are critical to achieve desired
outcomes. We discuss recent progress in northwestern North America, on three topics that will facilitate development of and
reporting in sustainability protocols: (1) common terms and comparable guidelines for soil disturbance, (2) cost-effective
techniques for monitoring and assessing soil disturbance, and (3) improved methods to rate soils for risk of detrimental soil
disturbance. Uniform terms for soil disturbance will facilitate reporting and exchange of information. Reliable monitoring
techniques and tracking the consequences of soil disturbance for forest growth and hydrology are paramount for improving
understanding and predictions of the practical consequences of forest practices. To track consequences, we urge creation of
regional research and operations databases that can be used to: (1) address MP values, (2) define detrimental soil disturbances,
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(3) develop risk rating systems for operational application, and (4) improve best management practices (BMPs) and ameliorative

treatments that avoid or correct detrimental disturbances.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Sustainable management of forests requires main-
tenance of the soil resource including its biological,
chemical and physical properties and processes. This
dependency is addressed at many levels (scales): at a
local and regional level through operational guidelines
and standards, and more recently at national and
international levels through sustainability protocols
(e.g., criteria and indicators of the Montreal Process)
and third-party certification.

The Montreal Process (MP) included a Working
Group on Criteria and Indicators for the Conserva-
tion and Sustainable Management of Temperate and
Boreal Forests (Montréal Process Working Group,
1997). The MP is supported by 12 non-European
countries covering 5 continents and representing
90% of the world’s temperate and boreal forests. A
major purpose of the Montreal Process, and the
similar Pan European (formerly the Helsinki Agree-
ment), is to provide a common framework for
describing, assessing, and evaluating each member
country’s progress towards forest sustainability.
Indicators will be used to describe, assess and
evaluate progress. Two of the MP indicators for the
conservation and maintenance of soil and water
resources refer to area and percent of forestland with
significantly diminished soil organic matter (indi-
cator 21) or significant compaction (indicator 22)
(Montréal Process Working Group, 1997). Clearly,
we need to define what is “‘significant”. Moreover,
we need to validate an underlying assumption that we
know what amount of organic matter loss or severity
of compaction will lower forest productivity, and
where and to what extent.

The MP clearly identifies indicators 21 and 22 as
“b-type” indicators, which “may require the gather-
ing of new or additional data and/or a new program of
systematic sampling or basic research”. Yet, some
entities (national organizations/agencies), including

some in the USA, are monitoring or sampling com-
paction before ‘“‘significant” changes in compaction
levels have been reliably defined or validated.

In the USA, the current response to the MP for
federal forestland is to utilize the existing systematic
grid of forest inventory plots as the sampling matrix,
then estimate extent of compaction at these sample
locations. Responsibility for responding to the MP and
to the larger Forest Health issue has largely been
assigned to the USFS Forest Inventory and Assess-
ment Group (FIA). To help guide this large effort, we
strongly recommend soil scientists participate in the
processes and review results reported to the Montreal
Process by Technical Advisory Committees (TACs)
and the FIA. Of highest priority, is to quantify the
practical consequences of changes in soil physical
properties and soil organic matter that are important
for sustainable forestry.

One approach to addressing “b-type indicators” is
to use locally applicable standards as proxies and then
ensure adequate validation occurs to confirm that
existing guidelines and standards adequately address
the intent of the indicator. This is the process adopted
by the Canadian Council of Forest Ministers’ in their
criteria and indicators for sustainable forest manage-
ment, which was developed in part to address the MP
(CCFM, 2000, 2003). For soil disturbance, the various
Canadian provinces are now reporting out on their
level of compliance with locally applicable guidelines,
which is a proxy for the related MP indicators. These
guidelines address the amount of an operating area
that can have specific disturbance types, such as
different types of ruts, compacted trails, and displace-
ment. Commensurate with use of guidelines and
standards as proxies is the paramount need to test and
adapt these guidelines and standards in a reliable
continual improvement (adaptive management) fra-
mework. This is complicated by the fact that each
jurisdiction has different disturbance types that are
targeted by their guidelines.
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No clear linkages have been established between
changes in specific soil properties and productivity or
sustainability, except in extreme disturbance cases.
Therefore, what valid inferences or conclusions can be
drawn from a national inventory of the status of soil
properties in forested areas as proposed by the
Montreal Process? How could inferences from such
inventory data improve sustainable forestry? We
suggest a more promising approach is to: (a) inventory
the percentage of forested land that is controlled by
other legislative or voluntary processes, such as
state or provincial forestry practice codes, Sustainable
Forestry Initiative (American Forest and Paper Ass-
ociation), Canadian Standards Association, Forest
Stewardship Council, ISO 1400.1, and federal legi-
slation (National Forest Management Act of 1976 and
National Environmental Policy Act of 1969); (b)
ensure that interactive regional databases are devel-
oped to facilitate information exchange and document
severities of soil disturbance that are detrimental to
forest productivity across the range of soils and
conditions where production forestry is practiced.
Existing codes, legislative acts, and voluntary agree-
ments have documented procedures, standards, and
guidelines for protecting and maintaining forest
productivity. Most also seek continual improvement
of processes, guidelines, and standards. Regional
databases should provide the information from which
detrimental soil disturbances can be defined. Best
management practices (BMPs) and ameliorative
treatments can subsequently be prescribed to avoid
or correct disturbances that are deemed- detrimental.

The Montreal Process indicates some desired
outcomes (indicators) without describing the pro-
cesses to achieve them. Presumably, individual
countries will decide the process. We believe the
adaptive management process (continuous improve-
ment) that is used to achieve sustainability is more
important than MP indicators. Further, by employing
common terminology, definitions, and approaches we
can reduce the burden of demonstrating sustainability.

Progress towards a common approach starts at the
regional level. While most organizations have different
approaches and priorities, many have similar settings
and environmental issues. Therefore, it is appropriate to
coordinate and cooperate on issues of sustainability.
Within a region, this cooperation can result in common
BMPs, tools, and databases, in which research results

are tracked, summarized, and put into an operational
context for successful application.

In this paper, we discuss recent regional progress in
northwestern North America, on three topics that will
facilitate reporting under various sustainability pro-
tocols:

A. Common terms and comparable guidelines for soil
disturbance.

B. Cost-effective techniques for monitoring and
assessing soil disturbance.

C. Reliable methods to rate soils for risk of
detrimental soil disturbance.

2. Common terms and comparable guidelines
for soil disturbance

Reliable reporting and comparing soil disturbance
require agreement about terms. Unambiguous terms
and definitions will increase utility of operational and
research data, and improve transfer of data and
experience for reports and data synthesis. Common
terms are needed both for describing physical
disturbance and for describing the practical applica-
tion of this information. When physical properties like
bulk density and porosity are reported, we need to
know what is being described and how it was
determined. For example, was bulk density that of
the total soil or of the fine-fraction? We also need to
use similar approaches to measure and describe
confounding factors, such as vegetative competition.
Terms like “compacted”, “sensitive”, “rutted”, and
“disturbed’” need common definitions. For example,
compaction is defined in various areas and applica-
tions based on visual criteria, a change in bulk density,
or a change in soil macroporosity. Similarly, defini-
tions of ruts vary tremendously in length and depth,
from as short as 2 m to almost 30 m long, and from as
little as 2 cm deep to over 30 cm deep. Few definitions
vary with soil properties such as texture, or with
climate or forest type.

2.1. Current status, and what is needed
Several classification systems exist for characteriz-

ing soil disturbance, but few have the same definitions
of disturbance types or classes. These differences in
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definition affect guidelines and standards for control-
ling soil disturbance, which should be comparable,
particularly at the regional level. We assert that more
consistent terminology in defining soil disturbance
would result in: (1) improved communication among
various stakeholders of the forest resource, (2) better
alignment of guidelines and standards, (3) more clearly
focused research to assess the effect of soil disturbance
on forest productivity and ecosystem function, and
(4) more effective monitoring systems to quantify levels
and effects of soil disturbance.

Ease of communication can be improved through the
use of common classification systems and language.
Improved communication will provide the various
stakeholders (e.g., managers, loggers, and public) with
the information they need to understand and decide.
Common definitions of disturbance also will enable
comparing and learning across ownerships and legal
boundaries. Most importantly, commonality of terms
may increase the awareness of the public with respect to
the issue of soil conservation and its relevance to
sustainability (Salafsky and Margoluis, 2003).

Desired criteria for developing consistent soil
disturbance classes include: (1) disturbance types
are primarily defined by visnal (morphologic) attri-
butes rather than quantitative physical properties,
(2) disturbance types are easy to communicate, and
(3) disturbance types are correlated with soil variables
that affect tree growth and hydrological or ecological
function.

Classification systems that meet these criteria have
been successfully used by the B.C. Ministry of Forests
(Forest Practices Code Act 1995) and Weyerhaeuser
Company (Scott, 2000), and are currently under
developmental use in the USFS Region 6 (Pacific
Northwest). In addition to meeting the three criteria
outlined above, the classification systems are success-
fully combined in monitoring protocols to determine
severity and areal extent of soil disturbance after
operational harvesting (B.C. Ministries of Forests,
2001; Heninger et al., 2002). These systems are
routinely applied by non-soil scientists following a
short period of training and, in some jurisdictions,
after certification of persons doing these assessments.

The advantage of a visual classification system
compared to a quantitative measurement (e.g., bulk
density) is that monitoring is less time-consuming and
easier to measure on a routine basis. However, one

concern of a visual classification system is ensuring
consistency and repeatability of disturbance classifi-
cation among classifiers. This can be addressed
through detailed survey methods and training, and
periodic calibration of the visual criteria with qua-
ntitative measures such as bulk density or pen-
etrometer resistence. This checking may be based on
two-stage or double sampling schemes.

It is imperative that the disturbance classification
system is validated with response variables that are
ecologically relevant, such as tree growth or survival,
which are direct evidence of change in the site’s
capacity to grow vegetation. Two examples of valida-
tion, and the need for continuous refinement, follow:

(1) Douglas-fir seedlings can tolerate saturated con-
ditions for about 10 days before dying (Minore,
1968). Saturated areas can be created when
harvesting equipment affects above- or below-
ground water movement. This disturbance has
been defined as class 5 (saturated usually due to
severe rutting; Scott, 2000) and is considered
detrimental because it results in unfavorable
planting spots for Douglas-fir seedlings.

(2) Replicated field studies demonstrate that a similar
class of soil disturbance can have different effects
on Douglas-fir seedling growth, depending on the
soil and climate zone where disturbance occurred.
In the coastal Spruce zone of western Washington,
no difference in 7-8 years height and volume
existed between Douglas-fir planted directly into
the skid-trail tracks (mostly class 2 disturbance
with puddled topsoil and compacted subsoil) and
trees planted off trails (Miller et al., 1996). Yet,
in a drier growing season climate (near Spring-
field, OR) and soils with higher clay and lower
organic matter content, 10-year-old trees origin-
ally planted in a similar soil disturbance class
(class 2 disturbance) averaged 0.6 m (10%)
shorter and less volume than trees on logged-
only or tilled skid trails (Heninger et al., 2002).
This indicates that the growth consequences of
some disturbance types may vary with climate and
soil conditions. Using a consistent method for
classifying harvest-related disturbance across a
gradient of soil and climate conditions is highly
desirable to help track trends in occurrence and
effect of disturbance on tree growth, for example.
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Consistent criteria that should be considered
include categories of permanent and temporary
access. Permanent road access is the main road
network that will not be reforested and temporary
road access includes in-block disturbance like
logging trails that will be reforested.

Classification criteria will change as more response
data become available. For example, the Weyerhaeu-
ser system for soil disturbance classification in the
Pacific Northwest could be improved by incorporating
additional classes or subclasses to describe the lateral
width of disturbance, similar to the topsoil displace-
ment categories used in the B.C. system. The
Weyerhaeuser and B.C. Ministry of Forests distur-
bance types are described in more detail in tables and
figures in Curran et al. (in press).

Narrow areas of a given disturbance type may be
inconsequential to future wood yield, if seedlings can be
planted at a nominal spacing outside the disturbed area.
To maintain uniform seedling spacing in wide areas of
disturbance; however, seedlings are usually planted
within the disturbance and a much larger part of the
rooting zone will be affected. Seedling performance is
more likely to be affected. Additional studies are
needed to ascertain seedling performance across such a
gradient of increasing area of specified disturbance
classes. The Long-Term Soil Productivity (LTSP)
studies anchor the extreme end of this width gradient
by planting seedlings where 100% of the area was
compacted (Powers et al., 1990). These geographically
* extensive LTSP studies will continue to make important
contributions to a database relating width of a
compacted area and long-term effects on tree growth.
Moreover, technical communication among LTSP
cooperators enhances benefits among this peer group
from agencies, universities, and industry.

2.2. Progress

Indicative of progress is the willingness of profes-
sionals to work as a group to address current issues. Soil
scientists in the Pacific Northwest, for example, have
initiated peer-networking within a Soil Disturbance
Working Group of the Northwest Forest Soils Council.
In Canada, a National Forest Soil Disturbance Working
Group is forming. Similarly, national-level interest is
apparent in the USA. Although progress has been

temporarily delayed due to a number of factors,
including the wildfires of 2003, the groups are com-
mitted to progressing on the following interim products:

e Compare current visual disturbance classes. Con-
trast and correlate visual disturbance classes by
expanding tables developed by Ken van Rees for
Weyerhaeuser in Saskatchewan.

e Correlate and assess absolute and relative measures
of compaction and related physical properties (bulk
density, porosity measures, least limiting water
range (LLWR), penetration resistance and other
measures of soil strength).

o Relate tree growth and visual criteria of distur-
bance. We infer from the present literature that we
should not generalize about these relationships. For
example, where the practical consequences of
compaction for tree performance have been
measured, growth has either been decreased
(Curran and Maynard, unpublished data), decreased
for a limited period (Heninger et al., 2002), been
unaffected (Miller et al., 1996), or been increased
(Powers and Fiddler, 1997; Brais, 2001). For
northern California, Gomez et al. (2002) reported
that seedling response varied from negative to
positive, depénding on soil texture. In short, our
current knowledge is limited. While we have
documentation that soil physical properties were
changed, the consequences for sustainable forestry
have ranged between positive to negative, depend-
ing on the soil and climatic sitnation. Continued
monitoring and documentation of responses is
needed as more sites reach a more predictive stand
age. In addition, consideration must be given to
expanding existing research networks to ensure
adequate coverage of site conditions under forest
management. Such information should be tracked
in a strategic database that documents types and
severity of disturbance that actually affect site
productivity or hydrology. Continuing documenta-
tion and periodic analysis are required to elucidate
trends and change policy and practices. These needs
run counter to current government trends of
downsizing; attention needs to be drawn to this
need if soil disturbance criteria are ever to be
calibrated with ecosystem response.

e Revise guidelines and standards for soil distur-
bance. Including which types of disturbance should
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be “counted”, as discussed by Curran et al. (in
revision). A number of draft tables have been
completed by Ken van Rees for Weyerhaeuser in
Saskatchewan, and we intend to complete these for
both Canada and the USA.

2.3. Recommendations

o Secure greater -support from (for) our collective
agencies’ needs to calibrate and correlate soil
disturbance criteria, so all can achieve the benefits
of consensus about terms and methods.

e Common classification criteria are needed to
facilitate a common approach (e.g., categories of
permanent access versus ‘“‘in-block disturbance,”
temporary access like ruts, bladed trails, compac-
tion, and displacement of topsoil).

e Recognize that disturbance classification is not the
final end product. Having reliable monitoring
techniques, and more importantly tracking the
consequences of soil disturbance for forest growth
and hydrology are paramount to improving under-
standing and prediction of the practical consequences
of forest practices. Classification is a tool to facilitate
consistent communication of this knowledge.

o Set criteria for deciding when a given disturbance
type is “‘counted” or considered “detrimental”.
This is further discussed in Section 3 (monitoring)
and Section 4 (risk rating).

3. Cost-effective techniques for monitoring and
assessing soil disturbance

3.1. Current status, and what is needed

Numerous methods exist for assessing or sampling
soil disturbance in both operational and research
settings. Methods differ with respect to sampling
objectives, soil variables considered, and assessment
protocols. Inconsistent application of soil disturbance
measurement techniques across a variety of land
ownerships has led, in some cases, to unreliable and
incomparable results. More effective and efficient
(of cost and utility of data) soil disturbance monitoring
and assessment programs could be achieved through
use of common soil disturbance classes and consistent
use of statistically reliable sampling protocols.

Monitoring can be as simple as determining if
specified soil conservation or best management
practices have been implemented as planned or if
contractual/legal requirements relating to soil distur-
bance have been met. This is often referred to as
compliance or implementation monitoring (e.g., were
skid trails designated in advance and properly spaced?).

Soil disturbance monitoring is usually done to
evaluate effectiveness of management practices in
meeting predetermined, usually provisional soil dis-
turbance standards based on best available knowledge.
This is commonly referred to as operational or
effectiveness monitoring (e.g., was implementation of
a specified suite of BMPs effective in meeting soil
disturbance standards or soil management objectives?).

Soil disturbance standards or objectives must be
tested or validated to determine if they are appropriate
for local site conditions or if adjustments are needed.
This process is usually referred to as validation
monitoring. Validation is best accomplished in a
research environment with controlled conditions.
Contrary to the. current situation in nearly all
organizations, the research should be completed
before standards are developed and implemented.
Meaningful soil disturbance standards or objectives
should eventually be based on measured and
documented relationships between severity of dis-
turbance and subsequent tree growth, forage yield, or
hydrologic response. Studies designed to determine
these relationships are generally carried out as part of
controlled and replicated research projects.

Cost-effective approaches are needed for opera-
tional soil disturbance assessments or monitoring that
provides statistically valid and scientifically relevant
data. To be cost-effective, soil disturbance monitoring
protocols must meet several criteria. Protocols:
(1) must provide scientifically and technically sound
information, (2) must be reliable, pertinent and
obtained with minimum investments, (3) must be
clearly communicated and understood by all parties
affected, and (4) must be consistently and efficiently
implemented. Each of these criteria will be discussed
to clarify its importance.

3.1.1. Scientifically and technically sound
Monitoring or assessment protocols must be

statistically valid so that objective, reproducible

conclusions can be made about the occurrence and
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distribution of soil disturbance across the harvested
area. Sampling rules must be clearly specified and
designed to obtain representative and unbiased
samples. Monitoring must meet specified quality-
control standards and contribute to regional strategic
databases about soil responses (to support tree growth,
hydrologic function) to defined classes of disturbance.

3.1.2. Reliable, pertinent, information obtained
with minimum investments

Protocols must be operationally feasible and fit
within budgetary constraints. Disturbance monitoring
programs can be expensive, time-consuming, and cost-
prohibitive if not planned properly. Limited monitoring
dollars must be spent wisely. Soil disturbance
monitoring and assessment efforts should be stratified
so that sampling is most intensive on areas with high
risk of soil disturbance impacts due either to timing of
operations (wet soils) or to the inherent vulnerability or
risk of the soil to be negatively impacted.

3.1.3. Clearly communicated and understood by
all affected parties

Consistent communication and interpretation of
information is important when comparing protocols,
sharing operational monitoring information, and
reporting progress relative to meeting international
protocols for achieving soil sustainability. A common
approach to describing disturbance types is promoted
by the authors (Section 2); effective communication of
this information within and among agencies, compa-
nies, and the public is important. User-friendly
databases are needed.

3.1.4. Consistently and effectively implemented
Deviations from a specified protocol and difference
in observers’ bias can strongly affect monitoring
results. To secure reliable monitoring data, monitors
must receive rigorous initial and subsequent training.
Quality control is necessary to ensure reliable data.

3.2. Progress

3.2.1. Validation

Nationwide, the USDA Forest Service has estab-
lished threshold standards for detrimental soil
disturbance similar to those established for the Pacific
Northwest Region (FSM 2520.R6 Supplement No.

2500.98.1, effective August 21, 1998) and the
California Region (FSH 2509.18-95-1, effective
November 6, 1995). For example, within the opera-
tional area (defined as 100% of that portion devoted to
growing vegetation):

o FErosion (may not exceed the estimated rate of soil
formation, e.g., 2 Mg ha™! year™?).

e Ground cover (must protect at least 50% of area
immediately after an activity).

o Coarse woody debris (retain >5 large logs ha™?,
20 in. (50.8 cm) diameter x 10 ft (3.05 m) in length
and in various decay classes).

o Infiltration (avoid erosion hazard rating of 6 or 8§,
R5-FSH-2509.22, Chapter 50).

e Soil compaction (maintain total porosity within
10% predisturbed).

e Soil displacement (retain organic matter content in
‘upper 30 cm within 15% of natural).

These provisional soil-based standards set thresholds
beyond which a soil’s productive capacity may be
seriously impaired (e.g., a loss in potential produc-
tivity of at least 15%) (Fig. 1).

But the paucity of validating research means that
such standards are based largely on professional
judgment and can be challenged as being too
restrictive, not restrictive enough, or insensitive to
particular soil or site conditions. For example, soil
compaction is generally considered detrimental to tree

PRINCIPLE OF THRESHOLD STANDARDS

F\: IN SOIL QUALITY MONITORING
= 120 -
5 No change in potential produclivity
Q gt - i Threshold
& g) 8
60t <
2 4 B Threshold
= 4F shs standard
5ol -4°
20
o
a 9

CHANGE IN A SOIL MONITORING . VARIABLE

Fig. 1. Hypothetical relationship between an effective soil quality
monitoring variable and a site’s productive potential as envisioned
by the USDA Forest Service. After detrimental soil disturbance,
potential productivity declines. The change in the soil-monitoring
variable that could result in a 15% or more decline in potential
productivity is defined as the threshold standard.
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growth (Froehlich and McNabb, 1984). Yet, Gomez
et al: (2002) found on droughty sites that soil bulk
density increases of 20% or more (0-30 cm depth)
impaired tree growth on a fine-textured clayey soil,
had a benign effect on a loam, but enhanced growth on
a coarse-textured sand. '

Responding to the need to validate existing standards
and to refine the concept in Fig. 1, a national program of
Long-Term Soil Productivity research was established
in 1989 (Powers et al., 1990). LTSP applies a standard
template of soil compaction and organic matter removal
treatments to a broad range of sites where physical,
chemical, and biological indices of soil quality are
compared against tree growth. Canadian partners in the
LTSP, such as the B.C. Ministry of Forests, are also using
the LTSP protocol as part of the validafion process for
their local soil disturbance standards. Presumably, a
change in tree growth caused by treatment will corr-
espondtoachangeinasoil variable useful in monitoring.
A pilot program in California is validating established
soil quality standards (stated earlier) against measured
growth on older LTSP experiments across a range of soil
textures. Ideally, each region should have adequate field
studies to set or validate threshold values for soil
variables after individual activities, and after various
likely combinations (to assess cumulative effects).

3.2.2. Compliance or implementation monitoring

Prescriptions, guidelines, or BMPs must be properly
implemented if soil disturbance standards are to be met.

The USDA Forest Service through periodic
program reviews, ensures that soil conservation
measures called for in environmental disclosure
documents (Environmental Impact Statements and
Environmental Analysis) are included as contract
requirements. Contract administrators are responsible
for ensuring these requirements are properly imple-
mented. Because local application and interpretation
of these practices can vary, comparisons of results
between geographic areas are sometimes weak.

In British Columbia, all silvicultural prescriptions
(per the Forest Practices Code Act) and all Site Plans
(per the Forest and Range Practices Act) are legally
required to have soil disturbance objectives based on
analysis of local soil and site conditions. It is the
responsibility of the licensee to set applicable soil
disturbance standards, based on the Ministry’s
protocol for predicting soil sensitivity to degrading

processes, such as compaction. The licensee is also
responsible for ensuring their practices meet these
site-specific standards. The Ministry is responsible for
compliance monitoring.

In the USA, some forest products companies, such
as Weyerhaeuser, have developed internal require-
ments (standards) to ensure that soil disturbance does
not exceed limits that would significantly reduce
regeneration success, soil productivity potential, or
water quality (Heninger, 2003). Because Weyerhaeu-
ser Company’s soil disturbance standards are based on
a research database, validation monitoring is focused
on filling some data gaps. BMPs designed to limit
detrimental soil disturbance have been developed for
ground-based harvesting and these BMPs are periodi-
cally reviewed with harvest managers and contractors.
Various monitoring and environmental management
processes are used to ensure that forest practices meet
regulatory compliance and Company standards.

3.2.3. Operational or effectiveness monitoring

A number of public land management agencies and
some industrial forest landowners in the Pacific
Northwest have implemented soil disturbance mon-
itoring protocols to determine if current prescriptions
and BMPs meet soil disturbance standards. Although
disparity exists among the protocols used, there is a
trend towards uniformity and information sharing.

The USDA Forest Service, Pacific Northwest
Region, developed and implemented provisional soil
disturbance standards in 1977. Some criteria for
determining detrimental soil disturbance were based
on quantitative sampling and laboratory analysis
rather than visually discernable, qualitative criteria.
Acceptable limits for these properties were based on a
few available publications rather than from replicated
studies conducted on the major soils in question. To
obtain reliable estimates of soil disturbance based on
these quantitative and visual criteria, a sampling
system utilizing a series of randomly oriented line
transects was developed (Howes et al., 1983). This
sampling method yielded reliable information but was
costly to use and did not facilitate clear communica-
tion among land managers. As a result, the amount of
operational (effectiveness) monitoring declined to
almost nil. This prompted the search for monitoring
protocols based on qualitative or visual soil dis-
turbance categories. In-addition, it was recognized that
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validation of both quantitative and qualitative stan-
dards was essential.

Weyerhaeuser in the Pacific Northwest also uses
random line-transects, originating from a systematic
sample of points. The design has a predetermined
random starting point and a randomly oriented square
grid. The sample unit is a 100 ft (30.5 m) transect that
radiates from the sample point at a randomly selected
azimuth. The amount of soil disturbance by visual
classes is estimated by measuring the corresponding
distances of undisturbed and disturbed soil intersected
by the line transect. The proportion of transects with
undisturbed and disturbed soil is estimated for each
transect and then descriptive statistics of disturbance
types are calculated from the combined samples.
Sample size (number of transects) is based on expected
variability in soil disturbance and designed to be large
enough to achieve a specified margin of error and
confidence. The point/line-intercept sampling method
is preferred because it tends to be independent of harvest
patterns (low risk of bias from sample being coincident
with systematic patterns of soil disturbance), and it
gives a suitable approximation of population variance.

n British Columbia, operational (compliance) and
effectiveness monitoring utilizes the standard soil
disturbance protocol (Soil Conservation Surveys
Guidebook;, B.C. Ministries of Forests, 2001), which
was originally based on a modification of Howes et al.
(1983). For in-block disturbance on smaller, and soon
all, cutblocks, this system now uses point-intercept
sampling along parallel transects, encorporating
binomial distribution analysis of confidence limits.
For permanent access structures (roads, landings), the
system utilizes length and width measurements;
currently, use of satellite imagery or air photos for
estimating road -area is being assessed. Moreover,
during recent effectiveness evaluations (piloted in 2003
by B.C. Forest Practices Board, and in 2004 at the
operational level), a series of questions were asked of
the auditors, such as, “does the level of permanent
-access appear to be the least required to access the
timber?”” Further effectiveness evaluation will be und-
ertaken by the Ministry under its stewardship mandate.

3.3. Recommendations

We suggest that forest soil scientists develop close
working relationships regionally to address the

following opportunities: (1) documenting existing
databases and determining what is needed to assess
impacts of typical disturbance patterns on tree growth
or other important ecological functions; (2) develop-
ing easy-to-use soil disturbance classifications and
monitoring methods to assess levels of detrimental
disturbance.

3.3.1. Validation/strategic database

More research is needed to develop cause-and-effect
relationships between disturbance and (1) soil produc-
tive capacity, (2) soil resilience (recovery rates), and
(3) hydrologic response (erosion, runoff, infiltration,
and water-holding capacity) for a wide variety of soils.

Results of such studies must contribute to strategic
databases that document types and severity of soil
disturbance that affect site productivity and hydro-
logic response. This information must be accessible to
all concerned with soil disturbance effects to enable
evolution of standards and practices.

3.3.2. Operational or effectiveness monitoring

A critical review of methods for monitoring or
assessing soil disturbance is needed. Advantages and
disadvantages of various methods should be identified
and several alternatives developed to fit specified
objectives, sampling accuracy, and risk tolerance. The
desired outcome is a consensus on a visual classifica-
tion system and several optional methods for mon-
itoring disturbance, but without identifying a single
best method. A reliable soil disturbance assessment or
monitoring protocol should address sampling con-
siderations detailed in Curran et al. (in press). These
include selecting a representative sample of the
activity area, and securing reliable and meaningful
data with the least investment.

Note that in an ideal world, an extensive strategic
database that documents cause and effects of soil
disturbance should exist before setting standards that
define detrimental disturbance. Although implement-
ing standards that are not validated is undesirable,
many in both government and industry recognize that
public and market pressures force us to implement
policies and practices based on best available
information albeit weak in some areas. We urge a
general recognition that validation is lagging and that
information is needed to minimize the consequences
of either unnecessary or inadequate restrictions.
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4. Reliable methods to rate soils for risk of
detrimental soil disturbance

Forest soils differ in their physical properties and
topographic-climatic  settings. These differences
strongly determine the reaction of individual soil series
or phases to heavy equipment used to harvest trees and
to prepare sites for regeneration. Risk, in a classical
engineering sense, is a function of the inherent hazard
-and the consequence of that occurrence. For example,
the hazard may be a soil’s inherent erodibility while the
consequence is the on-site effects on productivity and
the off-site effects on sedimentation. Pedological
principles about soil development and occurrence on
the landscape can provide a framework for organizing
and communicating knowledge about soil hazard or
risk. The knowledge being extrapolated and applied
comes from several sources: application of first
principles, monitoring, empirical relationships, prac-
tical experience, and other anecdotal observations.
Such knowledge can be used to create soil risk ratings.

4.1. Current status, and what is needed

As used in northwest USA, risk ratings are
predictions of a soil’s resistance to a degrading process
(e.g., compaction, rutting, and displacement) resulting
from a specific activity under particular conditions.
Rating soils for their anticipated changes in properties
(e.g., soil density and structure) and subsequent
processes (e.g., water infiltration, air exchange, and
water storage) can provide a useful means (interpreta-
tion) for avoiding, reducing, or mitigating potential
negative effects of heavy equipment on soil properties
and subsequent functions. By knowing the relative risk
for individual soil (mapping) units, one can appro-
priately prescribe mitigative measures for those soils
that are at most risk. Rating soil resistance to traffic
however, is an intermediate step towards our ultimate
goal of predicting practical consequences of changed
soil properties for vegetative growth, soil loss, and
subsequent off-site sedimentation. ¥

Rating soils for their relative resistance to soil
disturbances (initial response) and resilience (subse-
quent recovery) is an example of “‘risk analysis in
adaptive management.” In this risk analysis, one: (1)
lists possible outcomes, (2) estimates their likelihood
under one or more alternative future scenarios, and (3)

calculates their individual utilities by weighting
outcome likelihood by outcome values (Marcot,
1987). This procedure of weighting by outcome value
helps managers (decision-makers) determine the ove-
rall risk of a management action. In our case, the
outcome value is maintaining or improving soil
productive capacity.

* Applying risk analysis to forest soils thus requires
knowledge to respond to several decisions: (1) What
are the possible outcomes of operating heavy
equipment on forest soils (e.g., is the soil compacted,
puddled, displaced)? (2) Under what conditions are
these outcomes likely to occur? For example, we
suspect these effects are more likely when soils are wet
or moist when textures are clayey not sandy soils, and
when ground-based equipment rather than cable
systems are used for logging. (3) What are the
practical consequences of the resulting disturbance for
soil productive capacity as indicated by tree growth?

The prevailing opinion is that severe or extensive
soil disturbance is likely to reduce tree growth and
increase erosion and off-site movement of sediments.
Research, however, indicates that overall risk of using
heavy equipment to soil productivity can range from
negative to positive.

Our current knowledge is insufficient to rate
directly overall risk (e.g., to sustainable forestry) of
using heavy equipment at specified sites. We can
instead respond to decision 2 (likelihood of outcome
under future scenarios), by rating soils for their
relative resistance to change when mechanically
impacted at worst-case conditions: soil moisture
conditions are unfavorable (wet, moist, and non-
frozen) and practices are not mitigated by appropriate
equipment and operator techniques. Such risk ratings
alert planners to prescribe extra care and mitigative
measures for the most sensitive soils to reduce
likelihood of extensive soil damage. Equally impor-
tant, risk ratings alert planners to reduce mitigative
efforts and costs on least sensitive soils. Although we
believe that our current knowledge of the practical
consequences of soil disturbance for tree growth is
limited and variable, we suspect that our knowledge of
on-site hydrologic effects is even more uncertain.

In the USA, soil risk ratings (interpretations) are
normally based on descriptive information for each
mapping unit identified in detailed soil surveys. By
various means, soil mapping units are rated for their



M.P. Curran et al./Forest Ecology and Management 220 (2005) 17-30 27

susceptibility to a degrading process. Wherever risk
ratings are based on soil maps, actual on-site soil
conditions must be verified. In the absence of detailed
soil mapping and classification, interpretations can be
made for specific sites based on their observed
characteristics.” The best source of data for soil
interpretations is the National Soils Information System
(NASIS), which is the official database of the National
Cooperative Soil Survey. These data result from surveys
of forest and agricultural land in individual counties or
project areas. The Natural Resources Conservation
Service (NRCS) uses these data to provide various
interpretations for individual soils in these survey areas.
Similarly, the Canadian Soil Information System
(CanSIS) provides a compilation of data from
individual soil surveys in that country.

Weyerhaeuser Company rates the relative suscept-
ibility of soil mapping units to severe disturbance
based largely on soil physical properties (Heninger
et al., 1999; Scott et al., 1998). Soils are ranked on the
basis of the ease with which severe soil disturbance
can occur from ground-based machine operation.
Soils are assigned to one of five risk classes (Table 1).
Risk ratings for some soils mapped in one tree farm are
displayed in Table 2. Ratings or interpretations
as produced in the USA by the USDA and by
Weyerhaeuser Company in western Washington and
Oregon are based on modal characteristics of ind-

Table 1

ividual soil series and on associated site factors. When
soil series vary substantially in properties that
influence the resulting soil disturbance, it is imperative
that the actual soil conditions be verified on the ground
before operations commence.

In the absence of detailed soil surveys, on-site
assessments are necessary on all sites at the planning
stage. Representative data from project areas are
evaluated with decision-logic tables or binomial keys.
For example, to guide forest practices in British
Columbia (Forest Practices Codes 1995), five soil
disturbance hazards were defined and interpretive
guides prepared for field assessments (B.C. Ministries
of Forests and B.C. Environment, 1995).

With or without soil survey maps, soil risk ratings
can integrate current knowledge for forest planning
and operations. For example, harvest setting maps can
include the soil operability rating of major soils within
the setting. In British Columbia, these site plans might
show an integrated soil sensitivity rating based on one
or more hazards. Such maps alert harvesters about: the
amount of care needed to avoid excessive soil
disturbance, when to schedule operations, and what
portions of the setting are most or least operable in wet
weather. Mitigative measures for harvesting were
discussed for conditions in western Washington and
Oregon (Heninger et al., 1997) and for interior British
Columbia (Curran, 1999).

The general logic currently used by Weyerhaeuser Co. to classify soils in western Washington and Oregon

Soil property Soil operability risk class

Low Moderate High Very high Saturation

Topsoil depth Very deep Deep Moderate Shallow Shallow
Moisture movement Rapid Moderate Slow Very slow Very slow
Texture Sandy Loamy Clayey Clayey Clayey
Depth to water table Very deep Deep Moderate Shallow Very shallow
Table 2
Risk ratings for five mapped soils in a Weyerhaeuser tree farm in Oregon
Soil series  Topsoil Topsoil texture Topsoil Subsoil texture Subsoil Water table  Risk

depth (cm) permeability permeability depth (m) rating
Bellpine 15 Silty clay loam Moderate Silty clay Slow 1.8 Very high
Blachly 64 Clay loam Moderate Silty clay Moderate 1.8 High
Digger 28 Very gravelly loam Fast Very gravelly loam Fast 1.8 Low
Hazelair 28 Silty clay loam Moderate Silty clay Moderate 0.4 Saturated
Kinney 36 Gravelly loam Moderate Clay loam Moderate 1.8 Moderate
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Current methods for rating soils could be improved.
For example: '

1. Use existing quantitative data from past soil
disturbance monitoring to validate or calibrate
existing rating systems. ‘

2. Validate current predictions of risk to soil proper-
ties or processes by conducting post-activity
monitoring; was, for example, a high-risk rating
substantiated? -

3. Validate predictions of impacts on tree or vegetative
performance or erosion that are implied in risk
ratings. For example, where and what *“detrimental”
soil disturbance is really detrimental to tree growth?

4. Expedite feed-back and continuous improvement
of risk ratings, prescriptions, and operational
practices (BMPs).

5. Compare and align regional approaches for rating
and protecting soil.

4.2. Progress

e The NRCS currently has an active committee to
evaluate which forestry interpretations are useful
and how these can be improved.

o Several organizations are improving existing rating
systems that are either applied to specified mapping
units or used for on-site field evaluations of soil
resistance or resilience to equipment traffic.
Revisions include:

1. Using principles of soil science and qualitative
observations (expert opinion).

2. Utilizing quantitative data from past monitoring
of soil disturbance to calibrate decision rules
(B.C. Ministry of Forests, USFS Pacific North-
west Region and Weyerhaeuser Co.). After a
predictive model is developed, a computer
program will assign risk classes to soil series
or phases based on an algorithm that uses their
modal characteristics and site factors.

3. Validating predicted risk to soil properties by
monitoring after ground-based operations (B.C.
Ministry of Forests, Weyerhaeuser Co. in the
western Washington and Oregon).

4. Validating implied predictions about tree per-
formance by measuring tree survival and growth
over a range of soil disturbances (B.C. Ministry
of Forests, Weyerhaeuser Co.).

4.3. Recommendations

o Forestland and individual cutblock areas should be
stratified to designate portions requiring either
unique or similar prescriptions and mitigative
measures. Portions judged to have low risk for
specified activities justify more flexible prescrip-
tions and less expenditures for mitigative measures.
Conversely, high-risk soils require more attention,
mitigation, and research.

e Risk ratings and reliable supportive data should be
continuously documented and displayed on maps
and GIS layers to integrate data, experience, and
knowledge. Interactive databases or models may
help planners to assess the suitability of harvest
strategies. Interpretive soil maps and guidelines are”
useful tools for field personnel who may be less
experienced or knowledgeable about soils. We
encourage detailed soil mapping (1:24,000 scale or
larger) and representative descriptive data for each
mapping unit. On-site inspections are still needed to
confirm accuracy of the mapping and the actual on-
site characteristics. In the absence of detailed soil
mapping, each area proposed for harvest requires
reliable soil assessment as part of planning and
prescription (e.g., methods described in Curran
et al., 2000).

e The accuracy of current risk ratings should be
validated by measuring the effects of operational
practices on soil characteristics and, more impor-
tantly, on tree growth and erosion that increases in
stream sediments. Results of this validation monitor-
ing may warrant changes in rating systems, standards
and guidelines, and monitoring procedures.

5. Summary/conclusions

A more uniform and coordinated approach to soil
disturbance is needed. This approach will clarify and
support development and reporting of indicators of
sustainable forestry, such as those outlined in the
Montreal Process. In this paper, we discussed recent
regional progress in northwestern North America, on
three topics that facilitate reporting under various
sustainability protocols: (1) common terms and
comparable guidelines for soil disturbance, (2) cost-
effective techniques for monitoring and assessing soil
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Fig. 2. Process components required to achieve sustainable site productivity.

disturbance, and (3) improved methods to rate soils for
risk of detrimental soil disturbance.

To accelerate progress at the regional scale, we
require synthesis of regional data about soil dis-
turbance, tree growth, and hydrologic response.
Assembling information in a workable database will
facilitate tracking and relating ecosystem response to
practical indices of sustainability. Also at the national
and international levels, we need to pursue correlation
and commonality in disturbance terms and practical
standards. Common disturbance types are most
desirable, but we must recognize the need to vary
when disturbance types are “counted” and how they
are surveyed on all sites of varying sensitivity. At all
scales, we need to develop a reliable and adaptive
process (continuous improvement) for monitoring and
managing soil disturbance and ‘its effects on-site
productivity. Components and some timelines for this
process were discussed by Curran et al. (in revision).

We think the process and its components are
critical for achieving the desired outcomes (Fig. 2).
Although we report progress on several of those
components, we believe that quantifying and doc-
umenting the consequences of soil disturbance for
forest growth in regional databases is paramount.
Regional databases should document consequences
and the activity—soil-site conditions where these
consequences were measured. With such databases,
we can better understand and predict the practical
consequences of management practices and soil
disturbance. Moreover, we can more efficiently
contribute to continuous improvement of BMPs,
training, and guidelines. Although the Montreal

Process seeks to ensure sustainable forestry, the
MP specifies the *“‘desired outcome” without specify-
ing the process and components required to attain that
outcome. We strongly recommend soil scientists help
develop the process and critically review results
reported to the Montreal Process by Technical
Advisory Committees and the USFS Forest Inventory
and Assessment Group.
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