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EVALUATION OF METHODS USED TO ASSESS CHANGES IN FOREST SOIL QUALITY

Abstract

It is important for forest managers to be able to predict the effects that management activities are having on the soil resource.  The USDA Forest Service (FS) has worked to address this issue through the development of FS Soil Quality Standards (SQS).  These standards have been in place now for over two decades.  Standards are based on current research and professional judgment and are intended to be continually reevaluated and updated as additional information becomes available.  In 2002 the USDA Forest Service (FS) initiated this study to continue the updating of current FS SQS.  This study consists of three papers.  The first paper uses current literature to review the concept of forest soil quality and its use in forest planning.  It also reviews the approach used by the FS when making assessments of changes in soil quality that can result from forest management.   The second paper investigates physical soil-based indicators that are currently used by the FS to evaluate soil compaction.  Soil indicators tested include measures of soil bulk density, soil porosity, and soil strength.  The third paper focuses on changes in the soil nutrient status that may result from forest management activities.   In this paper biological and chemical analysis methods are evaluated for their usefulness for assessing changes in available soil nitrogen (N) that may result from removal of above ground organic matter and/or top soil.  Analyses include a 14-day anaerobic incubation and 4-hour hot KCl method.  Four FS Long-Term Soil Productivity (LTSP) study locations in the Sierra Nevada range of California, representing a range in soil textures, were chosen for testing the physical, biological, and chemical soil indicators.  These study locations provide soil treatments that were consistently applied across different soil types.  In addition each of the study locations has been in place a minimum of ten years thus providing ten year vegetative growth data for determining growth responses in treatments where soil-based indicators were measured.   Additional details of study results are included in the abstracts for each of the individual papers.

Paper #1
APPLYING THE CONCEPT OF SOIL QUALITY TO FOREST PLANNING AND SOIL DISTURBANCE MONITORING
Abstract

This paper reviews the concept of forest soil quality, its use in forest planning, and the approach used by the USDA Forest Service (FS) to make assessments of changes in soil quality that can result from forest management.  Soil quality can be defined simply as “the ability of the soil to function.”  Soil quality includes both the inherent attributes of the soil which determine the soils suitability for performing desired soil functions, and the condition of the soil as a result of management.  Good forest management requires knowledge of both the inherent and dynamic soil quality.  The FS is directed by law to manage public lands without degrading their long term productivity.  To meet this obligation the FS began establishing Soil Quality Standards (SQS) over two decades ago.  FS SQS are tailored to each administrative region and intended to be updated periodically as new information becomes available.  A recent improvement to dynamic soil quality assessment, made by the FS, was the application of visual soil disturbance categories.  These defined soil disturbance categories provide a means of recognizing only those disturbances having an extent and distribution that would be considered to have a significant effect on soil function.  However, for soil disturbance categories to be meaningful a determination must also be made as to whether or not these disturbances represent a true change in important response variables like site productivity.  To make that determination, soil-based indicators are used to determine the degree of soil disturbance and whether or not a change in a soil indicator exceeds a critical threshold.  Opportunities for making improvements to operational soil monitoring protocols are also identified and discussed in this review.  Discussions include standardization of analysis methods, refinement of soil-based indicator thresholds based on soil type, and evaluation of soil-based indicators resulting from the interactions of more than one indicator.
Introduction

In a review of soil quality concepts, Warkentin, (1995) pointed out that soil quality concerns are not new but our approach to assessing soil quality does change over time because our understanding of soils continually increases.  This report reviews current literature and provides a brief overview of the soil quality concept. The application of inherent and dynamic soil quality to both forest planning and soil disturbance monitoring are discussed.  The approach to soil disturbance monitoring that is currently used by the USDA Forest Service (FS) is also reviewed in detail along with opportunities for updating and improving future soil monitoring protocols.

Soil Quality Defined

Attempts to better define soil quality have resulted in a number of suggested definitions of soil quality.  Larson and Pierce, (1991) defined soil quality as “the capacity of a specific kind of soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, and support human health and habitation,” emphasizing that a definition of soil quality must be expanded beyond soil productivity to one that includes soil quality for a variety of uses.

Building on the concept of the ability of the soil to function, Doran and Parker (1994), identified three major issues of concern with respect to soil function.  These include productivity, environmental quality, and animal health; and offered the following definition for soil quality “the capacity of a soil to function within ecosystem boundaries to sustain biological productivity, maintain environmental quality, and promote plant and animal health.”

In 1997 the Soil Science Society of America (SSSA) Ad-Hoc Committee on Soil Quality (S-581) proposed the following definition for soil quality “the capacity of a specific kind of soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, and support human health and habitation” (Karlen et al., 1997).  Each of the three definitions of soil quality have a common theme, in that they all define soil quality in terms of the ability of the soil to function in a desirable manner.

Applying the Soil Quality Concept to Forestry

Soil quality can be viewed both as (i) the inherent attributes of the soil which determine a soils suitability for performing desired soil functions and (ii) the condition of the soil as a result of dynamic interactions with applied inputs (Larson and Pierce, 1991; Seybold, 1996; Karlen et al., 1997).  Proper management of the soil resource requires knowledge and consideration of both inherent and dynamic soil quality.

Inherent Soil Quality and Resource Planning

Inherent physical, chemical, and biological soil properties affect the soil’s ability to function as a medium for plant growth, to regulate and partition water flow, and to serve as an effective environmental filter (Larson and Pierce, 1991).  Soil taxonomy organizes soils into like groupings and forms the basis for determining a soil’s potential based on a soil’s inherent quality (Soil Survey Staff, 1975).  Inherent soil attributes also provide a reference for determining an appropriate use for a given soil and ultimately the potential land management of an area.  

Inherent soil attributes are mapped and published in various types of soil inventory reports and at various scales for different landscapes.  These documents also provide interpretations for different soil types which rate the suitability of a soil for performing a given function (Soil Survey Staff, 1993).  The suitability of a soil for an identified purpose is determined by both the soil’s inherent quality and the soil functions managers would like the soil to perform (Seybold, 1996; Grossman et al., 2001).  For example, a soil management goal for a forested area may be maximizing the potential wood production.  In this case, areas which have deep soils having high productive potentials may be identified as having a higher inherent soil quality than areas with shallow soils.  If on the other hand, the management goal is to manage a forest area for increased vegetation diversity; both the deep and shallow soil may be identified as having equal inherent soil quality in that both contribute to the vegetation diversity of the site. 

In addition to the soil taxonomic classification system, a number of interpretive or technical classification systems have also been developed for determining a soils inherent quality for a specific purpose (Singer and Munns, 2002).  An interpretive classification system commonly used in forestry to determine site productivity is the site index classification system.  Site index reflects soil properties such as soil depth, rock content and fertility.  The site index also reflects other site factors that can influence site productivity such as tree species, climate, aspect and elevation.  Stratification of a managed landscape by taxonomic and interpretive classification systems should be one of the first steps in landscape planning.

Recent efforts have also focused on evaluating different inherent soil quality attributes to develop reliable methods for rating the risk of impacts to the soil resource (Curran et al. 2005).  This system uses inherent soil attributes to rate the risk of serious soil impacts that may occur as a result of forest management activities.  Based on a soil’s rating, mitigation measures can then be prescribed to limit identified potential soil impacts.

Soil Disturbance and Changes in Dynamic Soil Quality

The condition of the soil that may result from applied inputs describes the dynamic soil quality.  When any or a combination of the soils inherent soil properties are altered to a point where a soil can no longer function at its maximum potential for a defined purpose, the dynamic soil quality is said to be reduced or impaired (Larson and Pierce, 1991).  Management activities occurring on forest and rangelands can result in various forms of soil disturbance.  Most of the time soil disturbances that are recognized are considered to have an effect on site productivity or the hydrologic function of the soil.  Therefore, in a practical sense, assessments of dynamic soil quality can be used both as a management tool and as a measure of forest sustainability (Doran and Parker, 1994).

Effects of soil disturbance on site productivity or hydrologic function of watersheds is dependent on its degree, extent, distribution, and duration (Froehlich, 1976; Snider and Miller, 1985; Clayton et al., 1987; Seybold et al., 1999).  Degree refers to the amount of change in a particular soil property such as soil porosity, bulk density, or strength and the depth to which that change occurs.  Extent refers to the amount of land surface occupied by that change expressed as a percentage of a specified area.  Distribution of soil disturbance within a management area may likely be more important than the actual estimated extent.  The distribution of a soil disturbance can occur as small evenly disturbed polygons, or in large polygons in one or a few locations and this can have very different effects on the soil’s ability to function.  Duration is the length of time disturbance effects persist.

Degree and duration of effects are largely determined by inherent soil properties that influence resistance to, and ability to recover from, disturbance (Seybold et al., 1999).  Extent, distribution, and in some instances, degree of disturbance can be mitigated by imposing management constraints such as limiting season of operation, spacing of skid roads and trails, and number of equipment passes (Froehlich, 1976).  In some cases soil restoration activities are performed to shorten the duration of soil impacts. An example of a soil restoration activity would include subsoiling of compacted soils to accelerate their recovery (Powers et al., 1999). 

Evaluating Soil Disturbances
Various legislative and voluntary processes for evaluating changes in soil quality related to forest practices are being implemented by governments and private industry.  These include the Montreal Process, an international protocol which in part identifies criteria and indicators to be used in making soil quality assessments.  In the U.S., Weyerhaeuser Company has developed their own soil disturbance classification system which is used to monitor activities and improve operations (Scott, 1979).  In Canada, B.C. Ministry of Forests has also developed a system for classifying different soil disturbance classes following disturbance (B.C. Ministries of Forests and B.C. Environment, 1995).  The FS has worked to evaluate changes in soil quality that may be occurring following ground disturbing activities through their development of Soil Quality Standards (SQS) (USFS, 1991).

The FS is directed by law to manage public lands without degrading their long term productivity.  Specific legislation passed by Congress to assure maintenance of long term productivity of FS lands includes the Multiple Use and Sustained Yield Act of 1960, the National Environmental Policy Act of 1969, the Forest and Rangeland Renewable Resources Planning Act of 1974, and the National Forest Management Act of 1976 (Gippert, 1990).  
FS policy for meeting these requirements is found in their Forest Service Handbook FSH 2509.18-91-1 (USFS, 1991).  This directive specifies soil-based indicators along with threshold values for determining when serious or “detrimental” soil disturbance occurs and also sets area limits for detrimental soil disturbance on an activity area basis.  This direction has been revised a number of times and is referred to as FS Regional SQS (Powers et al., 1998).

USDA Forest Service Soil Quality Standards
FS Regional SQS emphasize both observable and measurable soil characteristics that field personnel can use to monitor effectiveness of activities in meeting soil management objectives (USDA, 1991).  Soil disturbances that are commonly recognized by the FS include soil compaction, soil displacement and in some cases soil puddling, all resulting from equipment operations.  Other soil disturbances include removal of above ground organic matter, accelerated soil erosion, and high soil burn intensities that result in soil charring and in some cases signs of oxidation of the surface soil.  

Forest Service SQS identify soil-based indicators that can be used to evaluate these disturbances.  After measuring a soil-based indicator, comparisons of measurements are usually made between disturbed and undisturbed areas within a larger activity area.  On National Forest System lands, soil disturbance is considered to be detrimental when a measured soil indicator is either higher or lower than a threshold that is defined in the FS SQS (Powers et al., 1998).  

In addition FS SQS also set limits for the allowable areal extent of detrimental soil disturbance that can occur, including permanent features of the transportation system such as roads and landings.  Allowable amounts of soil disturbance identified to be detrimental are typically limited in extent to no more than 15 or 20% of an activity area.  An activity area is defined as “the total area of the activity, and feasible unit for sampling and evaluating” and is referenced in the Forest Service Handbook (USFS, 1991).  In activity areas that exceed this extent limit either as a result of previous or current activities, restoration plans must be in place before new projects are implemented (USFS, 1991).

FS SQS and Operational Soil Quality Monitoring

Within the FS, operational assessments of dynamic soil quality (changes in the soil that are directly impacted by management activities) are typically made through a multi step process.  The process includes (a) establishment of soil management goals (b) identification of important soil functions that can affect the soil’s quality (c) description and quantification of soil disturbance categories within an activity area (d) identification and measurement of soil based indicators used to assess soil disturbance categories (e) interpretation of soil indicator measurements (f) and the application of results for determining restoration needs and making future management decisions.

Identifying soil management goals for ecosystems based on a single main function such as agricultural crops, timber production, or maintaining water quality seems somewhat straight forward.  However, FS lands typically have ecosystems with multiple management goals in addition to timber productivity and water quality.  For example management goals commonly also include maintaining forest biodiversity, reducing fire risk in urban interfaces, wildlife habitat objectives, and aesthetics to name just a few.  This can greatly increase the complexity of determining clear management goals for the soil resource.

Powers et al. (1998) describe forest soils as more varied and less understood than agricultural soils.  They point out that assessments of forest soil productivity can be more difficult than in an agricultural setting having gentle slopes, soils with few coarse fragments, and a tilled homogenized soil profile.  While recognizing that assessments of soil quality can be more difficult in a forest setting; they also advocate that measuring changes in site productivity may be the simplest and most direct method of reflecting changes in the dynamic soil quality as a result of soil disturbance.

Despite the difficulties of defining soil management goals it is a necessary first step in the process of forest soil quality assessments.  Understanding soil management goals allows those soil disturbances that may have an affect on important soil functions to be identified and described.  Soil disturbances which are initially described can then be quantified through a stratification process in which visually recognizable soil disturbances and those soil disturbances that can be easily detected by probing the soil are identified within an activity area.  

Soil disturbances may include past management disturbances as well as recent disturbances.  This type of monitoring can be done using a point grid system in combination with point observations along a series of randomly oriented transects.  This process relies on the use of common definitions for terms for describing disturbances (Curran et al., 2005).  It also relies on a statistically valid method for making assessments and interpreting results (Howes et al., 1983).

More recently, point observations have begun to be replaced by visual soil disturbance categories (Howes, unpublished).  Disturbance categories are developed and used to describe areas with a combination of soil disturbances that repeat across an activity area and which are likely large enough in extent and occur over a distribution that is likely to affect soil function.  Visual disturbance categories also account for the fact that various forms of disturbance are not mutually exclusive.  For example, soil compaction and soil displacement often occur together.

Different visual soil disturbance categories can be developed for different areas and the different types of equipment that may be used.  Following is an example of a set of soil disturbance categories which were defined for a timber sale harvested with a mechanical harvester and a forwarder machine that removed the logs once they were cut.

Descriptions of visual soil disturbance categories:

Category 1

· Undisturbed natural state

· No evidence of past equipment operation

· No wheel tracks or depressions

· Forest litter and duff layers intact

· No soil displacement evident

Category 2

· Trails used only by the harvester machine “ghost trails”

· Two track trails created by one pass of a cut-to-length harvester machine

· Faint wheel tracks with a slight depression <4 inches deep

· Litter and duff layers intact

· Surface soil has not been displaced and shows minimal mixing with subsoil

Category 3

· Trails used by both the harvester and forwarder machines

· Two track trails created by one or more passes of a cut-to-length harvester and one or more passes of a grapple loaded forwarder

· Wheel tracks 4 to 6 inches deep with the exception of areas where the operator was able to lay down enough slash to mitigate soil impacts

· Forest litter and duff layers are partially intact or missing

Category 4

· Skid trails created by ether a cat or rubber tire skidders during previous entries

· Old skid trails created in the early part of the 20th century when a selective harvest occurred

· Trails have high levels of soil compaction across the entire trail

· Evidence of removal of topsoil resulting in soil displacement

The process of stratifying soil disturbances across the landscape provides a rapid method for quantifying different types of soil disturbance over large acreages and is recognized by the FS as an essential step in the soil assessment process.  Describing and quantifying the amounts of different soil disturbances, however, does not in it self indicate whether or not a soil disturbance is detrimental to the soil’s ability to function in a desirable manner.  

Once soil disturbance categories are quantified they must next be evaluated to determine whether they represent an important change in the dynamic soil quality. To make that determination, soil-based indicators are used.  Soil-based indicators indicate the degree of a soil disturbance and whether or not critical thresholds identified in FS SQS have been exceeded.

The types of soil-based indicators that are used depend upon the types of disturbances described in the disturbance category.  If for example if a soil disturbance category describes areas in which soil compaction has occurred the increase in physical resistance to root penetration may be the soil function that is affected.  Based on this a physical indicator of soil strength may be used to make an evaluation.  Other disturbance categories may contain areas in which soil displacement has occurred and a chemical or biological indicator may be selected in that case to determine any changes in soil fertility that may be occurring.

The final step in the process is to apply what was learned.  Monitoring information allows managers to evaluate the effectiveness of mitigation measures prescribed to reduce soil impacts.  Monitoring may also be used to identify activity areas that will require some type of soil restoration to assure that soil quality is maintained.

Opportunities for Continued Refinement of Soil Monitoring

First established in the mid 1980’s, FS SQS have now been in use for about 20 years. Standards used by the FS are based on current knowledge obtained through applicable forest research results and professional judgment.  They are intended to be periodically updated as additional information becomes available.  Although they have served the FS well as a first step, current FS SQS are commonly criticized as focusing primarily on surface disturbances, and for being qualitative rather than quantitative assessments (Powers et al., 1998).  Some of the shortcomings commonly sited include their relationship with soil productivity is not well established, subsoil conditions are not adequately considered in assessments, and the importance of processes are not integrated very well (i.e. interactions between different soil variables are seldom considered).

Visual Soil Disturbance Categories
A recent improvement to FS assessments of dynamic soil quality has been the use of visual soil disturbance categories.  Describing and quantifying a set of soil disturbance categories has several advantages over point observations of a soil disturbance.  Soil disturbance categories provide a means of recognizing only those disturbances that have an extent and distribution that may be considered to have a significant effect on soil function.  Disturbance categories also avoid the need to separate out several different disturbances that might be occurring in the same area.  

While the use of soil disturbance categories may have some advantages over point observations, the use of soil disturbance categories can also make it more difficult to recognize old soil impacts which may have occurred years or decades earlier and are now not easily observed.  This is particularly true in the case of soil compaction.  This potential problem can be addressed by assuring that adequate time is spent investigating the below ground soil conditions both when setting up the soil disturbance categories and when quantifying their extent.

A statistically sound method for quantifying soil disturbance categories is also critical.  Sampling variance along with a defined measurement precision can be used to determine the necessary number of samples needed to obtain a reasonable estimate of the mean.  This helps to assure that areas are not being over or under sampled.

While this process provides an efficient means of quantifying disturbances it is also critical that the process is not stopped at this point and the assumption made that all soil disturbances are “detrimental” or resulting in a reduction in the soil’s ability to function in a desirable manner.

Soil-based Indicators

Quantitative measurements of soil-based indicators provide a link between visual soil disturbance categories and those soil disturbances that are considered to be detrimental to the soils ability to function.  To be meaningful soil-based indicators need to reflect measurable differences in important response variables such as site productivity and changes in the hydrologic functioning of the soil.  To do this, methods for measuring indicators need to be standardized, statistically sound procedures are needed to analyze results, and indicators need to reflect differences between different soils and the way they are functioning.  In some cases interpretations of results may also need to be based on the interaction of more than one soil-based indicator.

Currently within the FS procedures used by different individuals to make soil indicator measurements vary greatly.  This in turn leads to inconsistencies when comparing results and when applying critical soil thresholds.  Standardization of methods for making measurements would allow for consistent comparison and interpretation of results.

As discussed for soil disturbance categories, a statistically sound method for analyzing results is critical.  Sampling variance can be used to determine the number of samples that need to be collected.  An analysis of variance and mean comparisons can then be used to identify significant differences between soil indicator measurements.

It is also important that soil indicators reflect differences between different soil types.  In an evaluation of current FS SQS, (Page-Dumroese et al., 2000) applied selected FS Regional SQS over a climate and elevation gradient of soils in the Pacific Northwest.  They found that a single threshold for a soil index applied across a diversity of soil types was not adequate for assessing a soil change; thereby showing that soil thresholds used to make evaluations of changes in soil quality must be refined for different soil types and site conditions.

Gomez et al. (2002) noted the affects of soil compaction on site productivity varied with soil type and climate.  Soil compaction was found to reduce tree growth on a clay loam soil, have no effect on a loam soil, and increase growth on a sandy loam soil type.  Differences in tree growth were attributed to changes in the available soil water holding capacity resulting from soil compaction.  These studies demonstrate the importance of tailoring soil-based indicators and the identified critical threshold change to different soil types.  Only by doing this can meaningful indicators of important soil changes be determined.

Burger and Kelting, (1998) pointed out that while soil based indicators used to determine changes in dynamic soil quality seem necessary for the determination of changes in soil function; an applications framework for their use as measures of suitable forest management is lacking.  These authors describe a process that uses the concept of “sufficiency curves” as the link between the soil quality attributes or indicators and the goal of the soil quality as it applies to a soil function model.  Sufficiency is described in terms of a percentage change in the ability of the soil to function due to a soil disturbance.  A critical threshold of 80% of maximum sufficiency is given as an example.  It is suggested that sufficiency curves be based on literature, designed experiments, or personal experience.  This concept has applications in the updating of FS SQS.

An individual soil-based indicator also may not provide a complete assessment of changes in dynamic soil quality that may be occurring from forest management.  Thus in some cases there may be a need to consider making an evaluation in the context of several physical, chemical, and biological characteristics and their interaction.

In a review of the assessment of soil quality, Powers et al. (1998) point out that by its self, a single variable like soil bulk density, has limited biological relevance.  These authors suggest that rather than searching for a single indicator of soil quality we should take a boarder and more integrative approach that reflects dominant processes that are important to management.  In the case of soil compaction they suggest the use of the recording soil penetrometer as a physical soil indicator that integrates soil density, structure, and soil moisture content.  They also stress the importance of recognizing that soil indicators need to be soil and site specific.

Other research has lead to the recognition that the effects of soil compaction on soil productivity as well as other soil functions is a result of complex interactions between a number of different physical soil attributes.  This work has developed into the concept of a nonlimiting water range (Letey, 1985) and later the least limiting water range (da Silva et al., 1994; Zou et al., 2000; Siegel-Issem et al., 2005).  Letey (1985) recognized four physical conditions that relate directly to plant growth.  These included soil water, soil bulk density, pore size distribution, and the soil’s mechanical resistance to penetration which is sometimes referred to as the soil strength.  Of these four physical attributes, soil water was identified as the dominant controlling factor.  Based on this principle the concept of a non-limiting water range (NLWR) which could affect soil aeration and/or mechanical resistance was identified.  It was then demonstrated that in some soils this range could be reduced by changes in the soil that result in poor aeration and/or increases in mechanical resistance.

The concept of the NLWR was later refined by de Silva et al. (1994).  These authors pointed out that plant growth varies over a continuum with soil matric pressure, strength, and aeration rather than following a step function.  They introduced the concept of the least limiting water range (LLWR).  The LLWR identified critical limits for soil water contents associated with field capacity (-0.01 MPa), wilting point (-1.5 MPa), air-filled porosity (10%), and soil resistance (2.0 MPa).  The need for evaluating the concept of LLWR over a range of soil types and the relationship of results to crop response was also identified.  Zou et al. (2000) investigated the influence of the LLWR on a range of contrasting soil textures and three compaction levels.  They found that soil compaction narrowed the LLWR in most cases; however, in the coarse sandy soil a moderate amount of compaction increased the LLWR.  Additional soil compaction beyond that point resulted in a decrease in the LLWR in the coarse textured soil. 

The affect of soil compaction on different forest soils and tree physiological process was also investigated by Siegel- Issem et al., (2005).  A 7 by 7 factorial greenhouse experiment representing different levels of soil bulk density and volumetric water contents were created to investigate the effects of the LLWR on ponderosa pine (Pinus ponderosa), shortleaf pine (Pinus taeda), and loblolly pine (Pinus echinata) seedlings.  These researchers found the LLWR has potential for predicting seedling response to soil compaction.  They suggest field testing and further calibration with soil type and tree species as a next step.

Continued validation of vegetative responses to soil disturbances is also critical to the continued updating of FS SQS.  Validation of soil research provides the basis for having meaningful soil disturbance thresholds.  Studies like the FS Long Term Soil Productivity (LTSP) studies (Powers and Avers 1995) provide the link between what we recognize as “soil quality” and vegetative growth.  Therefore, soil-based indicators need to be continually interpreted and updated based of results from validation studies like these.

Conclusions

Soil quality is generally defined as the ability of the soil to function.  A soil’s inherent qualities provide a reference for determining an appropriate use for a given soil type and also may be used to rate the risk of serious soil impacts that may result from forest management activities.  The soil’s dynamic qualities describe the condition of the soil that results from management activities.  To avoid confusion, it is important to understand this difference and distinguish whether one is referring to the soil’s inherent or dynamic soil quality.

Operational soil monitoring procedures used by the FS to make an assessment of changes in the dynamic soil quality resulting from applied inputs includes a multi step process.  Stratifying and quantifying soil disturbance categories over large acreages is recognized by the FS as an essential step in this process.  It is important, however, that the process is not stopped at this point and not to assume that all soil disturbances degrade soil quality.

Interpretation of soil disturbance categories that identify important changes in soil quality requires the measurement of soil-based indicators.  Measurements are then interpreted by making comparisons to determine whether the disturbance exceeds critical thresholds which identify when a disturbance represents an important change.  It is important that procedures for measuring soil are standardized and that statistical methods are used to analyze results.  Because different soils function differently, it is also important that soil indicators and critical thresholds be tailored to different soil types and different soil functions.  In some cases indicators may need to be evaluated in the context of the interaction between several indicators.

To be meaningful, operational soil monitoring results also need to reflect important response variables such as site productivity.  Therefore, continued validation of soil disturbance responses through ongoing validation research is a critical part of the process.
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Paper #2
PHYSICAL SOIL-BASED INDICATORS USED BY THE USDA FOREST SERVICE TO ASSESS SOIL COMPACTION

Abstract

One of the more commonly cited soil disturbances resulting from forest management is soil compaction.  This study investigates those physical soil-based indicators that are currently used by the USDA Forest Service (FS) to evaluate soil compaction.  Physical soil-based indicators include soil bulk density, soil porosity, and soil strength.  Methods for making measurements were tested for repeatability, different methods for making measurements compared, and opportunities for the further refinement of these measures investigated.  Four FS Long-Term Soil Productivity (LTSP) study locations representing a range in soil textures were chosen to test the soil-based indicators.  Ten years after the compaction treatments were applied; it was possible to differentiate the initial treatments using all three of the soil-based indicators tested.   In most cases soil indicator measurements exceeded FS Soil Quality Standard (SQS) critical thresholds, thus indicating a detrimental soil disturbance.  However, measurements of vegetative response made at the four study locations showed an increase in site productivity as a result of soil compaction.  Thus after ten years, the current FS SQS did not appear to be valid for the soils at these LTSP locations.  Techniques for measuring soil-based indicators which have not traditionally been used by the FS were also investigated in this study.  A water desorption method used to measure changes in volumes of soil pores of different size groups proved to be an efficient tool for determining changes due to compaction.  Results show soil compaction has little effect on the total porosity of the soil but does result in a decrease in soil macro pores and an increase in soil meso pore sizes.  This information in turn was useful for making inferences about changes in available soil water thus supporting the observed increase in productivity in compacted treatments.

Introduction

Soil disturbance resulting from forest management activities is of concern to both land managers and the public.  On National Forest System lands many current projects are being administratively appealed or litigated based on the assumption they will result in soil degradation.  Some claim that when implementing ground disturbing activities, the USDA Forest Service (FS) commonly exceeds its own standards intended to maintain soil quality.  There is therefore an increasing need for objective and accurate measures of the change in soil quality that may be occurring as a result of forest management activities.

Soil quality-defined as the capacity of a specific kind of soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, and support human health and habitation (Karlen et al., 1997)-is fundamental to sustainable forestry.  The National Forest Management Act of 1976 requires the FS to protect and maintain soil quality.  In response, the FS has developed Soil Quality Standards (SQS) tailored to each administrative region (USFS, 1991).  Regional SQS contain soil-based indicators and critical thresholds intended to show where the capacity of an ecosystem may be degraded.  

One of the more commonly cited physical soil disturbances resulting from forest vegetation management is soil compaction.  When soils become compacted there is an alteration of basic soil properties such as soil density, total pore volume, pore size distribution, macro pore continuity and soil strength (Greacen and Sands, 1980).  Soils vary in their susceptibility to soil compaction (Seybold et al., 1999).  Once a soil becomes compacted the condition can persist for decades (Froehlich et al., 1985).  This in turn can affect the ability of the soil to function.

Forest soils have been shown to be highly susceptible to soil compaction as a result of equipment operations.  An average of six field studies which included both wet and dry forests showed that 62% of soil compaction, in the top 10 cm of the soil, occurred after the first pass of load bearing logging equipment (Williamson and Neilsen, 2000).  In this study susceptibility of forest soils to compaction was shown to be closely related to the original soil bulk density, forest type, and soil parent material.  Percentage increases in soil BD were found to be greater in soils with inherently lower soil BD.  Increases in soil BD was found to be greater under wet forest on high rainfall sites compared to dry forest types.  Soil coarse fragments were also determined to resist compaction while finer grained soils tended to be more susceptible to BD increases.  
In areas of tractor logging soil compaction can occur over a large percentage of the area.  Following a tractor logging and slash piling operation in Eastern Oregon, detrimental soil compaction was measured over 66% and 60% of the activity area when defined as a 15% or 20% increase in BD, respectively (Davis, 1992).  Froehlich (1976), found that a single harvest entry into a Douglas-fir stand using conventional ground based logging, resulted in skid trails over 18 to 36 percent of the soil surface.  Subsequent entries resulted in an even higher percentage of area in skid trails.  In volcanic ash soils in the Pacific Northwest Geist et al. (1989) monitored 11 forest harvest units over three National Forests and determined that areal extent of detrimental soil compaction ranged from 28 to 19 percent when defined as either a 15 or 20 percent increase in soil bulk density, respectively.

A number of researchers have measured reductions in forest site productivity that was attributed to soil compaction (Cochran and Brock 1985; Helms and Hipkin 1986; Froehlich et al. 1986).  In central Oregon, Cochran and Brock (1985) measured a reduction in ponderosa pine (Pinus ponderosa) seedling growth in compacted areas of a planted clearcut.  In northern California, Helms and Hipkin (1986) found that a 24% increase in soil bulk density on skid trails produced a 17% reduction in height growth and a 31% decrease in stem volume of 16 year old ponderosa pine.  While Helms and Hipkin (1986) found soil bulk density was weakly correlated with tree performance, the strongest correlation was with mineralizable nitrogen, indicating both compaction and topsoil removal occurred together on these sites.  This illustrates some of the difficulties that can be encountered when using retrospective studies to isolate the original causal factors and determine the effects of soil compaction on site productivity.  

In south central Washington State, Froehlich et al. (1986) measured differences in the growth in height, diameter and volume of 9 to 18 year old ponderosa pine and 10 to 13 year old lodgepole pine (Pinus contorta).  In the ponderosa pine site significant correlation was found between soil compaction and both basal diameter and total stem volume but no correlation was found with height growth.  They suspected that radial growth may have been affected more by soil compaction than was height growth, because height growth has a higher priority for carbohydrates under plant stress conditions.  In the lodgepole pine site no relation between soil bulk density and tree growth was found.  It was speculated that the higher precipitation site which was sampled may be reducing moisture stress and that a drier site may cause a different response to soil compaction.  

Affects of soil compaction can vary depending on the soil type and climate of the area.  Gomez et al. (2002) looked at a range of forest soil types in California and found soil compaction to be detrimental, insignificant or beneficial depending on soil texture and soil water regime.  In Washington State, Miller et al. (1996) noted there was little difference in growth between Douglas-fir seedlings growing in compacted and non-compacted areas.  Yet, on a drier site in Oregon with a soil with higher clay content, a reduction in Douglas-fir seedling growth was noted in compacted areas (Heninger et al., 2002).  These results demonstrate that effects of soil compaction can vary depending on the soil type and climate of the area.

Soil compaction has also been found to persist for long periods.  Froehlich et al. (1985) looked at recovery rates of skid trails on a granitic and a volcanic ash soil in west central Idaho that was logged 1 to 23 years prior to measurement.  Results indicated that only the top few inches of the granitic soil had recovered in the 23 year period, and there was no recovery from compaction in the volcanic ash soil. In the Coast Range of Oregon, Wert and Thomas (1981) observed skid trails were still compacted 32 years after harvesting.  Dumroese (2006) amd Powers et al. (2005) found only a slight recover from soil compaction in Long Term Soil Productivity study areas five and ten years respectively following soil compaction treatments.

Using the soil quality concept, soil impacts like soil compaction are evaluated on the basis of soil function (what the soil does).  An assessment of changes in soil quality due to disturbances such as soil compaction therefore requires an evaluation of soil process that affect soil functions.  Because individual soil processes can be difficult to measure directly, indicators of changes in soil processes are used to determine a change in soil quality.  

Three physical soil-based indicators that are used to varying extent by the FS and others to assess soil compaction include changes in soil bulk density, soil porosity, and soil strength (Powers et al., 1998).  

The bulk density of the soil is defined as the mass pre unit volume of the soil and represents the ratio of the mass of solids to the total or bulk volume of the soil (Soil Survey Staff 1996), what remains is assumed to be pore space.  When soils become compacted the soil bulk density typically increases.  Physical factors that affect soil BD and soil compactability include soil particle sizes and density, organic matter content, and mineralogy (Howard et al., 1981).  

Increases in soil bulk density can result in a change in soil porosity and strength and thus affect soil functions.  Daddow and Warrington (1983) studied the relationship between soil texture and a “growth limiting soil bulk density (GLBD).”  They found that at equal soil bulk densities a fine textured soil tended to have a lower percentage of soil macro pores and higher soil strength than a coarse textured soil.  Based on this relationship and the measured effect on root growth they concluded that coarse textured soils would have a higher GLBD than fine textured soils.

In California Gomez et al. (2002) measured a 27%, 30%, and 23% increase in soil bulk density when soils with clay, loam, and sandy loam textures respectively, became compacted.  Soil bulk densities of a sandy loam volcanic ash soil and cobbly loam soil in Oregon were found to increase 35% and 23%, respectively, following tractor logging and slash piling (Davis, 1992).  Ash influenced soils in Northern Idaho were sampled before and after harvest and site preparation to determine the affect of harvest on soil bulk densities.  Following treatments soils showed significant increases in soil bulk density to a depth of 20cm (Page-Dumroese, 1993).  

Methods used to measure soil bulk density fall into two general categories.  The first group includes the long established direct measurements of the sample mass and volume.  Procedures include the use of core samplers of known volume or an excavation of soil followed by the determination of the soil volume using water, sand, beads, or other material (Freitag, 1971; Howard and Singer, 1981).  In soils which have good soil structure the paraffin clod method is also used to determine soil bulk density (Soil Survey Staff 1996).  The biggest challenge with these direct measurement methods is the accurate determination of the soil volume.  A second group of procedures for determining soil bulk density involves the attenuation or scattering of nuclear radiation by the soil.  This procedure provides an indirect measure of soil bulk density (Blake, 1965; Soane et al., 1971; Minaei et al., 1984).

Most FS Regions have established a soil threshold for soil BD, above which the increase in soil BD resulting from soil compaction, is considered to be detrimental (USFS, 1991).  When a critical soil threshold for changes in soil BD is identified the allowable increase above which the change is considered “detrimental” is typically set at 15% above that measured in the undisturbed areas.  The only exception is FS Regions 6 and 10 which has a second threshold of 20% allowable increase for Andisols (Powers et al., 1998).  Effect of soil bulk density on the functioning of a soil has, however, been shown to vary greatly by soil type (Daddow and Warrington, 1981; Gomez et al., 2002; Miller et al., 1996; Heninger et al., 2002).  Thus further refinement of the threshold soil BD beyond which the ability of the soil to function seems appropriate.

Soil compaction also affects soil porosity.  Soil compaction typically produces a decrease in total porosity, decreases in the larger soil pores (macro pores), and an increase in the intermediate size soil pores (meso pores) (Scott, 2000).  Changes in total soil porosity and pore size distribution that may result from soil compaction can affect soil functions by altering air and water flow into and through the soil.  Root elongation in radiata pine (pinus radiata) seedlings was found to be nearly zero when soil matric potentials were high and air-filled porosity was < 0.05 cm3/cm3.  Increasing air-filled porosity to 0.15 cm3/cm3 resulted in root elongation increasing sharply (Zou et al., 2001).  A reduction in aeration porosities below 0.1 cm3/cm3 has been proposed as a root growth limiting threshold (Grable and Siemer, 1968).  A change in soil porosity can also affect amounts of water storage in the soil (Gomez et al., 2002; Siegle-Issem et al., 2005).  

The total porosity of the soil is sometimes estimated from measurements of soil bulk density and soil particle density.  While this calculation provides an estimate of the total porosity of a soil, it does not provide any information about changes in soil pore size distributions that may be occurring in the soil when the soil becomes compacted.

A soil’s pore size distribution can be determined indirectly in non shrink swell soil from the water retention curve (also known as the characteristic curve).  Typically the procedure for determining the water retention curve and in turn the pore size distribution of a soil is to equilibrate samples at a chosen range of potentials and then determine their moisture contents.  Commonly used apparatus for making these measurements include suction tables, pressure plates, and vacuum desiccators (Loveday, 1974; Puckett et al., 1985; Coleman and Marsh, 1961).  The method used depends, at least in part, on the desired range of matric potentials and in turn the pore sizes one would like to measure.  

Two methods that are available for determining water retentions and soil pore size distributions >30µm (macro pore range) include the Büchner funnel and the porous suction plate methods.  The Büchner funnel apparatus introduced by Bouyoucos (1929), consisted of a Büchner funnel with a filter paper in the bottom to support the soil material.  This method was later adapted by Haines (1930) to demonstrate hysteresis and is sometimes referred to as the Haines apparatus.  The apparatus was later improved by fitting the funnel with a porous ceramic plate (Russell, 1941; Danielson and Sutherland, 1986).  To increase the number of samples that could be run at one time, Loveday (1974) constructed a ceramic porous suction plate apparatus that was capable of holding several soil samples.  

These methods have an advantage in that they do not require the use of sophisticated equipment.  They can therefore be used in field units where only a minimum of facilities are available.  Their disadvantage over some of the other methods is that these methods can typically only measure pore size differences down to around 30µm (matric potentials in the range of 0 to 0.01 MPa of suction).  While the soil porosity below this range is determined by oven drying the core, it is not possible to determine the pore size distribution in that range with these methods.

Several gas pressure methods are available for measuring water retention curves and soil pore size distributions over a greater range of soil matric potentials.  These include the pressure plate extractor, pressure membrane apparatus, and the Tempe cell (Puckett et al., 1985; Richards, 1941; Reginato and van Bavel, 1962).  These methods are typically used to measure matric potentials in the ranges of 0 to 1.5 MPa.

In 1959 another device was developed for measuring soil micro porosity in the field.  The device is the air premeameter and it is operated by inserting a tube into the soil and turning a valve that delivers a constant air pressure (Steinbrenner, 1959).  The resistance of the soil to this pressure is then read on a pressure gauge which is calibrated to provide soil porosity.  Howard et al. (1981) made comparisons between air premeameter readings and soil bulk density measurements.  They found that although air permeability was not correlated with soil bulk density, there were significant differences in air premeameter readings between disturbed and undisturbed soils.

In the past some FS Regions have used soil BD and soil particle density to estimate changes in the total soil porosity when soils become compacted.  In most cases a 10% reduction in total soil porosity has been used as a threshold, beyond which the soil’s quality is considered to be “detrimentally” impacted.  Other FS Regions have identified soil compaction thresholds based on the loss in soil macro porosity (soil pore sizes greater than 30 µm), beyond which soil quality is considered “detrimentally” impacted (USFS, 1991).  For the following reasons both of these approaches could lead to incorrect assumptions about the effect on soil functions due to changes in soil porosity.

Because of the influence of pore size on the way in which soil pores function, changes in soil pore size distributions in the soil are likely to have more of an influence on soil functions than is a change in the total soil porosity.  Research has shown that the effect of changes in soil pore size distribution on soil function varies by soil type.  In some soil textures the shift in soil porosity and the resulting effect on available water has been shown to improve tree growth in a sandy loam texture, have no effect in a loam soil texture, and reduce tree growth in a clay loam soil texture (Gomez et al., 2002).  Thus critical thresholds for changes in soil porosity should be focusing on changes in soil pore size distribution, not total soil porosity.  

The soil pore size classes used to set soil thresholds may also vary by soil type and possibly soil functions being considered.  For example, when using site productivity as the measure of soil quality, a reduction in macro porosity may have a negative effect on gas exchange in a soil with an aquic moisture regime, yet no effect on a soil with a xeric moisture regime.  On the other hand, if compaction increases pore sizes in the meso pore range in a soil with a xeric moisture regime, this may result in an increase in available soil moisture and thus have a positive effect on site productivity.  This illustrates the need for critical soil thresholds that are tailored to specific soil types and desired soil functions.

Soil strength describes the soil hardness or the resistance of the soil to deformation (Scott 2000).  When soils become compacted the soil strength typically increases.  Soil characteristics that affect soil strength include soil particle size distribution and shape, clay mineralogy, amorphous oxide content, and organic matter content (Gerard, 1965; Byrd and Cassel, 1980; Stitt et al., 1982).   Within a soil type, changes in soil water content, soil BD, and soil structure can affect soil strength (Scott, 2000).  In general soil strength decreases as the water content of the soil increases and increases as a soil bulk density increases.  

Root elongation rates and the penetration resistance that roots experience are, at least in part, related to the penetration resistance of the soil.  Greacen et al. (1968) found that critical thresholds of penetrometer resistance at which root elongation stopped were in the 0.8 to 5.0 MPa range.  Soil structure and the resulting effects on soil strength spatial variability within the soil profile can also influence root growth.  Ehlers et al. (1983) noted that oat roots grew better through untilled soil with high soil strength compared to a tilled area.  The increased root growth was attributed to the presence of cracks and biopores.  In other agricultural crops Taylor and Ratliff (1969) found elongation rates of plant roots decreased inversely as the penetrometer resistance increased.  Zou et al. (2001) found at a constant soil matric potential and an air air-filled porosity of > 0.20 cm3/cm3 root elongation in radiata pine seedlings decreased exponentially when soil strength increased.

Zou et al. (2001) also noted that increases in soil bulk density were found to result in a greater increase in soil strength in coarse textured soil than in fine textured soils, while decreasing soil moisture content had a greater effect in increasing soil strength in fine textured soil compared to coarse textured soils.  Ball and Sullivan (1982) noted that when soil bulk density and water content were held constant, soil strength measured by cone resistance of a penetrometer increased with decreasing soil particle size.  Decreases in soil organic matter resulting from intensive cultivation or deforestation have also been shown to result in an increase in soil strength (Mullins et al., 1987).

Pushing a soil probe or a spade into the soil can be used to detect increases in soil strength that can result from soil compaction.  This technique can be further quantified through the use of the recording soil penetrometer, which is capable of recording, at predetermined intervals, the force required to push a probe into the ground.  

Soil penetrometers have been shown to experience between two and eight times greater resistance when moving through the soil than do plant roots (Bengough and Mullins, 1990).  This has been largely attributed to the frictional resistance on the sides of the probe as it is being inserted (Bengough et al., 1991).  Thus it is important to interpret soil resistance measurements made by soil penetrometers as an index of what the plant root is experiencing. 

It is also important to consider temporal changes in soil strength due to soil water.  When determining moisture status of the soil at the time soil penetration is measured, gravimetric water content measurements are preferred over measures of matric potential and volumetric water content because the latter may change as soil is compressed during cone penetration (Koolen and Kuipers, 1983). 

Some of the FS Regions have begun identifying critical soil thresholds for changes in soil strength, above which the change is considered to have a negative effect on the soils ability to function properly (USFS, 1991).  

Soil-based indicators used by the FS and the methods used to make measurements are generally based on the best professional judgment at the time.  The intent is to continually validate and update standards as the soil quality concept progresses and new information becomes available.  Continued validation and adjustment of SQS requires soil scientists as well as other forest professionals to ask these questions:  (i) are the proper soil-based indicators being measured (ii) are the relationships between those indicators and resource health adequately understood?  

Methods used by different individuals, Forest and Regions to measure these soil indicators currently lack standardization.  This results in inconsistencies in the way in which soil indicators are measured and in the application of critical thresholds used to interpret indicator measurements.  A critical evaluation of the methods available for making indicator measurements and identification of standardized procedures considered to work best is needed to address these inconsistencies.

To be meaningful for determining a change in soil quality, soil-based indicators also need to reflect measurable differences in important response variables such as site productivity.  Evaluations of this type require comparisons of measured changes of those soil-based indicators identified in FS SQS to both critical thresholds found in FS SQS and the vegetation response of the site.

A major means of evaluating effects of soil compaction on soil productivity is through closer ties with findings from FS research.  Particularly relevant is the cooperative national research program on Long Term Soil Productivity (LTSP) (Powers and Avers, 1995).  LTSP studies focus on the joint role of soil physical, chemical and biological properties and their effect on site processes that control productivity.  Through treatments of different levels of soil compaction and above ground organic matter retention, these studies provide a defined range of soil impacts that impose subsequent changes in soil quality.  They also provide a link between what we recognize as “soil quality” and vegetation growth.  Initiated by the FS in 1989, there are now 62 core installations and more than 40 affiliated sites throughout the US and Canada.

The objectives of this study are to determine whether those physical soil-based indicators that are currently being used by the FS reflect important changes in soil quality.  Different methods for measuring commonly used physical soil indicators were evaluated and important considerations affecting accuracy and consistency of measurements identified.  Methods that have not typically been used by the FS for making measurements of indicators were also evaluated.  Vegetative response at different FS LTSP locations which represented a range in soil textures were used to determine whether current FS SQS represent a change in site productivity.  Opportunities for further refinement of FS SQS are also discussed.

Null hypothesis

1) Soil compaction and/or above ground removal of forest organic matter does not result in a physical soil-based indicator measurement exceeding FS Soil Quality Standard (SQS) thresholds.

2) When soil compaction and/or above ground organic matter removal treatments do result in an important change in soil physical properties the change is the same for all soil types.

3) When FS SQS critical thresholds are exceeded there is not a significant change in the response variable vegetative biomass.

4) Different methods for measuring a physical soil-based indicator show similar results.

Alternative hypothesis

1) Soil physical changes caused by soil compaction and/or above ground forest organic matter exceed those soil-based indicator thresholds established in FS SQS.

2) Changes in soil physical properties vary by soil type.

3) Exceeding critical thresholds results in a significant change in the response variable vegetation biomass.

4) Results vary depending on the method used to measure physical soil indices

Methods

Site and Soil Descriptions

Four LTSP installations in the Sierra Nevada range of California were chosen for this study (Figure 1).  These locations provided a range in forest soil types on which different soil-based indicators were tested. The sites that were chosen are also some of the first LTSP installations to be established.  At the time of sampling a minimum of ten years had passed at each of the locations since the treatments were applied.  This provided a period of time for initial oscillations in treatment effect to cease.  These locations also provided ten year site productivity data that can be used as a response variable for determining whether or not measured soil-based indicators do or do not represent a true change in soil quality.
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Figure 1:  Location of the four long term soil productivity research sites used to validate USDA Forest Service soil indices.

Tables 1, 2, and 3 list site and soil characteristics for each of the four LTSP locations used in this study.

Table 1:  Site characteristics of Sierra Nevada Range Long Term Soil Productivity Study Sites.
	Study Site
	Location
	Year Established
	Soil Surface Texture
	Elevation (m)
	Annual ppt (cm)
	Soil Parent Material
	Soil Series

	Blodgett
	Blodgett Experimental Forest, El Dorado County, CA

(38° 52´ N, 121°40´ W)
	1994
	Loam
	1350
	151
	Andesitic mudflow
	Cohasset

	Central Camp
	Serria National Forest

(37° 19´ N, 119° 28´ W)
	1993
	Sandy loam
	1685
	114
	Granodiorite
	Chaix

	Challenge
	Plumas National Forest  

(39° 29´ N, 121°14´ W )
	1991
	Clay loam
	790
	173
	Metabasalt
	Challenge

	Wallace
	Serria National Forest

(38° 58´ N, 120° 31´ W)
	1993
	loam
	1575
	178
	Volcanic ash
	McCarthy


Table 2:  Soil classifications
	Study Site
	Soil Classification

	Blodgett
	Fine-loamy, mixed, superactive, mesic Ultic Haploxeralfs



	Central Camp
	Coarse-loamy, mixed, superactive, mesic Typic Dystroxerepts



	Challenge
	Fine, mixed, superactive, mesic Typic Palexerults



	Wallace
	Medial, superactive, mesic Typic Haploxerands




Table 3:  Soil profile characteristics of the four study sites before harvest.  Each profile characteristic is the mean of three pedons.  Colors are for moist soil.
Blodgett

	Horizon
	Depth (cm)
	pH
	Color
	Texture
	Roots

	O1
	10-4
	
	
	
	

	O2
	4-0
	
	
	
	

	A1
	0-11
	5.8
	5YR 3/2
	l
	2vf-f

1m-co

	A2
	11-29
	5.8
	5YR 3/3
	l
	2vf-f

1f-co

	B1
	29-55
	5.5
	5YR 3/4
	l
	2f-m

2m-co

	B2
	55-105
	5.4
	5YR 4/4
	cl
	1f-co



	R
	105-150
	Weathered andesitic mudflow


Central Camp

	Horizon
	Depth (cm)
	pH
	Color
	Texture
	Roots

	O1
	9-5
	
	
	
	

	O2
	5-0
	
	
	
	

	A1
	0-14
	6.2
	10YR 2/2
	l
	2vf-f

1m-co

	A2
	14-36
	6.1
	10YR 3/3
	sl
	2vf-f

1f-co

	C1
	36-66
	5.9
	10YR 4/3
	sl
	2f-m

2m-co

	C2
	66-102
	5.8
	10YR 4/3
	sl
	1f-co



	R
	>102
	Granodiorite


Challenge

	Horizon
	Depth (cm)
	pH
	Color
	Texture
	Roots

	O2
	4-0
	
	
	
	

	A
	0-12
	6.1
	5YR 4/4
	cl
	3m-f

2m

	B
	12-39
	6.2
	2.5YR 3/4
	cl
	3vf-f

1m-co

	Bt1
	39-67
	6.2
	2.5YR 3/6
	c
	2f-m

1co

	Bt2
	67-105
	6.2
	2.5YR 4/6
	c
	1vf-m



	Bt3
	105-148
	6.0
	2.5YR 4/6
	c
	1vf-m



	BCt
	148-218
	6.0
	2.5YR 4/7
	c
	1m



	C
	>218
	Weathered metamorphic basalt


Wallace

	Horizon
	Depth (cm)
	pH
	Color
	Texture
	Roots

	O1
	6-2
	
	
	
	

	O2
	2-0
	
	
	
	

	A1
	0-11
	6.2
	5YR 3/2
	l
	3vf-f

2m

	A2
	11-26
	5.8
	5YR 3/3
	l
	3vf-f

1m

	B1
	26-54
	5.5
	5YR 3/4
	l
	2f,m,co



	B2
	54-72
	5.4
	5YR 4/4
	l
	1f

2m-co

	CR
	72-226
	Weathered but hard tuff-breccia with 15% soil in cracks

	R
	>226
	Tuff-breccia


Texture: l = loam; cl = clay loam; c = clay; sl = sandy loam.

Roots.  Numbers 1,2, and 3 refer to quantity class; few (<1, common (1 to <5), and many (>5 per unit area), respectively.  Unit area for vary fine and fine roots is 1 cm2, and 1 dm2 for medium and coarse roots.  Symbols: vf = very fine (<1 mm); f = fine (1-2 mm); m = medium (2-5 mm); co = coarse (5-10 mm in diameter).

Experimental Design

All LTSP installations have a minimum of nine core treatments including three levels of soil compaction and three levels of above ground organic matter removal in a factorial experimental design (Figure 2).

[image: image2.wmf]LTSP Four Corners Treatments

O

2

C

2

O

1

C

2

O

0

C

2

O

2

C

1

O

1

C

1

O

0

C

1

O

2

C

0

O

1

C

0

O

0

C

0

O

2

C

2

O

1

C

2

O

0

C

2

O

2

C

1

O

1

C

1

O

0

C

1

O

2

C

0

O

1

C

0

O

0

C

0

Soil Compaction

Severe

None

Moderate

Stem

Only

Whole

Tree

Whole

Tree Plus

Forest Floor

Organic Matter Removal


Figure 2:  Nine types of soil treatments that were applied at National Forest System Long Term Soil Productivity (LTSP) research studies.
When designing the study, individual treatment areas, 0.4 hectare in size, were identified and existing vegetation was harvested while taking care not to put equipment that would cause soil compaction within the treatments.  Treatments were next randomly applied to different areas.   Soil compaction treatments were applied by first removing all of the above ground organic matter from the site and then using a vibrator soil compactor which applied 4.9 Mg/m2 of force to the mineral soil.  Following the compaction treatments surface organics were replaced on the treatments identified for organic matter retention.  In treatments receiving no soil compaction above ground organic matter was removed down to the desired level while taking care not to allow equipment which would cause soil compaction within the treatment area.

Treatment areas were then planted with several different conifer tree species, consisting predominantly of ponderosa pine (Pinus ponderosa), the most common plantation tree in California.  A gasoline-powered soil auger was used to create a small planting hole typically four inches in diameter and approximately 14 inches in depth.  Trees were then planted at 2.4m intervals in a regular grid pattern.  On one half of the treatment plots understory vegetation was controlled by periodic application of glyphosate [N-(Phosphonomethyl) glycine] at all of the locations.  On the other half of the treatment plots understory vegetation was allowed to grow.  

Four of the nine LTSP core treatments at each of the four LTSP study locations were chosen for initially testing the soil-based indicators.  The four LTSP treatments selected are referred to as the four corners treatments and represent the greatest contrast between soil compaction and above ground organic matter removal (Figure 3).  Initially sampling only the four corner treatments also provided the opportunity to look at a number of different soil-based indicators while still working with a reasonable number of samples.
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Figure 3:  USDA Forest Service Long Term Soil Productivity study core treatments showing three levels of above ground organic matter removal and three levels of soil compaction.  The four corners treatments which were used to test the physical soil indices are shown in white.
Soil Bulk Density Measurements

Soil bulk density was determined in the 2003 field season using a hammer driven double wall soil core sampler to obtain a direct measure of sample mass and volume (Soil Survey Staff, 1996).  Soil cores measuring 5.3-cm X 6-cm (diameter X length) were centered on the 15 cm depth to represent the 10 to 20 cm soil depth.  In the first five to ten years following LTSP compaction treatments Page-Dumroese (2006) and Powers et al. (2005) showed very little recovery from severe compaction at the 10 to 20 cm soil depth.  Thus this sampling depth provided a zone in which changes in soil physical properties were expected to be high, yet avoided the surface 0 to 10 cm in which may have undergone some recovery over time.  To better understand sample variance, 27 cores were collected at pre-determined and evenly spaced locations across each of the treatments.

Soil BD samples were collected in the spring of the year when soil moistures were still relatively high.  Collecting soil BD samples at this time of year had a couple of advantages.  Higher soil moisture in the spring provided lower soil strengths for driving the core sampler into the ground.  Soil moisture also improved the soil sample quality by providing cohesion in soils that had poor soil structure.  This allowed the core to hold together while it was extracted from the soil and when the sampling ring was extracted from the soil core sampler.  In soils with structure, soil moisture helped to avoid excessive cracking of the soil in the core while the soil core was being driven into the ground.

Samples were returned to the lab, oven dried at 105 °C and weighed.  Soil bulk density was initially calculated on an oven-dry, whole soil basis.  Soils were then sieved using a number 10 sieve to remove the coarse fragments.  Coarse fragments were weighed and the volume of the coarse fragments determined by displacement in water.  Soil bulk density was then calculated a second time based on the fine fraction of soil, excluding soil coarse fragments (Soil Survey Staff, 1996).

Soil Porosity Measurements

Intact soil cores for measuring soil pore size distribution were collected in the spring and summer of 2004 by again using a hammer driven double wall soil core sampler.  As was already discussed in the soil BD section, collecting soil cores when soils are moist improved the efficiency of sampling and also improved the quality of the soil cores.  Most of the soil cores used to measure soil porosity were collected in mid summer when soil moisture conditions were less than ideal for sampling.  To mitigate the dry soil conditions, sampling areas were soaked with water several hours prior to sampling with the soil core sampler.  Moist soil cores are also easier to wet up using the water column than are soils that are dry and in some cases hydrophobic.

The soil core sampler used for soil pore size distribution measurements was approximately three times the volume of that used for the soil BD sampling.  Soil cores measuring 8.25-cm X 6-cm (diameter X length) were centered on the 15 cm depth to represent the 10 to 20 cm soil depth.  To better understand sample variance, 5 cores were collected per treatment at pre-determined and evenly spaced locations across each of the treatments.

Soil pore size distribution was determined using a modification of the water desorption method described in Methods of Soil Analysis (Klute, 1986).  A hanging water column was created by connecting a Büchner funnel with a porous ceramic plate in the bottom to approximately 3 meters of 5/16 inch OD plastic tubing. The other end of the tubing was then connected to a 30 ml plastic burette. Both the funnel and burette were placed on a vertical bar at approximately equal heights with the tubing suspended between them.  The tubing, burette and the volume of the funnel below the porous plate were then filled with a 0.01 M CaCl2 solution and any air bubbles removed.  The salt solution helped to assure that the solution did not cause dispersion of the soil.  The porous ceramic plate with an average pore size of 5 µm was then saturated by raising the burette slightly above the funnel, creating a small head of water.

Once the porous plate was saturated, any water in the funnel above the porous plate was poured out, and the soil core was placed in the funnel.  The soil core was next saturated by raising the burette a few centimeters above the Büchner funnel thus applying a small head of water to the soil core. This allowed the soil core to wet up slowly, minimizing air pockets.  After the core was saturated (approximately 24 hours) a level was used to adjust the 20 ml mark on the burette level with the center mark on the soil core in the funnel.  Excess water between the soil core and the glass funnel and any water in the burette above the 20 ml mark was then removed using a syringe and a piece of small diameter tubing.  

The first of a series of suctions were then applied to the saturated soil core by raising the center mark on the soil core 6 cm above the 20 ml mark on the burette.  During this time aluminum foil was placed over the funnels to minimize any evaporation.  To maintain the desired suction on the soil core, water was periodically removed from the burette down to the predetermined 20 ml mark.  The water column was used to apply a series of suctions to the soil core including 6, 15, 40, 100, and 200 cm.

To measure soil pore sizes being drained at an applied suction, volumes of water removed from the soil cores were measured for each applied suction and the equivalent radius of the largest soil pores filled with water then determined by the capillary equation (Scott 2000).  Following the stabilization of the final applied suction of 200 cm the soil cores were removed from the funnels and weighed.  Next they were placed in a drying oven set at 105 °C for 24 hours and then reweighed.  The BD of the soil cores used to determine pore size distribution was also determined at this time.

Based on the capillary equation the suction required to remove water from soil pore sizes 30 µm and larger is 0.01 MPa, a suction that is commonly used to indicate field capacity of a soil.  The 30 µm soil pore size therefore can be used to represent a break between aeration porosity and water holding porosity.  A suction of 1.5 MPa was used to further separate the water holding porosity into pores holding water at low tensions (available water holding porosity) from those holding water at high tensions (unavailable water holding porosity). 

While the aeration porosity measurement was made using intact soil cores and the water desorption method, the 1.5 MPa measurement was made using sieved soil samples and the pressure plate method.  The assumption was made that the water held at 1.5 MPa is going to be held by the soil surfaces and not going to be influenced significantly by the soil structure.  Therefore the amount of unavailable water holding porosity is the same for both compacted and non-compacted treatments.

Total soil porosity was also estimated by a second method using soil bulk density measurements and a measure of average soil particle density for soil particles less than 2mm.  For this estimate the average soil particle density was determined by a modified pycnometer method using a 100 ml volumetric flask (Klute, 1986).  The 100 ml volumetric flask was first filled with distilled water and weighed to the nearest hundredth gram.  The water was then removed from the flask and approximately 30 grams (+ or – 0.01g) of air-dry soil, sieved through a 2mm sieve, was added to the flask.  Distilled water was again added to the flask with frequent agitation of the contents to assure complete wetting of the soil.  After filling the volumetric flask to the 100 ml mark, the flask and contents were again weighed to the nearest hundredth gram.  Average soil particle density was then calculated based on the weight of the soil divided by the weight of water equal to that displaced by the soil.  In the calculation the weight of the water was assumed to be at a density of 1 gram/ml.  Floating organic material having a high volume to density ratio compared to the mineral soil made it difficult to make an accurate measurement and it was recognized that this introduced some error into the measurement.  Attempts were made to read the water level quickly before most of the organic matter had an opportunity to float above the water level in the narrow neck of the flask.
Soil Strength Measurements

Soil penetration resistance was measured using a Rimik CP 20 recording soil cone penetrometer.  To better understand how soil strength was varying with soil moisture, measurements were made at monthly intervals over the 2003 growing season.  Between 27 and 81 cone penetrometer readings were taken per treatment at pre-determined and evenly spaced locations across each of the treatments.  The penetrometer was set to record soil resistance at 1.5 cm increments between the 0 and 60 cm soil depth.  Soil cone penetrometer measurements were then down loaded into a Microsoft Excel spread sheet for analysis.

Measurements of soil strength were initially made in April or May depending upon location and snow pack, and continued until soil strengths were too high to measure.  It was possible to make measurements in the no compaction treatments through the entire growing season, even in the fall when soil moistures were low.  Measurements in the compacted treatments were restricted to the spring and early summer.  By fall, soil strengths in the compacted treatments had increased to a point that the soil penetrometer could no longer be used.

At the same time that soil strength measurements were taken, samples were collected to determine soil gravimetric water content.  To determine soil gravimetric water content approximately 200g of soil from the 10-20 cm soil depth was collected at six locations in each of the treatment areas.  Samples were returned to the lab, weighed and placed in a drying oven set at 105 °C for 24 hours and weighed again.  Soil water content was determined as the difference between the moist and dry sample weight.  Soils were next sieved using a number 10 sieve and gravimetric water content calculated based on the dry weight of the fine fraction of soil (Soil Survey Staff, 1996).

Vegetation Measurements

After 10 years, biomass production was determined by measuring the total tree biomass in the areas in which understory vegetation was controlled.  Biomass production was also determined in areas in which understory vegetation was not controlled by measuring a combination of both the tree and the understory vegetation biomass.  Biomass was determined by destructive sampling of representative areas within the buffer area of individual treatments.  Details for this procedure are described in the LTSP Study protocol (Powers, 1991; Powers and Fiddler, 1997).

Statistical Analysis

Statistical analyses were preformed using the Minitab statistical package (Minitab, 2005).  The study design provided four replications of the four treatments in a randomized block design in which study sites represent blocks containing each of the four treatments.  Initially a simple Randomized Block Analysis of Variance (ANOVA) and Tukey’s mean comparison was used to determine whether differences in vegetation biomass and differences in soil parameters that were measured were significant.  An alpha of 0.01 was used to for determining a significant difference.

When a significant difference between a treatment parameter was found, statistical analysis was preformed for each of the locations separately. Treatments were not replicated within a location, and it is recognized that applying inferential statistics to treatments comparisons at a single location represents pseudoreplication.  Individual treatment areas were, however, carefully selected at each of the LTSP locations prior to harvest to assure these areas were as uniform as possible.  Soil characteristics investigated to help assure uniformity between treatment areas within a location included: existing stand density, site index, thickness of the forest floor and A horizon, soil color and depth, gravel content, and signs of prior disturbance such as skid trails and landings (Powers, 1991).
Results

Soil Bulk Density

On a whole soil basis (coarse fragments >2mm included in sample), undisturbed soil bulk densities for the four soil types ranged between 0.60 and 1.27 Mg/m3.  Soil bulk density (BD) was highest in the sandy loam soil and lowest in the ashy soil (Table 4). Removal of soil coarse fragments from the sample resulted in lower mean soil bulk densities, compared to those bulk densities in which coarse fragments were included.  This is due to the high weight to volume ratio of coarse fragments compared to an equal volume of soil material. 

Table 4:  Soil bulk density based on the whole soil (coarse fragments >2mm included in sample) and fine fraction of soil for the 10 to 20 cm soil depth at each of the four LTSP sites.  Coefficients of variation are shown in parenthesis after the mean.
	Sample

Location

and

Soil Texture
	Treatment
	Whole Soil Bulk Density for OM and Compaction Treatments (Mg/m3)
	Fine Fraction Soil Bulk Density for OM and Compaction Treatments (Mg/m3)

	Blodgett

(loam)


	O0C0
	0.67 (7.8)
	0.61 (9.0)

	
	O2C0
	0.68 (7.4)
	0.62 (8.3)

	
	O0C2
	0.83 (7.6)
	0.78 (8.6)

	
	O2C2
	0.83(6.3)
	0.78 (6.7)

	

	Central Camp (sandy loam)
	O0C0
	0.98 (8.5)
	0.92 (8.9)

	
	O2C0
	1.05 (6.3)
	0.94 (7.4)

	
	O0C2
	1.13 (8.5)
	1.06 (10.1)

	
	O2C2
	1.27 (5.4)
	1.22 (6.3)

	

	Challenge

(clay loam)


	O0C0
	0.97 (8.5)
	0.81 (15.1)

	
	O2C0
	0.86 (11.4)
	0.79 (11.3)

	
	O0C2
	1.11 (8.8)
	0.77 (13.1)

	
	O2C2
	1.11 (7.9)
	0.96 (9.2)

	

	Wallace

(loam, andic soil properties)


	O0C0
	0.60 (9.0)
	0.53 (8.6)

	
	O2C0
	0.70 (7.2)
	0.62 (6.6)

	
	O0C2
	0.90 (8.2)
	 0.81 (10.0)

	
	O2C2
	0.79 (6.0)
	0.72 (7.0)


n=27
Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

An ANOVA using treatment means based on the whole soil showed there were significant differences in total soil BD between LTSP study locations.  Treatments of soil compaction also showed a significant difference in soil bulk density.  Treatments of above ground organic matter removal did not have a significant effect on soil BD.  There was no significant interaction between soil compaction and above ground organic matter removal treatments (Table 5).  The Blodgett location with a loam soil and the Wallace location with a loam soil with andic soil properties had significantly lower soil BD compared to the Central Camp and Challenge locations with sandy loam and clay loam soil textures respectively.  

Table 5a:  Randomized block analysis of variance comparing soil bulk density based on the whole soil for different study locations and treatments.  
Analysis of Variance for BD (coarse), using Adjusted SS for Tests

Source   DF    Seq SS    Adj SS    Adj MS      F      P

Site      3  0.402500  0.402500  0.134167  40.59  0.000
OM        1  0.000625  0.000625  0.000625   0.19  0.674

Comp      1  0.133225  0.133225  0.133225  40.30  0.000
OM*Comp   1  0.000100  0.000100  0.000100   0.03  0.866

Error     9  0.029750  0.029750  0.003306

Total    15  0.566200

S = 0.0574940   R-Sq = 94.75%   R-Sq(adj) = 91.24%

Table 5b:  Soil bulk density means, based on the whole soil, for individual study locations.

                 Total

Site             Mean  SE Mean   StDev  Variance  CoefVar

Blodgett         0.75a   0.0448  0.0896    0.0080    11.90

Central Camp     1.11b   0.0622  0.1245    0.0155    11.24

Challenge        1.01b   0.0606  0.1212    0.0147    11.97

Wallace          0.75a   0.0639  0.1279    0.0164    17.11

Soil bulk densities are not significant at p = 0.01 if followed by the same letter.
An ANOVA using treatment means based on the fine fraction of soil also showed there were significant differences in soil BD between LTSP study locations.  As was observed with the whole soil BD, compaction treatments also showed a significant difference in soil BD.  Treatments of above ground organic matter removal did not have a significant effect on soil BD.  There was also not a significant interaction between soil compaction and above ground organic matter removal treatments (Table 6).  Based on the BD of the fine fraction of soil, the Blodgett and Wallace locations again had significantly lower soil BD compared to the Central Camp location.  Soil BD at the Challenge location, however, was not significantly different from the other locations (Table 6).

Table 6a:  Randomized block analysis of variance comparing soil bulk density based on the fine fraction of soil for different study locations and treatments.
Analysis of Variance for BD (fine), using Adjusted SS for Tests

Source   DF    Seq SS    Adj SS    Adj MS      F      P

Site      3  0.334019  0.334019  0.111340  23.57  0.000
OM        1  0.008556  0.008556  0.008556   1.81  0.211

Comp      1  0.100806  0.100806  0.100806  21.34  0.001
OM*Comp   1  0.001806  0.001806  0.001806   0.38  0.552

Error     9  0.042506  0.042506  0.004723

Total    15  0.487694

S = 0.0687235   R-Sq = 91.28%   R-Sq(adj) = 85.47%

Table 6b:  Soil bulk density means, based on the fine fraction soil, for individual study locations.

               Total

Site           Mean   SE Mean   StDev  Variance  CoefVar

Blodgett       0.70a   0.0477  0.0954    0.0091    13.67

Central Camp   1.04b   0.0690  0.1380    0.0190    13.33

Challenge      0.84ab  0.0457  0.0915    0.0084    10.95

Wallace        0.67a   0.0607  0.1214    0.0147    18.12

Soil bulk densities are not significant at p = 0.01 if followed by the same letter.
Average volume percentage of soil coarse fragments (>2mm) in soil cores varied between soil types and between treatment plots (Table 7).  Treatment plots in the loam soil averaged 5 percent soil coarse fragments, with averages for individual treatments ranging between 5 and 6 percent.  Compared to the loam soil, both the sandy loam and volcanic ash soils had a slightly higher average coarse fragment content of 6 percent.  Variations between individual treatments within these two soil types were also greater, ranging between 4 and 8 percent for the sandy loam and 5 and 7 percent for the volcanic ash soil.  The clay loam soil had the largest amount of soil coarse fragments out of the four soils, averaging 12 percent per treatment plot.  The clay loam soil also had the greatest variability between treatment plots, averaging between 6 and 20 percent for individual treatments.  With an average volume percent of soil coarse fragments of 20%, the O0C2 treatment at the clay loam site was much higher in coarse fragments than any of the other treatments.
Table 7:  Average volume percent of soil coarse fragments (>2mm) in soil cores by soil and by treatment.

	Sample

Location

and

Soil Texture
	Treatment
	Average Volume Percent Soil Coarse Fragments (>2mm)
	Mean

	Blodgett

(loam)


	O0C0
	6
	5

	
	O2C0
	5
	

	
	O0C2
	5
	

	
	O2C2
	5
	

	

	Central Camp (sandy loam)
	O0C0
	4
	6

	
	O2C0
	8
	

	
	O0C2
	6
	

	
	O2C2
	5
	

	

	Challenge

(clay loam)


	O0C0
	11
	12

	
	O2C0
	6
	

	
	O0C2
	20
	

	
	O2C2
	11
	

	

	Wallace

(loam, andic soil properties)


	O0C0
	5
	7

	
	O2C0
	7
	

	
	O0C2
	7
	

	
	O2C2
	7
	


n=27

Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

The effect of removing soil coarse fragments from the soil cores on the soil BD is particularly evident in the O0C2 and O2C2 treatments at the clay loam soil site.  Based on whole soil measurements of soil BD for the clay loam soil, both compaction treatments appear to be compacted to the same level (Table 8).  However, when the soil coarse fragments are removed from the soil cores and the soil BD calculated based on the fine fraction of soil, BD is found to be far lower in the O0C2 compaction treatment than the O2C2 treatment.  In fact, the measured BD is even slightly lower than the BD measured for the no compaction treatments.  This difference in measured BD is due to the relatively large amounts of soil coarse fragments in the O0C2 treatment area compared to the other treatment areas at the clay loam site.

Averages of soil compaction treatments within the same soil type showed a significant increase in soil bulk density based on the whole soil and based on the fine fraction of soil (Table 8). Absolute increases ranged from 0.15 to 0.20 Mg/m3 on a whole soil basis and from 0.10 to 0.21 when determined on the fine fraction basis.  On a relative percentage basis the ashy soil showed the greatest percentage increase in BD when soil compaction occurred due to its lower inherent BD, compared to the other soils.  Similarly the sandy loam soil showed a smaller percentage increase in initial BD due to its comparatively large initial BD.  The effect of the large differences in soil coarse fragments between treatments at the clay loam study site is also evident in the absolute and relative soil BD measurements.

Table 8:   Soil bulk density increases based on the whole soil (coarse fragments >2mm included in sample) and fine fraction of soil for the 10 to 20 cm soil depth at each of the four LTSP sites.  

	Sample

Location

and

Soil Texture
	Treatment
	Whole Soil (including coarse fragments >2mm)
	Fine Fraction Soil (less than <2mm)

	
	
	Mean Soil Bulk Density for Compaction (Mg/m3)
	Abs Increase in Soil BD (Mg/m3)
	Relative  Increase in Soil BD

%
	Mean Soil Bulk Density for Compaction (Mg/m3)
	Abs Increase in Soil BD (Mg/m3)
	Relative  Increase in Soil BD

%

	Blodgett

(loam)


	O0C0
	0.68a
	0.15
	22
	0.61a
	0.17
	28

	
	O2C0
	
	
	
	
	
	

	
	O0C2
	0.83b
	
	
	0.78b
	
	

	
	O2C2
	
	
	
	
	
	

	

	Central Camp (sandy loam)
	O0C0
	1.01a
	0.19
	19
	0.93a
	0.21
	23

	
	O2C0
	
	
	
	
	
	

	
	O0C2
	1.20b
	
	
	1.14b
	
	

	
	O2C2
	
	
	
	
	
	

	

	Challenge

(clay loam)


	O0C0
	0.91a
	0.20
	22
	0.80a
	0.10
	12

	
	O2C0
	
	
	
	
	
	

	
	O0C2
	1.11b
	
	
	0.90b
	
	

	
	O2C2
	
	
	
	
	
	

	

	Wallace

(loam, andic soil properties)
	O0C0
	0.65a
	0.19
	29
	0.57a
	0.19
	33

	
	O2C0
	
	
	
	
	
	

	
	O0C2
	0.84b
	
	
	0.76b
	
	

	
	O2C2
	
	
	
	
	
	


n=27
Columns within a soil bulk density analysis method and location are not significant at p = 0.01 if followed by the same letter.
Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

Soil Porosity

Total soil porosities measured by the water desorption method ranged between 0.49 and 0.66 cm3/cm3 for the four soil types.  Soil pore volumes greater than 30µm ranged between 0.17 and 0.30 cm3/cm3, while those less than 30µm ranged between 0.25 and 0.42 cm3/cm3 (Table 9).
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Figure 4:  Soil pore size distribution measured in 2004 for four soil types under severe compaction and no-compaction treatments.  
Table 9:  Soil porosity measured at the 10 to 20 cm soil depth at each of the four LTSP sites.
	Sample
Location
and

Soil Texture
	Treatment
	Total Pore Volume >30µm (cm3/cm3)
	Total Pore Volume <30µm (cm3/cm3)
	Total Pore Volume (cm3/cm3)

	Blodgett

(loam)


	O0C0
	0.29 (3.9)
	0.37 (3.0)
	0.66 (2.7)

	
	O2C0
	0.28 (12.6)
	0.34 (6.0)
	0.63 (8.6)

	
	O0C2
	0.19 (12.3)
	0.42 (7.1)
	0.61 (5.5)

	
	O2C2
	0.17 (16.1)
	0.42 (4.6)
	0.59 (2.5)

	

	Central Camp (sandy loam)
	O0C0
	0.30 (13.2)
	0.27 (6.9)
	0.56 (4.4)

	
	O2C0
	0.28 (3.9)
	0.25 (5.3)
	0.53 (2.5)

	
	O0C2
	0.21 (10.2)
	0.31 (5.8)
	0.52 (3.7)

	
	O2C2
	0.17 (11.2)
	0.33 (6.6)
	0.49 (3.3)

	

	Challenge

(clay loam)

	O0C0
	nd
	nd
	nd

	
	O2C0
	0.23 (13.0)
	0.32 (10.8)
	0.55 (3.7)

	
	O0C2
	nd
	nd
	nd

	
	O2C2
	0.18 (7.3)
	0.38 (6.0)
	0.56 (2.3)

	

	Wallace

(loam, andic soil properties)
	O0C0
	0.27 (21.9)
	0.32 (13.0)
	0.60 (10.8)

	
	O2C0
	0.30 (10.3)
	0.35 (6.6)
	0.65 (2.8)

	
	O0C2
	0.23 (13.8)
	0.38 (7.7)
	0.61 (6.2)

	
	O2C2
	0.21 (13.5)
	0.40 (5.4)
	0.62 (2.5)


n=5
Coefficients of variation are shown in parenthesis after the mean.

Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction
An ANOVA using treatment means showed there were significant differences in total soil porosities between LTSP study locations.  The Blodgett locations with a loam soil and the Wallace location with a loam soil with andic soil properties had significantly greater soil porosities compared to the Central Camp and Challenge locations with sandy loam and clay loam soil textures respectively.  Total soil porosities at the Challenge location were also significantly greater than those measured at Central Camp.  In some cases soil compaction treatments resulted in a decrease in total soil porosity, however, the decrease was not significant.  Treatments of above ground organic matter removal also did not have a significant effect on total soil porosity and there was not an interaction between soil compaction and above ground organic matter removal treatments (Table 10).

Table 10a:  Randomized block analysis of variance comparing total soil porosity for different study locations and treatments.
Analysis of Variance for Total Porosity, using Adjusted SS for Tests

Source   DF     Seq SS     Adj SS     Adj MS      F      P

Site      3  0.0253920  0.0247668  0.0082556  16.34  0.002
OM        1  0.0002253  0.0002253  0.0002253   0.45  0.526

Comp      1  0.0021131  0.0021286  0.0021286   4.21  0.079

OM*Comp   1  0.0000200  0.0000200  0.0000200   0.04  0.848

Error     7  0.0035375  0.0035375  0.0005054

Total    13  0.0312880

S = 0.0224801   R-Sq = 88.69%   R-Sq(adj) = 79.00%

Table 10b:  Total soil porosity means for different study locations. 
Site            Mean   SE Mean    StDev  

Blodgett        0.62a   0.0132   0.0265   

Central Camp    0.53b   0.0125   0.0250   

Challenge       0.56c   0.00500  0.00707  

Wallace         0.62a   0.0108   0.0216   

Soil porosities are not significant at p = 0.01 if followed by the same letter.
While soil compaction did not appear to significantly affect total soil porosity, soil compaction did result in significant changes in the soil’s pore size distributions.  Soil compaction treatments caused a significant decrease in soil pore sizes 30 µm and larger and a significant increase in soil pore sizes 30µm and smaller (Table 11 and 12).

Table 11:  Randomized block analysis of variance comparing soil porosities greater than 30um for different study locations and treatments.
Analysis of Variance for Pores >30um, using Adjusted SS for Tests

Source   DF     Seq SS     Adj SS     Adj MS      F      P

Site      3  0.0034607  0.0024000  0.0008000   2.38  0.155

OM        1  0.0006750  0.0006750  0.0006750   2.01  0.199

Comp      1  0.0257143  0.0247714  0.0247714  73.79  0.000
OM*Comp   1  0.0000857  0.0000857  0.0000857   0.26  0.629

Error     7  0.0023500  0.0023500  0.0003357

Total    13  0.0322857

S = 0.0183225   R-Sq = 92.72%   R-Sq(adj) = 86.48%

Table 12:  Randomized block analysis of variance comparing soil porosities less than 30um for different study locations and treatments.
Analysis of Variance for Pores <30um, using Adjusted SS for Tests

Source   DF     Seq SS     Adj SS     Adj MS      F      P

Site      3  0.0212214  0.0212167  0.0070722  47.15  0.000
OM        1  0.0000333  0.0000333  0.0000333   0.22  0.652

Comp      1  0.0126000  0.0116667  0.0116667  77.78  0.000
OM*Comp   1  0.0004667  0.0004667  0.0004667   3.11  0.121

Error     7  0.0010500  0.0010500  0.0001500

Total    13  0.0353714

S = 0.0122474   R-Sq = 97.03%   R-Sq(adj) = 94.49%

Based on the fact that the Randomized Block ANOVA showed significant difference in pore size distribution due to compaction treatments, differences within different locations were further analyzed separately.  Measures of soil porosity in soil compaction treatments within the same soil showed a significant decrease in soil pores greater than 30µm and a significant increase in soil pores less than 30µm.  Total soil porosity decreased significantly for the Blodgett and Central Camp locations but not in the Challenge and Wallace locations (Table 13).

Table 13:  Pore volumes and changes in pore volumes by locations and compaction treatment.
	Sample

Location

and

Soil Texture
	Treatment
	Soil Pores >30µm
	Soil Pores <30µm
	Total Soil Pores

	
	
	Mean (cm3/cm3)
	Absolute Decrease  (cm3/cm3)
	Relative % Decrease 
	Mean (cm3/cm3)
	Absolute Increase  (cm3/cm3)
	Relative % Increase
	Mean (cm3/cm3)
	Absolute Decrease  (cm3/cm3)
	Relative % Decrease 

	Blodgett

(loam)


	O0C0
	0.29a
	0.11
	38
	0.36a
	0.06
	17
	0.64a*
	0.04
	6

	
	O2C0
	
	
	
	
	
	
	
	
	

	
	O0C2
	0.18b
	
	
	0.42b
	
	
	0.60a*
	
	

	
	O2C2
	
	
	
	
	
	
	
	
	

	

	Central Camp (sandy loam
	O0C0
	0.29a
	0.10
	34
	0.26a
	0.06
	23
	0.55a
	0.04
	7

	
	O2C0
	
	
	
	
	
	
	
	
	

	
	O0C2
	0.19b
	
	
	0.32b
	
	
	0.51b
	
	

	
	O2C2
	
	
	
	
	
	
	
	
	

	

	Challenge

(clay loam)


	O0C0
	0.23a
	0.05
	22
	0.32a*
	0.06
	19
	0.55a
	0
	0

	
	O2C0
	
	
	
	
	
	
	
	
	

	
	O0C2
	0.18b
	
	
	0.38a*
	
	
	0.56a
	
	

	
	O2C2
	
	
	
	
	
	
	
	
	

	

	Wallace

(loam, andic soil properties)
	O0C0
	0.29a
	0.07
	24
	0.34a
	0.05
	15
	0.63a
	0.01
	2

	
	O2C0
	
	
	
	
	
	
	
	
	

	
	O0C2
	0.22b
	
	
	0.39b
	
	
	0.62a
	
	

	
	O2C2
	
	
	
	
	
	
	
	
	


n=10
Columns within a pore size class and location are not significant at p = 0.01 if followed by the same letter.
* indicates significance at p = 0.05 but not a p = 0.01

Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

The percentage of soil pores greater than 30 µm (macro pores) in the no compaction treatments varied with soil type.  Of the four soil types, the sandy loam soil had the largest percentage of its total soil porosity in the macro pore range, 53 percent.  Percentage of the total soil porosity in the macro pore size was 45 and 46 percent for the two loam soils, and 42 percent for the clay loam soil type (Table 14).  Following compaction, soil aeration porosity, represented by the macro porosity, ranged from 30 to 37 percent, well above the 10 percent aeration porosity threshold that has been identified as being critical for root respiration (Grable and Siemer, 1968).

Table 14:  Percentage of soil porosity in different soil pore diameters by location.

	Sample

Location

and

Soil Texture
	Soil Pore Sizes (µm)
	% Soil Pores in No Compaction Treatments
	% Soil Pores in Compaction Treatments
	% Increase/ Decrease in Soil Pores

	Blodgett 

(loam)
	>30
	45
	30
	- 15

	
	<30
	55
	70
	+ 15

	

	Central Camp (sandy loam)
	>30
	53
	37
	- 16

	
	<30
	47
	63
	+ 16

	

	Challenge

(clay loam)
	>30
	42
	33
	- 9

	
	<30
	58
	67
	+ 9

	

	Wallace

(loam, andic soil properties)
	>30
	46
	35
	- 11

	
	<30
	54
	65
	+ 11


The effect of soil compaction on the amount of soil pores in different size classes is further illustrated in Figure 5.  Soil pore size distribution measurements show that soil compaction results mainly in a rearrangement of soil pore sizes and little or in some cases no reduction in total soil porosity.  When the soils became compacted aeration porosity was reduced while available water holding porosity was increased in each of the four soils.  Unavailable water holding porosity measurements were made using sieved soil samples and assumed to not change as a result of soil compaction.  They are included in the figure to help illustrate changes in soil pore size distribution occurring when soils become compacted.
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Figure 5:  Changes in the volumes of soil pores of different size groups for no soil compaction and severe soil compaction intact soil cores.

When using the water desorption method, the final soil pore volume measurement is obtained by oven drying the soil core.  The water desorption method therefore also provides a measure of soil BD in addition to total soil porosity and pore size distribution (Table 15).  

Table 15:  Soil bulk density measured by the water desorption method based on the whole soil (coarse fragments >2mm included in sample) and fine fraction of soil measured at the 10 to 20 cm soil depth at each of the four LTSP sites.  Coefficients of variation are shown in parenthesis after the mean.

	Sample
Location
and

Soil Texture
	Treatment
	Whole Soil Bulk Density for OM and Compaction Treatments (Mg/m3)
	Fine Fraction Soil Bulk Density for OM and Compaction Treatments (Mg/m3)

	Blodgett

(loam)


	O0C0
	0.63 (1.7)
	0.58 (1.4)

	
	O2C0
	0.70 (14.5)
	0.61 (4.8)

	
	O0C2
	0.77 (8.3)
	0.74 (7.7)

	
	O2C2
	0.88 (4.0)
	0.84 (4.1)

	

	Central Camp (sandy loam)
	O0C0
	0.90 (7.5)
	0.83 (10.5)

	
	O2C0
	1.02 (2.0)
	0.91 (1.6)

	
	O0C2
	1.16 (5.2)
	1.04 (8.7)

	
	O2C2
	1.24 (4.4)
	1.20 (4.5)

	

	Challenge

(clay loam)

	O0C0
	nd
	nd

	
	O2C0
	0.87 (5.6)
	0.79 (7.6)

	
	O0C2
	nd
	nd

	
	O2C2
	1.06 (4.4)
	0.89 (3.5)

	

	Wallace

(loam, andic soil properties)
	O0C0
	0.59 (16.8)
	0.50 (16.2)

	
	O2C0
	0.67 (8.8)
	0.59 (8.5)

	
	O0C2
	0.89 (8.2)
	0.80 (9.0)

	
	O2C2
	0.78 (9.6)
	0.68 (8.2)


n=5
Coefficients of variation are shown in parenthesis after the mean.
Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

Table 16:  Average volume percent of soil coarse fragments (>2mm) in soil cores by soil and by treatment.

	Sample

Location

and

Soil Texture
	Treatment
	Average Volume Percent Soil Coarse Fragments (>2mm)
	Mean

	Blodgett

(loam)


	O0C0
	4
	4

	
	O2C0
	6
	

	
	O0C2
	3
	

	
	O2C2
	4
	

	

	Central Camp (sandy loam)
	O0C0
	4
	6

	
	O2C0
	7
	

	
	O0C2
	7
	

	
	O2C2
	4
	

	

	Challenge

(clay loam)


	O0C0
	nd
	9

	
	O2C0
	6
	

	
	O0C2
	nd
	

	
	O2C2
	12
	

	

	Wallace

(loam, andic soil properties)


	O0C0
	6
	7

	
	O2C0
	7
	

	
	O0C2
	7
	

	
	O2C2
	8
	


n=5

Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

Measurements of soil BD (Table 15) and soil coarse fragments (Table 16) vary slightly from those measured earlier (Tables 4 and 7).  This may be due at least in part to the use of two different sizes of soil core samplers that were used.
Initially total soil porosity, measured by the water desorption method, was compared to the total soil porosity estimated from soil bulk density and an assumed soil particle density of 2.65 Mg/m3.  Comparisons between this estimated value and the measured total soil porosity showed that estimated values were consistently higher than the measured values by between 5 and 21 percent, depending on soil type and treatment (Table 17).

Table 17:   Measured total soil porosities by the water desorption method and total soil porosities that were estimated from soil BD and soil particle density.

	Site
	Treatment
	Measured Total Soil Porosity (cm3/cm3) Water Desorption Method
	Total Soil Porosity  (cm3/cm3) Calculated Based on BD for Fine Fraction Soil and 2.65Mg/m3 Particle Density
	% Difference Between Measured and Calculated Total Porosity using 2.65Mg/m3 Particle Density
	 Total Soil Porosity  (cm3/cm3) Calculated Based on BD for Fine Fraction Soil and a Measured Average Particle Density
	% Difference Between Measured and Calculated Total Porosity using a Measured Average Particle Density

	Blodgett

(loam)


	O0C0
	0.66
	0.78
	12
	0.69
	3

	
	O2C0
	0.63
	0.77
	15
	0.68
	5

	
	O0C2
	0.61
	0.72
	11
	0.61
	0

	
	O2C2
	0.59
	0.68
	9
	0.55
	- 4

	Central Camp (sandy loam)
	O0C0
	0.56
	0.69
	12
	0.64
	8

	
	O2C0
	0.53
	0.66
	13
	0.61
	8

	
	O0C2
	0.52
	0.61
	8
	0.55
	3

	
	O2C2
	0.49
	0.55
	5
	0.49
	- 1

	Challenge

(clay loam)


	O0C0
	nd
	nd
	nd
	nd
	nd

	
	O2C0
	0.55
	0.70
	15
	0.66
	10

	
	O0C2
	nd
	nd
	nd
	nd
	nd

	
	O2C2
	0.56
	0.66
	10
	0.61
	5

	Wallace

(loam, andic soil properties)
	O0C0
	0.60
	0.81
	21
	0.71
	11

	
	O2C0
	0.65
	0.78
	12
	0.66
	0

	
	O0C2
	0.61
	0.70
	8
	0.53
	- 8

	
	O2C2
	0.62
	0.74
	13
	0.61
	- 1


n = 5
nd no data for this treatment
Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

Soil particle density was next measured, for each of the four soil types (Table 18) and used along with the measured soil BD to again estimate total soil porosity.  Using a measured average soil particle density rather than an assumed soil particle density of 2.65 improved the accuracy of the estimated total soil porosity (Table 17).  Differences between measured and calculated total soil porosities showed that total soil porosity estimates in the non-compacted soil treatments were consistently higher than the values measured using the water desorption method.  While total porosity estimates in the compacted soil treatments were closer to the measured values or in some cases less than the measured values.

Table 18:  Average measured soil particle density, using the pycnometer method.

	Soil Texture
	Soil Particle Density (Mg/m3)

	Loam
	1.88

	Sandy loam
	2.33

	Clay loam
	2.29

	Loam (volcanic ash)
	1.72


Because estimated total porosity values were typically over estimated in the non-compacted soil and under estimated in the compacted soil, the calculated decrease in total soil porosity using the estimates were far greater than the measured values (Table 19). 

Table 19:  Comparisons between total soil porosity measured using the water desorption method and total soil porosity estimated from soil bulk density and an average soil particle density. To avoid the confusion resulting from the higher percentage of soil coarse fragments in the OM retained/compaction treatment at the clay loam site, this treatment was omitted from the calculations.

	Soil Texture
	Measured Decreases in Total Soil Porosity (cm3/cm3)
	Calculated Decreases in Total Soil Porosity (cm3/cm3)

	Loam
	6
	15

	Sandy loam
	7
	17

	Clay loam
	0
	8

	Loam (volcanic ash)
	2
	16


Soil Strength

In the spring of the year when soil moistures were high, soil strengths in the non-compacted treatments showed a similar pattern for the four soil types (Fig 6).  Soil strength in the no compaction treatments gradually increased with soil depth reaching a resistance of 1 MPa in the first 10 cm and final soil strength of between 1.5 and 2 MPa at approximately 60 cm soil depth.  In the compacted treatments soil strength increased much faster with soil depth, reaching 3 MPa in the first 10 cm, and this high soil strength continued throughout the 60 cm soil depth.
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Figure 6:  Soil strength measured in the spring of 2003 for four soil types under severe compaction (filled square) and no-compaction treatments (open diamonds).  Each point on the graph represent an average of 54 individual soil measurements and lines are used to connect the points.

One of the criticisms of the use of soil strength as a soil quality index is that soil strength varies with soil moisture and thus the moisture content of the soil influences the comparison between areas with different disturbances.  To investigate how soil strength was changing with soil moisture, measurements of soil moisture and soil strength were made at regular intervals over the 2003 growing season.  The highest gravimetric soil moisture contents were measured in April and May in the loam and clay loam soils, averaging a high of 0.68 g/g and 0.63 g/g respectively (Table 20).  Snow pack prevented sampling the higher elevation sandy loam Central Camp and loam with andic soil properties Wallace locations until June.  By June, average soil moistures in the loam and clay loam soils had dropped to 0.46 g/g and 0.31 g/g respectively.  In June, average soil moisture in the loam with andic soil properties was 0.38 g/g while soil moisture in the sandy loam soil was 0.16 g/g, considerably less than the other soil textures.

Table 20:  Soil gravimetric water content (g/g) from the 10 to 20 cm soil depth at monthly intervals over the 2003 growing season.

	Soil
	Treatment
	Soil Gravimetric Water Content (g/g) by Date

	Blodgett

(loam)
	
	20-Apr
	4-May
	13-Jun
	9-Jul
	5-Aug
	12-Oct

	
	O0C0
	0.63
	0.72
	0.54
	0.46
	0.42
	0.33

	
	O2C0
	0.58
	0.65
	0.42
	0.36
	0.30
	0.28

	
	O0C2
	0.61
	0.70
	0.49
	0.38
	0.35
	0.29

	
	O2C2
	0.58
	0.64
	0.42
	0.34
	0.27
	0.24

	
	Mean
	0.60
	0.68
	0.47
	0.39
	0.34
	0.29

	Central Camp (sandy loam)
	
	
	
	23-Jun
	30-Jul
	20-Aug
	25-Oct

	
	O0C0
	nd
	nd
	0.19
	0.13
	0.17
	0.10

	
	O2C0
	nd
	nd
	0.14
	0.09
	0.14
	0.09

	
	O0C2
	nd
	nd
	0.17
	0.09
	0.14
	0.12

	
	O2C2
	nd
	nd
	0.17
	0.06
	0.12
	0.08

	
	Mean
	nd
	nd
	0.17
	0.09
	0.14
	0.10

	Challenge

(clay loam)
	
	18-Apr
	2-May
	19-Jun
	14-Jul
	19-Aug
	21-Oct

	
	O0C0
	0.62
	0.56
	0.35
	0.31
	0.26
	0.30

	
	O2C0
	0.58
	0.55
	0.28
	0.27
	0.22
	0.22

	
	O0C2
	0.72
	0.80
	0.34
	0.35
	0.28
	0.27

	
	O2C2
	0.59
	0.54
	0.27
	0.28
	0.24
	0.25

	
	Mean
	0.63
	0.61
	0.31
	0.30
	0.25
	0.26

	Wallace

(loam, volcanic ash)
	
	
	
	20-Jun
	8-Jul
	4-Aug
	11-Oct

	
	O0C0
	nd
	nd
	0.43
	0.36
	0.32
	0.27

	
	O2C0
	nd
	nd
	0.40
	0.34
	0.24
	0.20

	
	O0C2
	nd
	nd
	0.35
	0.29
	0.29
	0.24

	
	O2C2
	nd
	nd
	0.34
	0.29
	0.24
	0.22

	
	Mean
	nd
	nd
	0.38
	0.32
	0.27
	0.23


n=13
nd no data for this date
Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction
Gravimetric water content at both soil field capacity and permanent wilting point was estimated for each of the four soil types.  Gravimetric water content at field capacity was estimated from 0.01 MPa desorption measurements collected from intact soil cores which were also used to determine soil pore size distribution.  Soil gravimetric water content at permanent wilting point was estimated from 1.5 MPa desorption measurements made on sieved soil samples (Table 21).

Table 21:  Estimated soil gravimetric water contents at field capacity and permanent wilting point by soil type.

	Soil
	Estimated Soil Gravimetric Water Content (g/g)

	
	(0.01 MPa) Field Capacity
	(1.5 MPa) Permanent Wilting Point

	Blodgett (loam)


	0.59a
	0.24a

	Central Camp (sandy loam)
	0.31b
	0.08b

	Challenge (clay loam)

	0.46c
	0.21a

	Wallace ( loam, volcanic ash)
	0.63a
	0.24a


Locations within a column are not significant at p = 0.01 if followed by the same letter.
In April and May soil moisture in the loam and clay loam soil was above the estimated field capacity.  By June soil moisture at all four sites was below the estimated field capacity and by the fall of the year soil moisture in all of the soil types had dropped to near or slightly below their estimated permanent wilting points (Figure 7).  
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Where visible vertical bars represent one standard error.

Figure 7:  Measured gravimetric water content (g/g) sampled at the 10-20 cm soil depth and measured between April and October 2003 for the loam and sandy loam soil types and June and October 2003 for the sandy loam and ashy soil types.  Treatments include severe soil compaction (triangles) and no soil compaction (circles) represent no soil compaction and triangles represent severe soil compaction treatments.  Estimates of field capacity were made using intact soil cores and estimates of permanent wilting points made using sieved soil samples.
In both the no compaction and compaction treatments soil strength continued to increase over the growing season as the soil dried out (Figure 8).    In the no compaction treatments the clay loam soil showed the greatest response to changes in soil moisture out of the four soil types.  Soil strengths in the compacted treatments also increased as the soils became drier; however, measured soil strength increases were much greater in the compaction treatments when compared to the no compaction treatments.  By the end of the growing season low soil moistures at each of the four study sites resulted in the soil strength in the compacted treatments that were above a level that could be measured with the recording soil penetrometer. 
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Figure 8:  Average soil strength measurements from the 10-25 cm soil depth measured between April and October 2003 for the loam and clay soils and between June and October 2003 for the sandy loam soils.  Treatments include severe soil compaction (squares) and no soil compaction (triangles).  Individual values represent an average of up to 162 individual soil probes.

Sampling Time for Indices and Sample Variability

The practical application of different physical soil indices for operational soil monitoring was evaluated by tracking the time required to make measurements, the sampling variability, and the number of samples required to obtain a useful estimate of the mean.  This provided a comparison of the relative efficiency of different soil index measurements.  It should be kept in mind that the LTSP studies were carefully chosen to minimize variability between treatment areas and that treatments were applied consistently across a treatment area, again minimizing variability.  In an operational setting one of the first soil monitoring activities would be to stratify the operational area into discrete disturbance classes. Thus the resulting soil index variability between samples measured within a treatment is most likely going to be similar to than that found in an operational soil monitoring setting.  

Soil Bulk Density

Measuring soil BD required more time per sample than making soil strength measurements and required less time per sample compared to soil pore size distribution measurements.   Between 4 and 6 soil BD cores could be collected in an hour depending on the sampling difficulty of an individual soil type and the number of resampling times needed to collect a sample.  Sample preparation time included oven drying, sieving, and weighing the soil.  This along with data organization and analysis was estimated to take an additional 5 minutes per BD sample.  Total time required per soil BD sample was estimated to be 15 minutes, this would also vary by the number of samples being analyzed, in that the larger the number of samples, the more efficient the process.

Different soil types and different treatments within a soil type showed similar sampling variability.  Coefficients of variability ranged from 6 to 11 percent when BD was measured on a whole soil basis and coefficients of variability ranged from 8 to 15 percent when BD was measured using the fine fraction of soil.   The minimum accuracy needed to get a useful estimate of the mean was determined to be plus or minus 7 percent of the mean.  This was determined based on the 15 percent threshold commonly used for soil BD. Based on the sampling variability a one tailed t test was used to estimate the number of samples necessary to obtain a range of accuracy’s at a 95% confidence level. Time required to obtain a desired accuracy was determined based on a sampling time of 15 minutes pre BD sample (Table 22).

Table 22:  Samples needed to estimate the soil BD within the desired precision with 95% confidence.  Critical value (t = 1.706) using a one tail test with 26 degrees of freedom. 

	Soil
	Desired Precision (% of the mean)
	Number of Samples Required
	Estimated Total Sample Time Required (hours)

	
	
	Non-Compacted
	Compacted
	Total Number of Samples for both Treatments
	

	Loam
	15
	1
	1
	2
	0.5

	
	10
	2
	2
	4
	1

	
	5
	9
	7
	16
	4

	
	
	
	
	
	

	Sandy loam
	15
	1
	1
	2
	0.5

	
	10
	2
	3
	5
	1.25

	
	5
	8
	13
	21
	5.25

	
	
	
	
	
	

	Clay loam
	15
	2
	3
	5
	1.25

	
	10
	5
	6
	11
	2.75

	
	5
	20
	25
	45
	11.25

	
	
	
	
	
	

	Loam (ash)
	15
	1
	2
	3
	0.75

	
	10
	3
	3
	6
	1.5

	
	5
	13
	14
	27
	6.75

	
	
	
	
	
	


Soil Porosity

Although the water desorption method for measuring soil pore size distribution does not require sophisticated laboratory equipment, the method does require more time per sample than ether soil BD or soil strength measurements.  The procedure for collecting the intact soil core is the same as for soil BD and the oven drying, weighing, sieving of coarse fragments at the end of the water desorption procedure is also the same as for making soil BD measurements.  Wetting up the soil cores, applying different suctions, and measuring the amounts of water removed from the soil cores is the additional time required to make the soil pore size distribution measurements.  This is difficult to quantify because once the soil cores are placed in the funnels, measurements require only a minute or two of work preformed at one to two hour intervals over a couple of days.  If the water is not removed from the burette the system comes to equilibrium, not changing until further water is removed.

It required approximately 15 minutes to set up a water column for an individual soil core.  Time required to adjust the column to apply different suctions and the removal and recording of water drained is estimated to be an additional 30 minutes spread over two to four days depending upon how often the water is removed and on the soil texture.  Total time to make a measurement of pore size distribution is estimated to be 60 minutes per sample.  As was the case with soil BD measurements the more samples that are analyzed the more efficient the process and the less time that would be required per sample.

Using only one measure of soil macro porosity rather than a series of pore sizes would also reduce the time required to make measurements of soil macroporosity and is probably a more practical application of this method for operational soil monitoring.  Based on the results in this report, one measure of soil pore size distribution made at 30µm would provide the desired information about changes in soil macroporosity resulting from soil compaction.  This could be confirmed for different soil types by initially making a series of porosity measurements on several soil cores.

Like soil BD measurements, sampling variability for soil macro porosity measurements was similar for different soil types and different treatments within a soil type.  Coefficients of variability for macro porosity measurements ranged from 9 to 16 percent.

Accuracy needed to get a useful estimate of the mean was estimated to be plus or minus 10 percent.  Time required to obtain a desired accuracy was determined based on a sampling and processing time of 60 minutes per sample (Table 23).

Table 23:  Samples needed to estimate the soil porosity within the desired precision with 95% confidence.  Critical value (t = 1.833) using a one tail test with 9 degrees of freedom. 

	Soil
	Desired Precision (% of the mean)
	Number of Samples Required
	Estimated Total Sample Time Required (hours)

	
	
	Non-Compacted
	Compacted
	Total Number of Samples for both Treatments
	

	Loam
	15
	1
	3
	4
	4

	
	10
	3
	6
	9
	9

	
	5
	10
	25
	35
	35

	
	
	
	
	
	

	Sandy loam
	15
	1
	4
	5
	5

	
	10
	3
	8
	11
	11

	
	5
	12
	32
	44
	44

	
	
	
	
	
	

	Clay loam
	15
	4
	1
	5
	5

	
	10
	9
	2
	11
	11

	
	5
	35
	9
	44
	44

	
	
	
	
	
	

	Loam (ash)
	15
	4
	3
	7
	7

	
	10
	8
	7
	15
	15

	
	5
	34
	28
	62
	62

	
	
	
	
	
	


Soil Strength

The recording soil penetrometer allowed the collection of a large number of data points in a relatively short period of time compared to soil BD and soil pore size distribution measurements.  It was estimated that it takes approximately one minute to collect a soil penetrometer measurement down to a soil depth of 60 cm and about two additional minutes per sample to down load, organize, and graph the data.  Total time to make a soil penetrometer measurement is estimated to take three minutes.

Sampling variability was considerably greater for soil strength measurements than it was for ether soil BD or soil macro porosity.  Coefficients of variation ranged between 30 and 50 percent.  Although sampling variability is higher than other measurements, soil strength measurements can be made much more rapidly than other soil measurements.  

Sampling variability was fairly consistent in the four soil types.  Variability was higher in the compacted soil treatments compared to the non-compacted treatments.  This is due at least in part to the fact that the soil probe commonly reached a maximum soil strength before reaching the full soil depth being measured, thus reducing the number of soil measurements that were made at deeper soil depths compared to the non-compacted treatments.

Accuracy needed to get a useful estimate of the mean could be as little as plus or minus 15 percent.  This estimate is based on the more than doubling of soil strength that was observed in the compaction treatments.  Because this measurement can be made relatively rapidly desired precision estimates were made based on a higher level of precision (Table 24). 

Table 24:  Samples needed to estimate the soil strength within the desired precision with 95% confidence.  Critical value (z = 2.706) using a one tail test. 

	Soil
	Desired Precision (% of the mean)
	Number of Samples Required
	Estimated Total Sample Time Required (hours)

	
	
	Non-Compacted
	Compacted
	Total Number of Samples for both Treatments
	

	Loam
	15
	29
	13
	42
	2

	
	10
	65
	29
	94
	5

	
	5
	259
	117
	376
	19

	
	
	
	
	
	

	Sandy loam
	15
	23
	14
	37
	2

	
	10
	51
	31
	82
	4

	
	5
	204
	126
	330
	16.5

	
	
	
	
	
	

	Clay loam
	15
	35
	13
	48
	2.5

	
	10
	79
	29
	108
	5.5

	
	5
	317
	117
	434
	27.5

	
	
	
	
	
	

	Loam (ash)
	15
	27
	13
	40
	2

	
	10
	60
	29
	89
	4.5

	
	5
	241
	118
	359
	18

	
	
	
	
	
	


Vegetative Biomass
Measurements of tree biomass 10 years after planting in treatment areas in which the understory vegetation was controlled.

Table 25:  Tree biomass after ten years (Mg/ha) for the four corner treatments at each of the four LTSP Study locations.

	Sample

Location

And

Soil Texture
	Treatment
	Tree Biomass at 10 Years after Planting in Treatment Areas with Understory Vegetation Control (Mg/ha)

	Blodgett

(loam)


	O0C0
	13.6

	
	O2C0
	41.3

	
	O0C2
	40.6

	
	O2C2
	39.4

	

	Central Camp (sandy loam)


	O0C0
	12.0

	
	O2C0
	29.9

	
	O0C2
	23.1

	
	O2C2
	17.2

	

	Challenge

(clay loam)


	O0C0
	30.6

	
	O2C0
	42.9

	
	O0C2
	44.8

	
	O2C2
	34.6

	

	Wallace

(loam, andic soil properties)
	O0C0
	33.3

	
	O2C0
	29.2

	
	O0C2
	40.6

	
	O2C2
	22.6


An analysis of variance for areas in which the understory vegetation was controlled showed there was a significant difference in tree biomass between the clay loam soil, which had the highest biomass and the sandy loam soil, which had the lowest.  No significant differences were found in tree biomass after ten years as a function of either compaction or vegetation removal treatment. There was, however, a significant interaction between organic matter removal and soil compaction treatments (Tables 26a and 26b). 

Table 26a:  Randomized block analysis of Variance comparing 10 year tree biomass productivity for different study locations and treatments.
Analysis of Variance for Biomass (Mg/ha), using Adjusted SS for Tests

Source   DF   Seq SS  Adj SS  Adj MS     F      P

Site      3   676.03  676.03  225.34  4.48  0.035
OM        1    21.39   21.39   21.39  0.43  0.531

Comp      1    56.63   56.63   56.63  1.13  0.316

OM*Comp   1   496.18  496.18  496.18  9.86  0.012
Error     9   452.82  452.82   50.31

Total    15  1703.04

S = 7.09319   R-Sq = 73.41%   R-Sq(adj) = 55.69%

Table 26b:  Ten year tree biomass for individual study locations.
Site          Mean     SE Mean  StDev   Variance CoefVar

Blodgett      33.73a    6.72    13.44    180.62    39.85

Central Camp  20.55ab   3.85     7.71     59.42    37.51

Challenge     38.23ac   3.37     6.74     45.46    17.64

Wallace       31.43a    3.77     7.54     56.84    23.99

Tree biomass is not significant at p = 0.01 if followed by the same letter.
The bar graph in Figure 9 shows tree biomass by treatments separated by study sites.  In general the variability among different treatments within a location appears to be somewhat similar for the Central Camp, Challenge, and Wallace locations.  The Blodgett location shows a slightly different pattern with less variability between three of the four treatments and a forth treatment that is considerably less than the other three. Tree biomass productivity at the Central Camp location also appears to be lower compared to the Challenge location as was indicated in the ANOVA and Tukey mean comparison test.
Figure 9 also illustrates the interactions between soil compaction and organic matter removal treatments.  Several similarities between treatments at different locations can be seen.  When the soils were not compacted the retention of surface organic matter generally had a negative effect on tree biomass productivity.  This combination of retention of surface organic matter and no soil compaction (O0C0) resulted in the lowest tree biomass at three of the four locations.  The negative effect on tree biomass resulting from leaving the surface organic matter appeared to be mitigated by compaction of the soil.  At all of the study locations, treatment combinations of retention of surface organic matter and soil compaction (O0C2) increased tree biomass over that observed when the soils were not compacted.  In a couple of cases this treatment resulted in the highest tree biomass measured within a study location.

Removal of the surface organic matter in combination with no soil compaction (O2C0) also resulted in some of the highest tree biomass at some of the locations.  When surface organic matter was removed and the soils compacted (O2C2), soil compaction reduced tree biomass compared to treatments in which organic matter was removed and the soils were not compacted.  This was observed at all four locations.
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Figure 9:  Individual value plot of biomass productivity of trees at 10 years; by site, OM treatment, and compaction treatment.

Tree and understory biomass 10 years after planting in treatment areas without understory vegetation control.

Table 27:  Ten year tree and understory vegetation biomass for the four corner treatments at each of the four LTSP Study locations.

	Sample

Location

And

Soil Texture
	Treatment
	Tree and Understory Biomass at 10 Years after planting in Treatment Areas without Understory Vegetation Control (Mg/ha)

	Blodgett

(loam)


	O0C0
	17.9

	
	O2C0
	39.9

	
	O0C2
	58.4

	
	O2C2
	62.7

	

	Central Camp (sandy loam)


	O0C0
	37.3

	
	O2C0
	37.3

	
	O0C2
	134.9

	
	O2C2
	83.4

	

	Challenge

(clay loam)


	O0C0
	15.4

	
	O2C0
	173.1

	
	O0C2
	231.6

	
	O2C2
	75.0

	

	Wallace

(loam, andic soil properties)
	O0C0
	84.9

	
	O2C0
	85.5

	
	O0C2
	134.4

	
	O2C2
	62.8


When both trees and understory vegetation biomass were used to determine the biomass production, results no longer showed a significant difference between biomass productivity at different study locations.  Treatments of organic matter removal again did not have a significant effect on the production of tree and understory vegetation biomass.

Results did indicate a significant treatment effect due to soil compaction.  There was also again a significant interaction between soil compaction and above ground organic matter removal treatments (Table 28).  Figure 10 shows the increase in site productivity resulting from soil compaction in most instances.

Table 28:  Analysis of Variance comparing10 year tree and understory biomass for different study locations (sites) and treatments.

Analysis of Variance for Biomass (Mg/ha), using Adjusted SS for Tests

Source   DF  Seq SS  Adj SS  Adj MS     F      P

Site      3   13207   13207    4402  2.28  0.148
OM        1     565     565     565  0.29  0.602

Comp      1    7740    7740    7740  4.01  0.076

OM*Comp   1   12979   12979   12979  6.72  0.029
Error     9   17384   17384    1932

Total    15   51875

S = 43.9496   R-Sq = 66.49%   R-Sq(adj) = 44.15%

Within the individual LTSP site locations the sandy loam soil Central Camp location produced the greatest increase in biomass due to compaction while the loam with andic soil properties Wallace location produced the least amount of increase (Table 29).

Table 29:  Compaction effects on tree and understory biomass productivity by LTSP location and soil texture.
	Sample

Location

And

Soil Texture
	Average 10 Year Tree and Understory Biomass for Treatments in Areas Without Vegetation Control (Mg/ha)

	
	No Compaction Treatments
	Compacted Treatments
	Increase

	Blodgett

(loam)


	28.9
	60.6
	31.7

	Central Camp 

(sandy loam)


	37.3
	109.2
	71.9

	Challenge

(clay loam)


	94.3
	153.3
	59.0

	Wallace

(loam, andic soil properties)

	85.2
	98.6
	13.4


Figure 10 illustrates the interactions between soil compaction and organic matter removal treatments.  Measuring the tree and understory vegetation biomass together resulted in an interaction between treatments that was similar is some ways to that described for the tree biomass only treatments.  In general the combined treatments of retention of surface organic matter and no soil compaction (O0C0) resulted in decreased tree biomass productivity.  Treatment combinations of retention of surface organic matter along with soil compaction (O0C2) resulted in an increase in biomass at the Challenge clay loam location but unlike the previous tree only biomass measurements this had little to no effect at the other locations.  Also unlike the previous tree only biomass measurements, the combination of no soil compaction and removal of surface organic matter treatments (O2C0) had ether no effect or only a small effect on increasing productivity at three of the four locations.  The exception was again the Challenge clay loam soil which showed a treatment effect pattern that was very similar to that of the tree biomass only measurements.
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Figure 10:  Individual value plot of biomass productivity of trees and understory vegetation at 10 years; by site, OM treatment, and compaction treatment.

Discussion

Soil Bulk Density

Measurements of soil bulk density (BD) can be made with a minimum amount of soil sampling equipment and have been one of the more commonly made soil measurements used by the FS.  Soil bulk density measurements have also been used extensively by researchers to quantify and evaluate soil changes resulting from soil disturbances.  This measurement therefore provides an excellent reference back to published literature which can then be used to interpret changes in soil function resulting from soil disturbances.

FS Regional SQS

As of 1998 six of the nine FS Regions were using soil BD for at least one of their physical soil-based indicators.  Most set a threshold of 15 percent increase in BD over the undisturbed BD to indicate a loss of soil quality.  FS Regions 6 and 8 added a second critical threshold allowing a 20 percent increase in BD for soils with andic soil properties (USDA, 1991).  While some of the FS Regional SQS critical thresholds specify that soil BD should be measured on a fine fraction of soil basis rather than a whole soil basis, others do not.

On a whole soil basis, relative increases in soil BD between no compaction and compaction treatments exceeded the 15 and 20 percent increase critical thresholds for all soil types.  When soil BD was calculated based on the fine fraction of soil, relative increases in soil BD between non-compacted and compacted treatments in three of the four soil types were slightly higher than that found for the whole soil, thus also exceeding the FS BD threshold of 15 and 20 percent.  The clay loam soil treatments, however, showed only a 12 percent increase in soil BD when calculated on a fine soil basis, well below the 22 percent measured on a whole soil basis and also below the 15 percent compaction threshold commonly used by FS Regions (Table 8).

Considerations when Making Measurements

Forest soils commonly contain large amounts of soil coarse fragments.   Measurements of soil BD are greatly influenced by the amount of soil coarse fragments in the soil core.  Close examination of the clay loam soil illustrates potential problems with comparing soil BD measurements from treatment areas with different proportions of soil coarse fragments.  When soil BD was determined on a whole soil basis the clay loam soil treatment O0C2 was found to have the same measured soil BD as treatment O2C2 (Table 7).  Yet when soil BD was determined based on the fine fraction of soil, soil BD in treatment O0C2 was found to be far lower than the O2C2 treatment and also lower than even the non-compacted clay loam soil treatments.  Two factors appear to be responsible for this difference.  First the large mass to volume ratio of the relatively large amount of soil coarse fragments in treatment O0C2 (20%) compared to the O2C2 treatment (11%) resulted in a high BD value in the O0C2 treatment measured on a whole soil basis.  The relatively large amount of coarse fragments in treatment O0C2 also appears to be mitigating the soil compaction treatment and this resulted in a soil BD measurements of the fine fraction of soil that were slightly lower than even the no compaction treatments.

Measurements of soil coarse fragments show coarse fragments having densities that are 2.8 to 3.2 times that of the same volume of soil.  The following illustrates the affect that soil coarse fragments can have on soil BD when it is measured on a whole soil basis.  Depending on the inherent soil BD and the density of the soil coarse fragments of the four soil types, a one percent change in soil coarse fragments within a soil core will result in a 1.5 to 2.3 percent increase in measured soil BD.  Thus a 6.5 to 10 percent difference in soil coarse fragments between two soil cores having otherwise equal soil BD would result in an increase in soil BD that exceeds the 15 percent FS threshold for BD.

Due to the influence of soil coarse fragments on soil BD, the soil BD should be reported and interpreted based on both the whole soil and the < 2mm fraction of soil material.  Measurements of the amounts of soil coarse fragments (> 2mm) in soil cores should also be quantified and used to make interpretations about results.  While removing soil coarse fragments and reporting soil BD on a soil fine fraction basis allows some comparisons between soil samples, it does not account for the difference in soil function that may be occurring in soils having different amounts of soil coarse fragments.  Therefore caution should be used when comparing soil samples that have different amounts of soil coarse fragments. 

Differences in the initial inherent soil BD can also influence the measured percentage increase in BD resulting from soil compaction.  The effect of the initial soil BD on the percentage increase in soil BD is illustrated in Table 8 where the fine fraction soil BD of the sandy loam soil has a relatively large initial soil bulk density compared to the volcanic ash soil.  While the measured absolute increases in soil BD resulting from soil compaction were almost the same for these two soils 0.21 and 0.19 (Mg/m3) respectively, the difference in initial soil bulk densities between the two soils results in a percentage increase in BD far greater in the volcanic ash soil (33percent) compared to the sandy loam soil (23 percent).  This potential problem should be addressed by adjusting the critical threshold increases in soil BD as the soil BD changes.

Soil Porosity

Changes in soil porosity have also been extensively used by the FS as a soil-based indicator of physical soil changes occurring from soil compaction.  In the past, most FS Regions have used soil bulk density along with a measurement or estimate of soil particle density to estimate changes in total soil porosity resulting from soil compaction.  

FS Regional SQS

As of 1998 both FS Regions 4 and 5 identified a SQS critical threshold of >10 percent loss of total soil porosity (USDA, 1991).  When measured by the water desorption method, decreases in total soil porosity in the four soil types did not exceed the 10 percent decrease in total soil porosity critical threshold that is used by some FS Regions.  However, when the measured soil BD and a measured average soil particle density was used to estimate total soil porosities, results showed all but the clay loam soil exceeded the 10 percent decrease in total porosity threshold.  Thus results obtained using these two methods were not consistent (Table 19).

These results raise questions about the accuracy and usefulness of using soil bulk density and soil particle density to estimate the total soil porosity changes occurring when forest soils become compacted.  Based on these results it is important to know whether soil porosity was actually measured or if it was estimated from soil BD and a soil particle density.  It is also important to note whether total soil porosity estimates were made using an actual measurement of soil particle density or whether it was estimated using the commonly used standard 2.54 g/cm3.

As of 1998 two FS Regions had also established soil thresholds based on a reduction in soil macroporosity (USDA, 1991).  FS Region 6 established a threshold based on a 50 percent or greater soil macroporosity reduction from the undisturbed soil and FS Region 8 established a threshold based on a greater than 20 percent decrease in macroporosity from the undisturbed.  Assuming that macropores are defined as pores 30µm and larger, measured percentage decreases in macropores for the four different soil types ranged between 22 and 38 percent.  Thus exceeding the FS Region 8 threshold for all four soil types and not exceeding the FS Region 6 threshold for any of the soils.

Considerations when Making Measurements

In this study total soil porosity estimates from soil BD and soil particle density were compared to the direct measure of total soil porosity using the water desorption method.  Results showed that estimates using soil BD and an average soil particle density tended to over estimate the measured change in soil porosity.  Measuring the actual soil particle density rather than using an assumed value of 2.65 g/cm3 improved the estimate of total soil porosity, however, results still compared poorly with the measured values.  

Total soil porosity calculated from soil BD and a measured soil particle density over estimated the measured total porosity value when the soils were not compacted.  Depending on soil type total porosity was closer to the measured value or in some cases under estimated the measured value when soils were compacted.  This treatment difference contributed to the larger percentage change between no compaction and compacted treatments noted when total soil porosity is estimated compared to that measured by the water desorption method.

The water desorption method provided a relatively simple procedure for determining changes in soil pore size distribution that does not require sophisticated laboratory equipment.  The time required to measure the soil pore size distribution may at first appear to be excessive compared to that required to make other soil measurements.  One needs to consider, however, that the water desorption method also yields a measure of soil BD and could be considered an extension of the soil BD measurements that are commonly made by the FS.  When soil BD is measured, a considerable amount of the time required to make these measurements is typically spent obtaining the soil core samples and traveling to and from the field.  The fact that the same soil cores that are collected for making soil BD measurements can also is used for the pore size distribution measurement helps to justify the additional effort required to measure soil pore size distribution.

For efficiency purposes the water desorption method may be refined by making only one measurement at the 30 µm pore size.  In addition measurements of 15 bar water are routinely reported in the soil inventory laboratory analysis.  This information along with soil bulk density measurements can be used to provide an estimate of the soil pore sizes less than 0.2 µm.  Measurements of the 30um pore size and 0.2 µm pore size can then be used to estimate the  available water holding porosity (soil pores between 30 and 0.2 µm) and the unavailable water holding porosity (soil pores less than 0.2 µm) also refereed to as the permanent wilting point.  This break provides additional information about changes in pore size distribution that could be resulting from soil compaction.

Soil Strength

A change in soil strength reflects the change in resistance a root may experience while growing through a compacted soil.  A soil strength measurement therefore provides additional information about changes in the soil which could be affecting soil function. The Rimik CP20 recording soil penetrometer proved to be an efficient tool for making measurements of soil strength.  

FS Regional SQS

As of 1998 two Forest Service Regions had established critical thresholds based on an increase in soil strength resulting from soil compaction.  Region 3 defined a threshold of a greater than 50% increase in soil strength above the undisturbed condition and Region 4 defined a threshold based on a doubling of soil strength in any 5 cm increment of surface soil (USDA, 1991).  Based on the Regional soil thresholds for changes in soil strength, compaction levels in all of the compacted treatments, in each of the four soils, exceed FS Regional standards established for both FS Regions and would therefore be considered detrimentally impacted (Figure 6).

Considerations when Making Measurements

When measuring soil resistance it is important to consider temporal changes in soil strength due to changes in soil moisture.  While both the no compaction and compaction treatments showed an increase in soil strength as soil moisture decreased, the increase in soil resistance with decreasing soil moisture was far greater when the soils were compacted (Figure 8).  In the compacted treatments, soil resistance increased rapidly in the spring as soils began to dry out and reached a level that could no longer be measured by the recording penetrometer by mid to late summer.  With the exception of the clay loam soil type the no compaction treatments increase in soil strength with soil moisture was relatively minor, increasing less than 1 MPa over the season.  A change in the soil strength in the non-compacted clay loam soil was more sensitive to changes in soil moisture, increasing slightly more than 1 MPa over the season as the soil dried out.  

Although soil strength did increase in each of the four soils as they dried out over the summer, the measured strength in the compacted treatments was always at least 1 MPa greater than the non compacted treatments.  Thus it was possible to identify at least some differences between compaction treatments regardless of soil moisture content.

To correctly interpret soil strength measurements the soil moisture should be measured at the same time that soil strength measurements are made.  Increases in soil strength as the soil moisture decreased also varied with different soil types.  Thus interpretations of the affects of soil moisture on soil strength will need to reflect these differences between soil types.

Soil moistures near field capacity allowed the greatest number of individual soil probing measurements to reach the full sampling depth.  Thus sampling under these conditions in turn provided the best estimate of sampling variability.  Since these soils have a xeric soil moisture regime, the spring when soil moistures are near field capacity also represents a time when plant roots are activity growing.  For these reasons spring sampling is the preferred sampling time for these soil types.  

Sources of sampling variability include obstructions in the soil profile such as large roots, buried wood, and rocks which caused soil strength to increase sharply.  Rodent burrows, rotten roots, and old root channels had an opposite affect on soil strength measurements, causing measurements to drop sharply over a few cm of soil depth and then again increase sharply once through the softer zone.

It was found that interpretation of the penetrometer data can be greatly improved by establishing a set of rules to be used to “clean up the data set.”  This includes first removing any outliers (ie values more than 3 standard deviations from the mean) which are obviously due to hitting obstructions such as rocks, wood, or fresh roots in the soil profile.  Next, caution should be taken to not consider averaged data from soil depths below which at least a minimum percentage (say 30%) of the individual probes were able to penetrate.  If average values are based on only a small fraction of data points that were able to make it down to deeper soil depths because of high soil strength above, the data may not be very reliable because only probes in the softer areas are making it down to a given depth.  Standard methods for summarizing data sets would also assist with comparisons with other data sets and improve information transfer.

A detailed determination of the variability of soil resistance within a soil pedon may also improve the interpretation of results.  Measurements of soil strength made using a recording penetrometer are commonly reported for averages of a number of point readings down through the soil profile.  This results in a one dimensional measure of soil strength.  While this often provides a good comparison between areas that are compacted and areas that are not compacted, the variability within the soil profile is lost.  Analyzing and interpreting penetrometer measurements as vertical and horizontal point quadrates that show the spatial distribution of soil resistance in different areas of the pedon, much like vegetation foliage patterns are determined above ground, may better reflect the true soil architecture and the variability in soil strengths within a soil pedon.   Critical thresholds could then be interpreted based on both amounts of high and low soil strength, thereby better reflecting changes in soil functions that may be occurring.  This type of analysis may also be helpful in identifying the extent of a soil’s recovery from soil compaction.

Ten-year Vegetation Biomass Measurements

To be useful as a soil-based indicator, changes in soil indices should reflect measurable differences in important response variables such as site productivity.  The LTSP study layout provides the opportunity to measure both tree biomass produced in areas in which understory vegetation was controlled and total biomass production in areas in which the understory vegetation was not controlled.

Areas in which Understory Vegetation was Controlled
In areas in which understory vegetation was controlled there was a significant difference in ten year tree biomass between some of the LTSP locations.  There was not, however, a significant soil compaction and/or above ground organic matter removal treatment effect.  This may be due to the fact that at ten years, not all of the trees on all of the treatments have reached canopy closure thus reflecting full site occupancy.  Until this occurs, the trees are not fully utilizing the resources on the site.  Resource limitations thus may not be reflected in the vegetative growth in these treatment areas until after canopy closure occurs on all of the treatments.

At year ten, tree biomass measurements did indicate a significant interaction occurring between compaction and above ground organic matter removal treatments.  In general, treatments in which maximum above ground organic matter was retained and the soils were not compacted (O0C0) resulted in lower tree biomass productivity compared to other treatments.  In locations in which this occurred it was observed that tree survival in this treatment appeared to be lower than other treatments.  Possible reasons for this might include organic matter getting into planting holes causing the tree roots to dry out and thus affecting tree survival and growth.  Also there is the possibility that the relatively large amounts of litter and duff left on the surface in combination with the low soil densities and high soil porosities are resulting in summer temperatures that cause increased tree mortality.  

In general the negative effect of leaving the surface organic matter was mitigated by compaction of the soil (O0C2).  Thus indicating the combination of surface organics and the physical condition of the mineral soil is responsible for the lower tree growth observed in the organic matter retention no soil compaction treatments.

Removal of the surface organic matter in combination with no soil compaction (O2C0) also resulted in some of the highest tree biomass productivity at some of the locations.  Compaction of the soil in areas where surface organic matter was removed (O2C2) resulted in a decrease in biomass productivity over the organic matter removal no compaction treatments.  Removal of the surface organic matter allowed trees to be planted in mineral without the interference of above ground organic matter.  This in turn improved tree survival over treatments in which the organic matter was retained and possibly provided a fairer test of the effects of soil compaction on tree growth.
Areas in which Understory Vegetation was not Controlled
When both the tree and understory vegetation biomass was used to measure site productivity there was no longer a significant difference in biomass between study locations.  There was, however, now a significant treatment effect resulting in an increase in biomass when the soils were compacted.  While soil compaction treatments did have a significant effect on site productivity when trees and understory vegetation were measured, above ground organic matter removal treatments did not.  Interactions between soil compaction and above ground organic matter removal treatments also occurred when the tree and understory vegetation biomass was measured.  

The ability to measure differences in vegetative growth between different compaction treatments in areas in which understory vegetation was not controlled may be due to the fact that in this case the trees plus the understory are fully occupying the site at ten years.  By vegetation fully occupying the site, resources such as water and plant nutrients are being utilized more completely by the vegetation and in some cases limitations between treatments due to soil condition are beginning to become apparent.

At the loam texture Blodgett location, the clay loam texture Challenge location and on a sandy loam soil that is very similar to the Central Camp location, Gomez et al. (2002) used measurements of water retention parameters and measurements of volumetric water content to estimate available water over a growing season.  Using an available water range estimate between (-0.03 to -1.5 MPa), they found that compaction increased the days for available water by 21 days for the loam texture, and by 48 days for the sandy loam texture.  The period of available water was reduced by 2 days in the clay loam soil.  Considering the fact that all of the study locations have a Mediterranean climate with a dry season during the summer months and that all study sites receive similar amounts of precipitation a change in available water retention could be the reason for the increase in vegetation biomass in compacted treatments.

Increases in available water retention when soils are compacted are supported by the measured pore size distribution changes occurring when soils became compacted (figure 5).  The measured increase in porosity of water holding pores indicates a potential increase in available water and may be responsible for increased productivity on these sites.  Field measures of soil available water was also measured over the growing season and is illustrated with an estimate of field capacity and permanent wilting point (figure 7).   Field measures of available water in different treatments at a given location did not appear to indicate differences in available water between treatments.  This is possibly due to differences in vegetative growth between treatments resulting in similar soil moistures. 
For the most part, treatment interactions were the same as those observed where tree biomass only was measured and understory vegetation was controlled.  In general, treatments in which maximum above ground organic matter was retained and the soil was not compacted (O0C0) resulted in low biomass productivity and in some cases this was mitigated by compaction of the soil (O0C2).  The removal of the surface organic matter in the no compaction treatments (O2C0) tended to increased biomass productivity over that which was measured where the surface organic matter was retained.  Compaction of the soil in treatments that had surface organic matter removed (O2C2) generally resulted in a decrease in biomass productivity compared to the no compaction and surface organic matter removed treatments.  Thus the same mechanisms that affected tree growth when the understory vegetation is controlled appear to be affecting the vegetation growth when understory vegetation was not controlled. 

Measurements of soil-based indicators and measurements of vegetation after ten years of growth along with the current FS Soil Quality Standards (SQS) provide the framework for validating current SQS.  While biomass results show little difference in tree growth as a function of treatments there is a significant increase in site productivity (trees and understory vegetation) as a function of compaction treatments.  Since this is the case for all sites one might conclude that the level of soil compaction found in these treatments improves water availability and thereby site productivity.  At least in the relatively short term (first 10 years).

Evaluation of FS Regional SQS

When both the tree and understory vegetation biomass were used as a measure of site productivity each of the four soil types showed soil compaction treatments resulting in a significant increase in vegetation biomass over that measured in the no compaction treatments.  Thus it appears that soil compaction in these soils improved the site productivity in the first 10 years.  Based on the improved site productivity as a result of soil compaction and the fact that increases in measured bulk density, soil porosity, and soil strength exceeded FS SQS critical thresholds in most cases, current FS standards do not appear valid for these soils, at least in the short term (first 10 years of growth).

The increase in biomass due to compaction of a sandy loam texture soil is supported by observations made by Gomez et al. (2002).  At the Rogers LTSP study location, which has a sandy loam soil that is similar to the sandy loam Central Camp location, Gomez et al. (2002) noted that compaction significantly increased the amount of plant available water (-0.03 to -1.5 MPa) between the 0 and 45 cm soil depth.  It was also observed that this resulted in an increase in cumulative stem volume for ponderosa pine.  Increases in plant available water were also measured at the loam soil Blodgett and clay loam soil Challenge LTSP study locations.  However, no effect was found on stem volume in the loam soil and a reduction in stem growth was noted for the clay loam soil.

Reasons for differences in productivity measured by Gomez et al. (2002) and this study may include the fact that Gomez et al. (2002) made their vegetation measurements at 3 to 5 years depending on location and the biomass measurements in this study were made after 10 years.  Gomez et al. (2002) also measured tree biomass in areas in which understory was controlled and, to avoid the complication of above ground organic matter, compared compaction treatments only in areas in which the above ground organic matter was removed.  This study compared compaction treatments that had organic matter both retained and removed and also investigated vegetation measurements in both the understory controlled and understory not controlled areas.
Powers et al., (2005) used both the tree and understory vegetation biomass as a measure of site productivity on 26 of the oldest LTSP installations representing major forest types throughout the US.  LTSP installations were stratified into three general soil textural classes.  Results showed that soil compaction resulted in a greater than 40% increase in productivity of the sandy soils compared to the loamy soils.  Comparisons between the loamy soils and the clayey soils showed productivity on the clayey soil was less than half that of the loamy soils. 

In a laboratory study Siegel-Issem et al. (2005) investigated the growth of tree seedlings as a function of soil density and water content on several different forest soils.  In the lab, different forest soils were subjected to seven levels of soil compaction.  Tree seedlings were then grown in the compacted soils and growth measurements used to determine growth limiting thresholds for different measured soil parameters.

One of the soils used in this experiment was collected from the loam soil Blodgett location and a second soil was sampled from the sandy loam soil Rogers location.  In the Siegel-Issem et al. (2005) study soil bulk densities for the different compaction levels for the Blodgett site ranged from 0.81 to 1.26 Mg/m3 and compaction levels for the Rogers site ranged from 1.04 to 1.54 Mg/m3.  

Field measurements of the no compaction treatment soil bulk densities that were measured in this study are less than the first level of compaction used in the Siegel-Issem et al. (2005) laboratory study (Table 17).  Comparisons of the Blodgett location soils also show that field measurements of soil bulk density, which were measured for the severely compacted treatments were also less than the first level of compaction used in the laboratory study.  Comparisons with bulk densities at the Rogers and Central Camp locations from the severely compacted treatments are approximately equal to only the second compaction level used in the laboratory study.  

Differences between field and laboratory measurements of soil bulk density are likely due in part to the fact that field measurements were made using intact soil cores in an attempt to maintain the soil structure while the laboratory soil bulk density measurements were made using disturbed soil materials.  The ability to compact soil to a higher bulk density in the laboratory was also noted in a second study which looked at the responses of microbial communities to compaction (Shestak and Busse, 2005).  This study tested soils from the Rogers and Challenge LTSP location.  In this study, no, moderate, and severe compaction was applied in the laboratory to disturbed soils.  The no compaction and moderate compaction obtained in the laboratory corresponded to the no compaction and severe compaction measured in the field.  The severe compaction level obtained in the laboratory was, however, considerably greater than the field measurements.

In the seedling root growth study done by Siegel-Issem et al. (2005), vegetation growth limiting thresholds for the soil parameters that were measured correspond to compaction levels 4 or 5 through 7 depending upon soil type.  While these compaction levels may be indicative of what is common operationally they are well above that which was measured in this study.  Thus, the site vegetation measurements that were made support the fact that the physical changes in soil bulk density made in the field in severely compacted treatments may not be growth limiting.

Total soil porosity changes little when soils become compacted.  Instead there is a shift from larger soil pore sizes to mid size soil pores.  Therefore measurements of the change in pore size distribution rather than total porosity may provide a better indication of a change in soil functioning as a result of soil compaction.  

For example, depending on the soil and climate, the reduction in soil aeration porosity resulting from compaction could be used to indicate a threshold below which the soil is unable to provide sufficient air exchange for adequate plant root respiration.  Other studies suggest a threshold of less than 10 percent aeration porosity (Grable and Siemer, 1968) (Siegel-Issem et al., 2005).  Soil functioning may also be improved in some soils by increasing the available water holding porosity when the soil becomes compacted, thus resulting in an increase in vegetation growth in soils with low amounts of available water holding capacity (Gomez et al. 2002). 

While changes in soil pore size distribution has long been recognized as an important index of soil quality it has not been used extensively by the Forest Service.  The main reason for this is the perceived difficulty in making the measurement.  The water desorption method for determining changes in soil macro porosity addresses this issue by providing a relatively simple procedure for determining changes in macro porosity (soil pore sizes 30 µm and larger).  The procedure does not require sophisticated laboratory equipment and it is possible to set up the apparatus for making the measurement with a minimum amount of sampling and testing equipment.

Perhaps the most important reason for measuring changes in soil pore size distribution is the additional information the measurement provides for interpreting a change is soil function.  Depending on soil type, changes in soil aeration porosity and changes in available water holding porosity, measurements of soil pore size distribution provides a soil measurement that can be related directly back to a change in the way a soil functions.

Laboratory studies have shown that an increase in soil strength above 2 MPa, resulting from soil compaction, may result in a reduction of plant root growth (Greacen and Sands, 1980; Siegel-Issem et al., 2005).  Average penetrometer measurements exceeded 2 MPa in compacted areas regardless of the time of year or soil moisture content while still producing an increase in site productivity.  The reason for the difference between lab and field results may be attributed to several factors. 

In the field, tree seedlings were planted in an augured planting hole.  Backfilling the hole provided a friable soil which was assumed to have low strength.  Thus initially seedling root growth was likely not limited by high soil strength.  At 10 years, numerous fine roots were observed in both the no compaction and compaction treatments.  In the no compaction treatments fine tree roots were observed growing throughout the soil profile.  In the compacted treatments about the same amounts of fine tree roots were observed, however, roots were growing in lenses between large platy soil peds.  As trees continue to grow and root systems occupy more of the compacted area higher soil strengths may become more of a factor. 

The reason for the difference in results between lab and field studies may also be due to the soil’s architecture in the lab samples versus that in the field.  In the lab efforts are typically made to create as uniform a soil sample as possible for testing different soil parameters like soil strength and a resulting response variable like vegetation growth.  Unlike the soil in the lab, soil strength of a pedon in the field likely has a much greater variability due to old root channels, soil structure, coarse fragments, and activities of soil organisms.  The more time that passes since the soil compaction occurred, the more soil strength variability one might expect.  The result is a mixture of areas with relatively high soil strength and areas which have lower soil strength.  In the field, plant roots are likely exploiting those areas in the soil that provide lower resistance to growth.

Measurements of soil bulk density, soil strength and soil pore size distribution each provide slightly different information about physical changes occurring in the soil.  Thus a combination of these indices provides the most information about a change in a soil’s function as a result of physical soil disturbances. Researchers have begun to evaluate the interaction of different soil indices on soil function. The combination of different soil index measurements and the development of models that can be used to predict changes in soil functions as a result of soil disturbances would be a logical next step in updating FS soil-based indicators that are used to assess changes in soil quality.

It is also important that soil thresholds reflect differences between soil types and the ways in which individual soils function.  Refinements of soil-based indicators may be best done by recognizing different soil taxonomy diagnostic soil characteristics.  One of the more obvious is soil moisture regime.  Soils in different soil moisture regimes will respond differently to changes in soil pore size distribution and soil strength as a result of soil compaction.  It has been shown that soil compaction in a xeric moisture regime can cause an increase in available soil moisture by increasing the amount of mid size soil pores, thereby improving site productivity, at least in the short term (Powers et al., 2005; Gomez et al. 2002).  It has also been shown that a loss of large soil pores due to compaction can reduce hydrollic conductivity and gas exchange in a soil with an aquic soil moisture regime, thereby negatively impacting soil function (Siegel-Issem et al., 2005).

Other taxonomic diagnostic soil characteristics that may warrant separate soil quality standards and assessment techniques are soils with andic soil properties.  Soil taxonomic family differentiae also may be useful for recognizing when soil standards and critical thresholds may need to be adjusted.  In particular soil particle-size classes and soil depth classes.  Although possibly not relevant to interpreting physical soil-based indicators, soil temperature regimes may also be significant when interpreting chemical and biological soil-based indicators.

Conclusions

After ten years, the initial compaction treatments could be differentiated on the basis of soil bulk density, changes in soil porosity, and soil strength.  Therefore each of these soil-based indicators may provide useful information about changes occurring in the soil as a result of soil compaction.  To correctly interpret changes in these soil-based indicators, it is important that soil functions are identified.  Critical thresholds can then be identified for different soil types based on the functioning of the soil.

There are also a number of complicating factors that must be considered when making physical soil index measurements, therefore it is essential that procedures be standardized.  Standardization of monitoring procedures is also a critical part of information transfer.

Each of the soils tested showed an increase in soil bulk density as a result of soil compaction.  However, the amount of increase varied with the soil’s inherent soil bulk density.  Soil coarse fragments also had a significant influence on the measured soil bulk density due to their large weight to volume ratio and the resulting effect on the soil density.  In addition, a coarse fragment volume of approximately 20% was found to mitigate the compaction of the soil and thus the change in soil bulk density.  These differences between soils need to be considered when making soil bulk density measurements and when interpreting changes occurring as a result of compaction.

When using soil porosity as an indicator of soil compaction, most FS Regions identify a critical threshold based on a change in total soil porosity.  Using a water desorption method to measure soil porosity it was determined that when compaction occurs, total soil porosity changed little in the soils that were tested.  Rather there was a shift in pore sizes from larger macro pores to medium size meso pores.  When making interpretation about changes in soil functions that may be occurring in compacted soils, a measurement of soil pore size distribution proved to be more useful than the change in total soil porosity.  In the soils that were tested measurements of the change in pore size distribution were used to indicate changes in the soil available water holding capacity.  This in turn was reflected in the increase in site productivity in compacted treatments.  

Increases in soil strength provide additional information about changes occurring in the soil when they compact.  The recording soil penetrometer proved to be an efficient tool for measuring soil strength.  While averages of individual measurements showed distinct differences between non-compacted and compacted areas, the usefulness of this information may be greatly improved through a more detailed interpretation of the data.  In particular identifying the amounts and distribution of areas having different soil strength within a soil pedon.  Soil strength is also affected by soils moisture, particularly when the soil is compacted.  Making measurements when soils are near field capacity improves the ease of sampling and also provides a measurement at a time when soils are likely to be biologically active, thus improving ones ability to apply results directly to the functioning of the soil.

Critical thresholds for each of the three soil-based indicators are identified in the FS SQS.  To be useful as a soil indicator, changes in these indices need to reflect measurable differences in important response variables such as site productivity.  In most cases comparisons of compacted and non-compacted treatments showed that physical soil indicator measurements exceeded FS SQS critical thresholds, thus indicating a detrimental soil disturbance.  However, measurements of vegetative response showed an increase in site productivity in the compacted treatments.  Thus based on ten year vegetative growth at these locations, those soil-based indicator thresholds currently being used by the FS were not valid for these soils at this point in time.  

It is important that soil-based thresholds reflect differences between soil types and the ways in which individual soils function.  Refinements of soil-based indicators may be best done by recognizing different soil taxonomy diagnostic soil characteristics.  In particular differences in soil moisture regimes and its relation to changes in soil porosity and soil strength over a growing season.
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Paper #3

AVAILABILITY OF SOIL NITROGEN IN PONDEROSA PINE FOREST FOLLOWING REMOVAL OF LOGGING SLASH AND THE FOREST LITTER LAYER
Abstract

Forest management activities can affect the quality and quantity of above ground organic matter (OM) and in some cases result in the removal or displacement of top soil.  This in turn can affect the nutrient supplying capacity of the soil and site productivity.   Assessments of the removal of above ground biomass and/or top soil are commonly made during operational soil monitoring by describing visual disturbance categories used to visually estimate the amount of OM or soil removed or retained.  This quantification of the aeral extent of visual disturbance within an activity area, allows managers an efficient method for identifying the amount and extent of change that has occurred.  However, the real usefulness of this information lies in the relation that these disturbance categories have to important soil functions which are affected and ultimately the change in site productivity.  This study investigates soil-based indicators of available soil nitrogen (N) that may be used to validate the effects of OM and/or top soil removal.  Soil analysis using a biological anaerobic incubation and a chemical hot KCl treatment both showed significant changes in available N due to disturbances.  Measured available soil N decreased with sampling depth while temporal sampling variability did not appear to be important.  Combining quantitative measures of soil-based indicators with visual estimates of removal of OM and soil provided an efficient means of validating when visual estimates of removal of OM and soil are significant.
Introduction

In forest ecosystems, organic carbon occurs on the surface of the mineral soil in various forms including the forest litter layer and larger woody debris, as well as within the mineral soil in the form of humic substances and particulate organic matter.  The forest litter and larger woody debris are often referred to as the forest floor.  Over the materials that make up the forest floor gradually decompose and become mixed into the mineral soil and, along with plant roots, contribute to the organic matter fraction of the mineral soil (Fisher and Binkley 2000).  The soil organic matter (SOM) that occurs within the mineral soil typically constitutes only a small percentage of the total soil.  Yet this soil organic matter has a profound influence on the physical, chemical and biological functioning of the soil (Stevenson 1994).

The forest floor is a poor conductor of heat, thus insulating the mineral soil.  In general the forest floor has high water infiltration rates and tends to have a high water holding capacity; however, these layers dry out quickly (Fisher and Binkley 2000). The ground cover provided by forest litter, duff, and other organic materials is considered by some to be the most important component for protecting the mineral soil from erosion (Elliot et al. 1996).  

The biomass and nutrient concentrations of different components of the forest floor and their contribution to the total nutrient pool varies by forest type and climate.  In a lodgepole pine forest in Oregon, Little and Shainsky (1992) measured biomass and nutrient concentrations of the soil and the above ground forest biomass.  They compared the potential changes in forest nutrients resulting from whole tree harvesting to that of harvesting the tree bole and leaving the slash on site.  They found that about one third of the carbon and more than 90 percent of the nitrogen, phosphorus, and sulfur in the ecosystem were in the mineral soil.  The trees, forest floor, plant roots, and shrubs accounted for the remainder.

In 1989 a series of Long-Term Soil Productivity (LTSP) studies were initiated by the research branch of the USDA Forest Service (FS) to examine the long term effects of soil disturbances on forest productivity (Powers and Avers 1995).  These studies identified changes in site organic matter and soil porosity as ecosystem properties that are most likely to impact the long-term productivity of a forest.  In these studies a standard set of core treatments are applied to different study sites which reflect differences in above ground organic matter removal and changes in soil porosity.  In these LTSP studies and for the purposes of this work the forest floor is defined as the forest litter layer (O horizons) plus all of the plant detritus on top of it.  

Powers (2006) used six typical LTSP sites covering a climatic gradient to describe the absolute and proportional amounts of above ground biomass and nitrogen removed in the different above ground organic matter removal treatments.  Results demonstrated that regardless of the site sampled, between half and three quarters of the above ground biomass is in the tree bole, but only 1/5 to 1/3 of the nitrogen is contained in the tree bole.  Thus while the forest floor accounts for a minority of the total above ground forest biomass it contains the majoring of the above ground N in the system.  
In the U.S., the forest litter layer is described as three distinct horizons in Soil Taxonomy.  These include an Oi horizon in which materials are unaltered or only slightly decomposed, an Oe horizon of intermediate decomposition, and an Oa horizon consisting of highly decomposed organic materials (Soil Survey Staff, 1993).  The amounts of materials that accumulate on the forest floor and the morphology of those materials depend to a large extent on the decomposition rate of these organic materials.  Factors that influence breakdown include the physical and chemical nature of the materials, aeration, temperature, moisture conditions, and the microflora and fauna that are present (Fisher and Binkley 2000).

Both natural and managed processes also act to alter the forest floor.  Forest management activities including harvest and slash treatments can remove and alter the forest floor chemical, biological, and physical properties (Jurgensen et al. 1997).  Removal of the forest floor by wildfire and prescribed fire can result in a loss in the physical functioning of the forest floor (Elliot and Robichaud 2001).  Wildfires and the increased use of prescribed fire to reduce fuel loads have also been shown to alter forest nutrient cycling (Busse, et al., 1999; McNabb and Cromack 1990).
The contributions of large woody debris to the forest floor can be equal in mass input to that of the forest litter layer (Sollins 1982).  Decomposition of large wood varies by location depending upon temperature, moisture, as well as other environmental factors.  Busse (1994) looked at the decomposition rate and nutrient relation of large woody debris in a logdgepole pine forest in Central Oregon.  This forest had an average downed wood biomass of 38.7 Mg/ha.  The turnover time of carbon in downed trees in contact with the soil was 37 years.  These results show the importance of woody debris as a source of energy and carbon in the system.
Soil organic matter has long been recognized as an important indicator of soil quality.  Soil organic matter in the mineral soil includes all of the carbon containing substances in the mineral soil with the exception of carbonates.  Soil organic matter occurs in a wide variety of forms within the mineral soil including the light fraction, microbial biomass, water-soluble organics, and stabilized organic matter in the form of humus (Stevenson 1994).  These different forms have varying effects on the chemical, biological and physical properties of the soil and therefore have an important influence on soil functions.  

Soil organic matter affects soil physical properties by promoting good soil structure, thus improving the soil tilth, aeration, drainage, and soil moisture retention (Brady and Weil 2002).  Soil organic matter is also a principle source of plant nutrients and in many forest soils contributes to the majority of the soil’s ion exchange capacity (Fisher and Binkley 2000).  

From a conceptual standpoint, SOM is commonly divided into two major pools: the active or labile pool and the stable pool.  The labile pool of SOM serves as a readily available source of plant nutrients, while the stable fraction functions as a reservoir of plant nutrients (Stevenson 1994).  In natural and managed forest soils, organic matter functions as both a source and sink of plant nutrients.  The carbon:  nitrogen: phosphorus: sulfur ratio of forest soils is commonly 200:10:1:1 and in most soils, SOM is the primary source of nitrogen and sulfur (Stevenson 1994).  The organic forms of phosphorus can be the major source of labile phosphorus.  Soil micronutrients iron, manganese, copper, boron, molybdenum and zinc are also typically controlled by organic matter turnover or by chelation properties of SOM (Fisher and Binkley 2000).  

Nearly all of the nitrogen present in the soil is in an organic form and is not directly available to plants.  The process involved in converting nitrogen from organic forms to a mineral form available to plants is called N mineralization.  The amounts of N mineralized in the soil vary depending on soil properties, ecosystem type, climate, and management history (Paul and Clark, 1996).  

Like SOM, the capacity of the soil to supply plant available N is also recognized as an important indicator of soil quality.  Amounts of available N in soil are a reflection of the size of the labile SOM pool.  A number of different biological and chemical methods have been suggested as a soil-based indicator of available soil N (Drinkwater et al. 1996; Waring and Bremner, 1964; Powers 1980; Gianello and Bremner, 1986; Bundy and Meisinger, 1994).  The ratio of available soil N to total soil carbon or total soil N can provide a means of comparing the nutrient supplying capacity of soils resulting from differences in management.

Two biological methods that are commonly used to analyze available N include aerobic and anaerobic incubation procedures (Drinkwater et al. 1996).  A 30 week aerobic method proposed by Standford and Smith (1972) was considered to better indicate total mineralization potential compared to shorter incubation periods.  While the aerobic incubation method can produce optimal conditions of soil temperature, moisture, and aeration for microbial mineralization of N, these soil conditions can be difficult to maintain throughout the incubation.  The accumulation of mineralized N can increase electrical conductivity concentration and negatively affect microbial activity, therefore mineralized N should be leached frequently to avoid the build up of nutrient salts during the incubation.

Waring and Bremner (1964) proposed an anaerobic incubation method as a simpler alternative to the aerobic method.  This procedure can be completed in 7 to 14 days.  Unlike the aerobic method, the water-logged conditions of the anaerobic incubation avoid the need to maintain optimal soil moisture and aeration conditions.  The anaerobic conditions also prevent nitrification from occurring thus only NH4-N needs to be measured.

In Northern California forests, Powers (1980) found a good correlation between mineralized N measured using the 14-day anaerobic incubation method in the lab and N mineralized anaerobically for six months in the field.  A good correlation was also noted between mineralized N and site productivity.  Based on these results the 14-day anaerobic incubation method was recommended as a soil-based indicator of N availability in forest soils.

In a later field study, however, correlation between incubations using aerobic and anaerobic methods measured in the field was found to be poor (Powers 1990).  Poor correlation was attributed to the effects of soil moisture on the aerobic incubation which varied by elevation.  Differences in soil temperature were also determined to be a factor affecting mineralization.  Aerobic mineralization of N was found to be greatest at mid-elevations and to be limited by low soil moisture at lower elevations and low soil temperatures at higher elevations.  This suggest that the anaerobic incubation method only estimates potential mineralizable N and that the amount of N mineralized at a site can vary depending on climate.
In an attempt to find a simple and rapid method for determining available N in the soil Gianello and Bremner (1986) tested two chemical methods of analysis.  These methods included a steam distillation of the soil in a pH 11.2 phosphate-borate buffer solution for 8 minutes and a second method using a 2M KCl solution in a 100 degree Celsius steam bath for 4 hours.  Comparisons with N mineralized by both the aerobic and anaerobic biological methods showed good correlation for the soils tested.

Binkley, et al., 1990 outlined a proposed cooperative research project to develop a protocol for measuring nitrogen availability.  They emphasized site incubation methods because it was thought this would produce field estimates of mineralized N.  Some laboratory methods were also used for comparison and to answer specific questions.  The purpose of this work was to provide validated methods for assessing N availability through standardized testing protocols which could then be used to examine the accuracy of computer simulation models.

Duxbury et al., (1991) described a set of soil organic N pools that could be used in modeling organic matter dynamics.  The different soil organic N pools are based on their susceptibility to biological decomposition and include; biomass N, active non-biomass N, stabilized N, and passive N pools.  The biomass and active non-biomass pools represent organic N compounds which are readily accessible to soil organisms and enzymes, while the stabilized N and passive N pools are inaccessible because of their interaction with the soil matrix.  This discrete pool approach provides a conceptual framework that can be used to evaluate methods for measuring biological availability N.

Duxbury and Nkambule (1994) evaluated the use of three methods for measuring active soil organic matter N.  Methods included microbial biomass N (Jenkinson, 1988), potentially mineralizable nitrogen (Verhoef and Brussaard, 1990), and active soil nitrogen by isotope dilution (Duxbury et al., 1991).  It was determined that all of these methods showed promise as a measure of soil quality.

In terms of the N pools described by Duxbury et al., (1991), the microbial biomass method would only measure the biomass N pool.  The potentially mineralizable nitrogen method is thought to measure the active non-biomass N pool along with some of the biomass N pool, since there is typically less microbial biomass following an incubation period.  The active soil nitrogen by isotope dilution method measures that N that participates in biologically mediated N cycling within the soil.  Thus it measures the active non-biomass N and the microbial biomass involved in the mixing process.  Understanding what pools these indices are measuring is an important step in interpreting measurements in terms of changes in soil quality.

Within the FS, evaluations of the effects of removal of above ground organic matter and/or the removal of mineral surface soil through displacement by equipment operations or other means are typically made using a defined range of visual soil disturbance categories.  Those soil disturbance categories include changes in the amounts of above ground organic matter due to forest management, mechanical soil displacement by equipment operations, amounts of accelerated soil erosion that may be occurring, adequate soil cover to prevent accelerated soil erosion, and observed surface soil burn intensities (USFS, 1991).  
Some of the FS Regions emphasize the retention of the forest litter layer in their standards and may or may not include logging slash and large wood retention.  While other Regions focus on changes in the mineral soil organic matter content as an indicator.  Sometimes thresholds are based on the removal of topsoil over a minimum area while other times a threshold is defined in terms of a change in the mineral SOM content.  In some cases detrimental soil burn intensity thresholds discuss consumption of above ground organic matter and thus are similar to the above ground organic matter requirements.  Other FS Regions describe signs of mineral soil charring and or oxidation of the soil for their soil burn intensity thresholds.  Soil erosion thresholds are sometimes defined in terms of exceeding a soil loss tolerance, and other times are deferred to soil cover requirements that are considered adequate for mitigating accelerated soil erosion (Powers et al., 1998).

These relatively rapid methods of quantifying different soil disturbances over large areas are a necessary step to facilitate the monitoring of soil disturbances.  While visual indicators of soil disturbance do allow managers an efficient method of determining when a threshold is exceeded; the real usefulness of this information lies in the relation that thresholds have to soil functions which are affected.  

Typically indicators and critical thresholds that are identified by the FS are based on current forest research and professional judgment.  This can make accounting for differences in soil types and other site characteristics difficult.  One solution is to use a set of quantifiable chemical and biological soil-based indicators to refine visual estimates of soil disturbance and identify critical thresholds that can be used to interpret these estimates.  Measurements of chemical or biological soil-based indicators in disturbed areas in which sufficient time has passed that changes in soil quality can be measured would provide the critical thresholds that are needed to make an assessment based on soil and site characteristics.

The objective of this study was to test the use of biological and chemical indicators of soil N availability and the usefulness of results for refining assessments of the change in the soil’s nutrient supplying capacity that may result from soil disturbances.  Measurements of N availability were made at the four USDA Forest Service North American Long-Term Soil Productivity (LTSP) study sites described at the beginning of this report (Powers and Avers 1995).  At each of the sites, available soil N was measured on treatments that received three levels of above ground organic matter removal and varying levels of soil compaction.

Changes in N availability resulting from removal of above ground biomass were studied over two field seasons.  During the first season two different methods for analyzing indices of soil N availability were compared along with the spatial and temporal sampling variability.

First Year Hypothesis

Null hypothesis

1) Above ground forest organic matter removal and or soil compaction do not affect available N levels in the mineral soil. 

2) Nitrogen availability in the mineral soil is lowered by organic matter removal and or soil compaction.

3) Organic matter removal and or soil compaction effects are universal, regardless of soil type.

4) Indices of soil N availability do no vary temporally over a growing season.

5) There is no difference in measured indices of soil N availability when different analyses are used.

Alternative hypothesis

1) Reductions in above ground organic matter and or increases in soil compaction affect the nutrient supplying capacity of the soil by reducing labile sources of soil N.

2) Reductions in available soil N due to organic matter removal and or soil compaction vary by soil type.

3) Indices of soil N availability do vary temporally over a growing season.

4) There is a difference in measured indices of soil N availability when different analyses are used.

During the second field season, testing was further refined to determine whether differences in measured mineralizable soil N between LTSP treatments were due to retention of the forest litter layer, retention of above ground logging slash, or a combination of forest litter layer and logging slash.

Second Year Hypothesis

Null hypotheses

1) Reductions in available N in the mineral soil are a result of both the removal of logging slash and the forest floor litter layer.

Alternative hypothesis

1) Reductions in available N in the mineral soil are results of removal of only the logging slash.

2) Reductions in available N in the mineral soil are a result of the removal of the forest floor litter layer.
Methods

Site and Soil Descriptions

The same LTSP installations used to evaluate the physical sol-based indicators were also used in this study.  Site and soil characteristics for each of the four LTSP sites are listed in Chapter 2.
Experimental Design

The experimental design is described in detail in Chapter 2.  During the first sampling season four of the nine treatments at each of the four LTSP locations were selected to evaluate indices of soil N availability.  LTSP treatments sampled included areas which had most of the above ground organic matter (OM) retained (stem only removal) and treatments in which all of the above ground OM was removed, including the forest floor litter layer (whole tree plus forest floor removal).  Additional LTSP treatments sampled were no soil compaction and severe soil compaction in combination with the OM treatments.  

These four LTSP treatments are referred to as the four corners treatments and they represent the greatest treatment contrasts between the nine LTSP core treatments (Chapter 2, Figure 3).  To better understand both temporal and spatial variability samples were collected three times during the season (spring, summer, and fall) from two soil depths.

In the second field season, three levels of OM removal/retention were sampled to determine the individual effect of retention of above ground logging slash and the retention of the forest floor.  Treatments included an intermediate LTSP treatment in which the bole and logging slash were removed but the forest floor litter layer was retained (whole tree removal) (Figure 11).  Only the no compaction LTSP treatments were sampled the second season and soil samples were collected only in the fall from the 10-20 cm soil depth.
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Figure 11:  USDA Forest Service long term soil productivity study core treatments showing three levels of above ground organic matter removal and three levels of soil compaction.  The three levels of above ground organic matter removal/retention which were sampled the second season of the study are shown in white.

Soil Sampling

During the first field season, soil samples were collected from four of the nine LTSP core treatments in the spring, mid summer, and fall of the year.  At each sampling time a soil spade was used to collect three separate soil samples from the 0-10 cm soil depth and three samples from the 10-20 cm soil depth in each of the LTSP treatments.  Individual samples consisted of a composite of three soil samples taken within a radius of approximately one meter. 

During the second field season soil samples were collected during the fall from the LTSP core treatments having OM retained, OM removed, and an intermediate treatment in which the trees and slash was removed but the forest litter layer was retained.  To minimized the number of analyses only the no compaction treatments were sampled in the second year.  A total of nine soil samples were collected from the 10 to 20 cm soil depth in each of the three treatment areas at the four LTSP sites.  Individual samples consisted of a composite of three soil samples taken within a radius of approximately one meter. 

Following field sampling, soils were returned to the lab, sieved using a number 4 sieve (10 mm mesh), then air dried at 40° C for four days.  Soils were then sieved again using a number 10 sieve (2 mm mesh) and stored in plastic bags at room temperature prior to analysis.

14-day Anaerobic Incubation Method (Mineralizable Soil N)
Soil samples were analyzed according to those procedures described in Waring and Bremner (1964), and Powers 1980.  This method provides an indirect measure of the microbial biomass by measuring the N mineralized under anaerobic conditions over 14 day period.  
Approximately 12.5 ml of distilled water was added to a 50 ml centrifuge tube.  Next 5.0 g of air dried soil was added and the soil water mixture was purged for 30 seconds with helium gas to displace oxygen and the tube was then tightly capped.  Samples were incubated for 14 days in the dark at 30° C.  After incubation 12.5 ml of 4 molar KCl was added to the tubes and they were shaken for 1 hour.  The samples were gravity filtered using a medium porosity 12.5 cm diameter Fisher Scientific filter paper.  The filtrate was analyzed for NH4-N using a colorimetric method described in Forster (1995).  In a semimicro cuvet, 80µl of sample was mixed with 500µl of reagent A which prepared by mixing 100 ml distilled water, 6.5 g sodium salicylate, 5 g sodium citrate, 5 g sodium tartrate, and 0.025 g sodium nitroferricyanide.  Next 500µl of reagent B was added.  Reagent B was prepared by mixing 6 g sodium hydroxide with 2 ml bleach (5.25% sodium hypochlorite).  The solution in the tubes were mixed by inverting them several times and measured after one hour using the spectrophotometer to read absorbance at a wave length setting of 650.  A standard curve of known NH4-N concentration was used to calculate nitrogen concentrations.

4-hour Hot KCl Method (Extractable Soil N)
Soil samples were analyzed using procedures similar to those described in Gianello and Bremner (1986).  This method differs from the anaerobic incubaton method in that the soils are not incubated prior to the addition of a salt solution but instead the soil and the salt solution are boiled for a period of time.  This results in the release of N from the soil microbes as well as labile N from other compounds.  Because the soils are not subjected to an anaerobic incubated prior to treatment the microbial populations would be expected to differ between the two methods.  

Approximately 5.0g of air dried soil and 35ml of 2 molar KCl were added to a 50 ml centrifuge tube, which was then shaken for one hour.  Next the capped tubes were heated in a water bath set at 100° C for four hours.  The tubes were then shaken for an additional hour.  The contents of the tubes were next gravity filtered and analyzed for NH4-N as described above.

Vegetation Measurements

After 10 years, biomass production was determined in the areas in which understory vegetation was controlled by measuring the total tree biomass.  Biomass production was also determined in areas in which understory vegetation was not controlled by measuring a combination of both the tree and the understory vegetation biomass.  Biomass was determined by destructive sampling of representative areas within the buffer area of individual treatments.  Details for this procedure are described in the LTSP Study protocol (Powers, 1991; Powers and Fiddler, 1997).

Statistical Analysis

Statistical analyses were preformed using the Minitab statistical package (Minitab, 2005).  The study design provided four replications of the different treatments in a randomized block design in which study sites represent blocks containing each of the four treatments.  Initially a simple Randomized Block Analysis of Variance (ANOVA) and Tukey’s mean comparison was used to determine whether differences in vegetation biomass and differences in soil parameters that were measured were significant.  An alpha of 0.05 was used to for determining a significant difference.
When a significant difference between a treatment parameter was found, statistical analysis was preformed for each of the locations separately. Treatments were not replicated within a location, and it is recognized that applying inferential statistics to treatments comparisons at a single location represents pseudoreplication.  Individual treatment areas were, however, carefully selected at each of the LTSP locations prior to harvest to assure these areas were as uniform as possible.  Soil characteristics investigated to help assure uniformity between treatment areas within a location included: existing stand density, site index, thickness of the forest floor and A horizon, soil color and depth, gravel content, and signs of prior disturbance such as skid trails and landings (Powers, 1991).

First Year Results
Mineralizable Soil N

In treatments that had most of the above ground organic matter retained (tree bole only removal) average mineralizable soil N, measured by the 14 day anaerobic incubation method, ranged between 68.5 and 26.3 mg/g in the 0-10 cm soil depth and between 58.4 and 14.6 mg/g in the 10-20 cm soil depth (Table 30).  

Table 30:  Average mineralizable soil nitrogen measured using the 14-day anaerobic incubation analysis method for different soils, sampling times, and sampling depths, and treatments of organic matter removal and soil compaction.

	Soil NH4-N (mg/kg)


	Sample
Location
and

Soil Texture
	Treatment
	Sampling Time

	
	
	Spring
	Summer
	Fall

	
	
	Sampling Depth (cm)

	
	
	0-10
	10-20
	0-10
	10-20
	0-10
	10-20

	Blodgett

(loam)


	O0C0
	50.3
	44.2
	49.5
	45.9
	40.9
	41.4

	
	O0C2
	52.6
	34.2
	67.1
	41.0
	48.9
	36.4

	
	O2C0
	26.8
	29.0
	27.4
	35.1
	23.8
	25.7

	
	O2C2
	16.6
	15.6
	31.9
	28.8
	16.9
	14.0

	

	Central Camp (sandy loam)
	O0C0
	49.3
	21.3
	30.2
	19.3
	30.5
	18.1

	
	O0C2
	27.6
	17.1
	28.1
	14.6
	46.2
	17.1

	
	O2C0
	13.4
	10.3
	12.3
	14.4
	14.8
	13.2

	
	O2C2
	15.3
	11.0
	13.5
	12.6
	15.7
	7.7

	

	Challenge

(clay loam)

	O0C0
	47.4
	41.4
	59.6
	51.9
	66.9
	49.0

	
	O0C2
	56.6
	44.6
	70.7
	58.4
	74.0
	49.0

	
	O2C0
	20.2
	26.3
	25.8
	23.6
	22.1
	20.8

	
	O2C2
	28.0
	28.7
	28.8
	28.3
	46.4
	29.5

	

	Wallace

(loam, andic soil properties)
	O0C0
	38.4
	35.5
	26.3
	37.6
	29.9
	36.3

	
	O0C2
	37.3
	39.6
	68.5
	25.0
	39.3
	28.4

	
	O2C0
	26.9
	28.0
	23.9
	27.5
	30.5
	26.6

	
	O2C2
	19.0
	19.2
	27.7
	29.8
	23.8
	23.0


n=3
Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

Mineralizable soil N was significantly different between organic matter treatments, sampling depths, and sample sites (Table 31).  Organic matter removal resulted in a significant reduction in mineralizable soil N.  Mineralizable soil N decreased with sampling depth and mineralizable soil N in the sandy loam soil was significantly lower than the other three soil types.  There was also a significant interaction between both sampling depth and organic matter treatments and sampling depth and compaction treatments.  The time of year that samples were collected and amount of soil compaction did not have a significant effect on mineralizable soil N (Table 31).

Table 31a:  Analysis of variance comparing mineralizable soil N for different study locations, sampling dates, sampling depths, and treatments of organic matter removal and soil compaction.

Analysis of Variance for min N, using Adjusted SS for Tests

Source              DF    Seq SS   Adj SS   Adj MS       F      P

Site                 3   6079.97  6079.97  2026.66   33.53  0.000
Date                 2    211.82   211.82   105.91    1.75  0.181

Depth                1   1012.90  1012.90  1012.90   16.76  0.000

OM                   1   8487.26  8487.26  8487.26  140.40  0.000
Comp                 1     20.34    20.34    20.34    0.34  0.564

Date*Depth           2     49.72    49.72    24.86    0.41  0.664

Date*OM              2      0.45     0.45     0.22    0.00  0.996

Date*Comp            2    194.34   194.34    97.17    1.61  0.208

Depth*OM             1    736.54   736.54   736.54   12.18  0.001
Depth*Comp           1    344.62   344.62   344.62    5.70  0.020
OM*Comp              1     62.13    62.13    62.13    1.03  0.314

Date*Depth*OM        2     36.38    36.38    18.19    0.30  0.741

Date*Depth*Comp      2    145.45   145.45    72.73    1.20  0.306

Date*OM*Comp         2     16.75    16.75     8.38    0.14  0.871

Depth*OM*Comp        1     77.20    77.20    77.20    1.28  0.262

Date*Depth*OM*Comp   2    115.97   115.97    57.99    0.96  0.388

Error               69   4171.01  4171.01    60.45

Total               95  21762.86

S = 7.77492   R-Sq = 80.83%   R-Sq(adj) = 73.61%

Table 31b:  Mineralizable soil N means for individual study locations.
Site           Mean     SE Mean  StDev  Variance  CoefVar

Blodgett       35.16 a    2.76   13.51    182.59    38.43

Central Camp   19.72 b    2.17   10.63    113.01    53.92

Challenge      41.58 a    3.45   16.90    285.49    40.64

Wallace        31.17 a    2.05   10.04    100.77    32.21

Table 31c:  Mineralizable soil N means for the 0-10cm and 10-20cm sampling depths.

Sampling

 Depth         Mean     SE Mean  StDev  Variance  CoefVar

0-10  cm       35.15a    2.46    17.05    290.56    48.49

10-20 cm       28.66b    1.77    12.29    150.93    42.87

Table 31d:  Mineralizable soil N means for different organic matter retention/removal treatments.

OM Treatment   Mean     SE Mean  StDev  Variance  CoefVar
O0             41.31a    2.15    14.92    222.67    36.12
O2             22.50b    1.12     7.73     59.79    34.36
When results from soil compaction treatments were combined, the concentration of mineralizable soil N, resulting from organic matter removal, decreased from 34.0 to 14.7 mg/g at the 0-10 cm depth and from 22.8 to 6.4 mg/g at the 10-20 cm depth (Table 32).  The loam and clay loam soils generally had higher mineralizable soil N compared to the sandy loam and loam soil with andic soil properties.  On a relative percentage basis treatments that removed most of the above ground organic matter resulted in mineralizable soil N being decreased between 37 and 60 percent at the 0-10 cm sampling depth and between 24 and 46 percent at the 10-20 cm sampling depth.

Table 32:  Absolute decrease and relative percent decrease in mineralizable soil nitrogen for organic matter treatments measured by the 14-day anaerobic incubation analysis method.

	Soil NH4-N

	Sample

Location

and

Soil Texture
	Treatment
	Sampling Depth 0-10cm
	Sampling Depth 10-20cm

	
	
	Mean for OM removal (mg/kg)
	Absolute Decrease (mg/kg)
	Relative % Decrease 
	Mean for OM removal (mg/kg)
	Absolute Decrease (mg/kg)
	Relative % Decrease 

	Blodgett

(loam)


	O0C0
	51.5a
	27.6
	54
	40.5a
	15.8
	39

	
	O0C2
	
	
	
	
	
	

	
	O2C0
	23.9b
	
	
	24.7b
	
	

	
	O2C2
	
	
	
	
	
	

	

	Central Camp (sandy loam)
	O0C0
	35.3a
	21.1
	60
	17.9a
	6.4
	36

	
	O0C2
	
	
	
	
	
	

	
	O2C0
	14.2b
	
	
	11.5b
	
	

	
	O2C2
	
	
	
	
	
	

	

	Challenge

(clay loam)


	O0C0
	62.5a
	34.0
	54
	49.0a
	22.8
	46

	
	O0C2
	
	
	
	
	
	

	
	O2C0
	28.5b
	
	
	26.2b
	
	

	
	O2C2
	
	
	
	
	
	

	

	Wallace

(loam, andic soil properties)

	O0C0
	40.0a
	14.7
	37
	33.7a
	8.0
	24

	
	O0C2
	
	
	
	
	
	

	
	O2C0
	25.3b
	
	
	25.7b
	
	

	
	O2C2
	
	
	
	
	
	


n=18
Columns within a sampling depth and location are not significant at p = 0.01 if followed by

the same letter.
Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

Extractable Soil N

Compared to the 14 day anaerobic incubation method, the 4 hour hot KCl method was less effective at measuring differences between treatments.  In treatments that had most of the above ground organic matter retained (Tree bole only removal) extractable soil N, measured by the 4 hour hot KCL method, ranged between 59.8 and 22.1 mg/g in the 0-10 cm soil depth and between 48.6 and 12.6 mg/g in the 10-20 cm soil depth (Table 33).

Table 33:  Average extractable soil nitrogen measured using the 4-hour hot KCl analysis method for different soils, sampling times, and sampling depths, and treatments of organic matter removal and soil compaction.

	Soil NH4-N (mg/kg)


	Sample
Location
and

Soil Texture
	Treatment
	Sampling Time

	
	
	Spring
	Summer
	Fall

	
	
	Sampling Depth (cm)

	
	
	0-10
	10-20
	0-10
	10-20
	0-10
	10-20

	Blodgett

(loam)


	O0C0
	52.6
	43.5
	53.9
	48.6
	41.5
	32.3

	
	O0C2
	48.2
	33.9
	58.0
	40.9
	45.3
	30.4

	
	O2C0
	37.9
	31.1
	41.6
	34.8
	42.3
	30.0

	
	O2C2
	25.6
	26.4
	35.8
	29.8
	29.7
	25.7

	

	Central Camp (sandy loam)
	O0C0
	32.1
	12.6
	22.1
	14.3
	28.0
	13.7

	
	O0C2
	25.4
	14.1
	26.3
	12.6
	37.6
	15.4

	
	O2C0
	18.8
	13.7
	15.7
	11.4
	25.4
	17.0

	
	O2C2
	23.4
	15.6
	15.5
	13.2
	23.5
	10.6

	

	Challenge

(clay loam)

	O0C0
	31.5
	23.5
	27.0
	21.1
	33.7
	32.5

	
	O0C2
	36.6
	27.3
	38.5
	24.6
	44.7
	27.2

	
	O2C0
	21.7
	18.5
	24.2
	19.5
	22.4
	20.2

	
	O2C2
	28.6
	23.0
	28.6
	21.7
	33.4
	23.7

	

	Wallace

(loam, andic soil properties)
	O0C0
	50.7
	38.4
	59.8
	45.7
	54.7
	38.9

	
	O0C2
	31.8
	29.9
	57.7
	32.0
	43.7
	28.1

	
	O2C0
	41.3
	30.3
	40.3
	36.4
	45.6
	35.6

	
	O2C2
	29.0
	25.9
	44.5
	36.6
	38.0
	34.0


n=3
Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

Extractable soil N was significantly different between organic matter treatments, sampling depth, and the sampling sites (Table 34).  Varying organic matter removal resulted in a significant reduction in extractable soil N.  Measurements of extractable soil N decreased with sampling depth.  

Extractable soil N in the sandy loam soil was significantly lower than in the other three sites.  While extractable soil N in the clay loam soil was significantly higher than the sandy loam soil, it was also significantly lower that ether the loam or the loam with andic soil properties.  There was a significant interaction between sampling depth and organic matter treatments.  The time of year that samples were collected and soil compaction treatments did not have a significant effect on extractable soil N.

Table 34a:  Analysis of variance comparing extractable soil N for different study locations, sampling dates, sampling depths, and treatments of organic matter removal and soil compaction.

Analysis of Variance for ext N, using Adjusted SS for Tests

Source              DF    Seq SS   Adj SS   Adj MS      F      P

Site                 3   6777.20  6777.20  2259.07  71.88  0.000
Date                 2    130.94   130.94    65.47   2.08  0.132

Depth                1   2093.19  2093.19  2093.19  66.60  0.000
OM                   1   1237.90  1237.90  1237.90  39.39  0.000
Comp                 1     60.85    60.85    60.85   1.94  0.169

Date*Depth           2     34.97    34.97    17.48   0.56  0.576

Date*OM              2     30.20    30.20    15.10   0.48  0.621

Date*Comp            2     45.65    45.65    22.82   0.73  0.487

Depth*OM             1    239.94   239.94   239.94   7.63  0.007
Depth*Comp           1     21.56    21.56    21.56   0.69  0.410

OM*Comp              1      0.78     0.78     0.78   0.02  0.875

Date*Depth*OM        2      4.80     4.80     2.40   0.08  0.927

Date*Depth*Comp      2     70.02    70.02    35.01   1.11  0.334

Date*OM*Comp         2     23.90    23.90    11.95   0.38  0.685

Depth*OM*Comp        1     42.87    42.87    42.87   1.36  0.247

Date*Depth*OM*Comp   2     25.50    25.50    12.75   0.41  0.668

Error               69   2168.55  2168.55    31.43

Total               95  13008.81

S = 5.60609   R-Sq = 83.33%   R-Sq(adj) = 77.05%

Table 34b:  Extractable soil N means for individual study locations.

Site           Mean     SE Mean  StDev  Variance  CoefVar
Blodgett       38.32 a    1.92   9.38     88.05    24.48

Central Camp   19.09 b    1.46   7.17     51.38    37.55

Challenge      27.24 c    1.36   6.66     44.31    24.43

Wallace        39.53 a    1.91   9.34     87.20    23.62

Table 34c:  Extractable soil N means for the 0-10cm and 10-20cm sampling depths.
Sampling 

Depth          Mean     SE Mean  StDev  Variance  CoefVar
0-10  cm       35.72a     1.68   11.64    135.56   32.60

10-20 cm       26.38b     1.42   9.83     96.68    37.28

Table 34d:  Extractable soil N means for different organic matter retention/removal treatments.
OM Treatment   Mean     SE Mean  StDev  Variance  CoefVar
O0             34.64a    1.85    12.85    165.15   37.10

O2             27.46b    1.33     9.24     85.30   33.64
As was the case for the mineralizable soil N method, treatments that removed most of the above ground organic matter (whole tree plus the forest litter layer) resulted in significant reductions in extractable soil N in each of the four soil types when measured at the 0-10 cm sampling depth.  However, at the 10-20 cm sampling depth differences were only significant for the loam and clay loam soils (Table 35).

The decrease in concentration of extractable soil N, resulting from organic matter removal treatments, ranged from 14.4 to 8.2 mg/g at the 0-10 cm depth and from 8.7 to 0.2 mg/g at the 10-20 cm depth.  Results again varied by soil type with the loam, clay loam, and loam soil with andic soil properties soils having higher extractable soil N compared to the sandy loam soil.  On a relative percentage basis treatments that removed most of the above ground organic matter had lower extractable soil N by 20 and 29 percent at the 0-10 cm sampling depth and between 1 and 23 percent at the 10-20 cm sampling depth.

Table 35:   Absolute decrease and relative percent decrease in extractable soil nitrogen for organic matter treatments measured by the 4-hour hot KCl incubation analysis method.

	Soil NH4-N

	Sample

Location

and

Soil Texture
	Treatment
	Sampling Depth 0-10cm
	Sampling Depth 10-20cm

	
	
	Mean for OM removal (mg/kg)
	Absolute Decrease (mg/kg)
	Relative % Decrease 
	Mean for OM removal (mg/kg)
	Absolute Decrease (mg/kg)
	Relative % Decrease

	Blodgett

(loam)


	O0C0
	49.9a
	14.4
	29
	38.3a
	8.7
	23

	
	O0C2
	
	
	
	
	
	

	
	O2C0
	35.5b
	
	
	29.6b
	
	

	
	O2C2
	
	
	
	
	
	

	

	Central Camp (sandy loam)
	O0C0
	28.6a
	8.2
	29
	13.8a
	0.2
	1

	
	O0C2
	
	
	
	
	
	

	
	O2C0
	20.4b
	
	
	13.6a
	
	

	
	O2C2
	
	
	
	
	
	

	

	Challenge

(clay loam)


	O0C0
	35.3a
	8.8
	25
	26.0a
	4.9
	19

	
	O0C2
	
	
	
	
	
	

	
	O2C0
	26.5b
	
	
	21.1b
	
	

	
	O2C2
	
	
	
	
	
	

	

	Wallace

(loam, andic soil properties)

	O0C0
	49.7a*
	9.9
	20
	35.5a
	2.4
	7

	
	O0C2
	
	
	
	
	
	

	
	O2C0
	39.8a*
	
	
	33.1a
	
	

	
	O2C2
	
	
	
	
	
	


n=18

Columns within a sampling depth and location are not significant at p = 0.01 if followed by the same letter.
* indicates significance at a p = 0.05 but not a p = 0.01
Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

In the organic matter retention treatments for the loam and sandy loam soil types, the amount of NH4-N extracted by the 4-hour hot KCl analysis was less than that mineralized by the 14-day anaerobic method.  In the organic matter removal treatments the amount of NH4-N extracted by the 4-hour hot KCl analysis was greater than that mineralized by the 14-day anaerobic method.  Comparisons of analysis methods for the clay loam soil show a decrease in extracted NH4-N in both the organic matter retention and removal treatments when the 4-hour hot KCl method was used.  When the analysis methods were compared for the loam soil with andic soil properties, the 4-hour hot KCl method resulted in increases in extracted NH4-N in both the organic matter retention and removal treatments.  Results were consistent at both the 0-10 cm and 10-20 cm sampling depths (Table 36).

Table 36:  Comparison measurements of available soil N in mg/kg, measured by the two analysis methods at the 0-10 cm and the 10-20 cm soil depth.

	0-10 cm Sampling Depth

	Sample Location and Soil Texture
	Treatment
	Mean Soil NH4-N for 14-day Anaerobic Method
	Mean Soil NH4-N for 4-hour Hot KCl Method
	Change in Measured NH4-N with 4-hour Hot KCl Method

	
	
	
	
	Decrease in NH4 (mg/kg)
	Increase in NH4 (mg/kg)

	Blodgett (loam)
	O0
	51.5
	49.9
	1.6
	

	
	O2
	23.9
	35.5
	
	11.6

	

	Central Camp (sandy loam)
	O0
	35.3
	28.6
	6.7
	

	
	O2
	14.2
	20.4
	
	6.2

	

	Challenge (clay loam)
	O0
	62.5
	35.3
	27.2
	

	
	O2
	28.5
	26.5
	2.0
	

	

	Wallace (loam, andic soil properties)
	O0
	40.0
	49.7
	
	9.7

	
	O2
	25.3
	39.8
	
	14.5

	10-20 cm Sampling Depth

	Sample Location and Soil Texture
	Treatment
	Mean Soil NH4-N for 14-day Anaerobic Method
	Mean Soil NH4-N for 4-hour Hot KCl Method
	Change in Measured NH4-N with 4-hour Hot KCl Method

	
	
	
	
	Decrease in NH4 (mg/kg)
	Increase in NH4 (mg/kg)

	Blodgett (loam)
	O0
	40.5
	38.3
	2.2
	

	
	O2
	24.7
	29.6
	
	4.9

	

	Central Camp (sandy loam)
	O0
	17.9
	13.8
	4.1
	

	
	O2
	11.5
	13.6
	
	2.1

	

	Challenge (clay loam)
	O0
	49.0
	26.0
	23.0
	

	
	O2
	26.2
	21.1
	5.1
	

	

	Wallace (loam, andic soil properties)
	O0
	33.7
	35.5
	
	1.8

	
	O2
	25.7
	33.1
	
	7.4


To better reflect the potential for additional soil N available from larger and more stable N pools, total soil N and soil carbon (C) were measured (Table 37).  Significant differences were found between LTSP sites.  The decrease in total soil N and C with depth were also significant.  No significant treatment effect was found (Table 38 and 39).  

Table 37:  Total soil nitrogen and carbon measured by the Carlo-Erba analysis method for different study locations, sampling depths, and treatments.  

	Sample
Location
and

Soil Texture
	Treatment
	Total Soil Nitrogen %
	Total Soil Carbon %

	
	
	0-10 (cm) Sampling Depth
	10-20 (cm) Sampling Depth
	0-10 (cm) Sampling Depth
	10-20 (cm) Sampling Depth

	Blodgett

(loam)


	O0C0
	0.41
	0.32
	10.32
	7.66

	
	O0C2
	0.45
	0.36
	11.65
	6.39

	
	O2C0
	0.37
	0.26
	8.93
	6.69

	
	O2C2
	0.41
	0.26
	9.67
	5.75

	

	Central Camp (sandy loam)
	O0C0
	0.16
	0.07
	3.84
	1.82

	
	O0C2
	0.10
	0.07
	2.66
	1.95

	
	O2C0
	0.11
	0.06
	2.36
	1.51

	
	O2C2
	0.17
	0.11
	5.09
	2.34

	

	Challenge

(clay loam)

	O0C0
	0.19
	0.16
	4.58
	3.35

	
	O0C2
	0.27
	0.17
	8.31
	4.50

	
	O2C0
	0.15
	0.11
	4.31
	2.64

	
	O2C2
	0.17
	0.23
	6.14
	3.96

	

	Wallace

(loam, andic soil properties)

	O0C0
	0.60
	0.47
	14.40
	10.80

	
	O0C2
	0.28
	0.17
	7.86
	4.61

	
	O2C0
	0.32
	0.26
	7.91
	6.43

	
	O2C2
	0.46
	0.38
	11.73
	9.05


Treatment symbols: 

(O0C0) organic matter retained, no soil compaction

(O2C0) organic matter removed, no soil compaction

(O0C2) organic matter retained, soil compaction

(O2C2) organic matter removed, soil compaction

Table 38a:  Analysis of variance comparing percent soil N for different study locations, sampling dates, sampling depths, and treatments of organic matter removal and soil compaction.

Analysis of Variance for %N, using Adjusted SS for Tests

Source         DF    Seq SS    Adj SS    Adj MS      F      P

Site            3  0.397553  0.397553  0.132518  24.45  0.000

Depth           1  0.041833  0.041833  0.041833   7.72  0.011
OM              1  0.005382  0.005382  0.005382   0.99  0.330

Comp            1  0.000095  0.000095  0.000095   0.02  0.896

Depth*OM        1  0.000851  0.000851  0.000851   0.16  0.696

Depth*Comp      1  0.000069  0.000069  0.000069   0.01  0.911

OM*Comp         1  0.035445  0.035445  0.035445   6.54  0.018
Depth*OM*Comp   1  0.000001  0.000001  0.000001   0.00  0.991

Error          21  0.113816  0.113816  0.005420

Total          31  0.595044

S = 0.0736194   R-Sq = 80.87%   R-Sq(adj) = 71.76%

Table 38b:  Percent soil N means for individual study locations.

Site           Mean      SE Mean  StDev  Variance CoefVar
Blodgett       0.3544a   0.0251  0.0709  0.2580    0.2738
Central Camp   0.1075b   0.0137  0.0388  0.0650    0.0733
Challenge      0.1811b   0.0176  0.0497  0.1060    0.1513
Wallace        0.3674a   0.0490  0.1386  0.1700    0.2628
Table 38c:  Percent soil N means for the 0-10cm and 10-20cm sampling depths.
Sampling 

Depth          Mean      SE Mean  StDev  Variance CoefVar
0-10  cm       0.2888a   0.0371  0.1483   0.1020   0.1598
10-20 cm       0.2164b   0.0305  0.1220   0.0650   0.1063
Table 39a:  Analysis of variance comparing total soil C for different study locations, sampling dates, sampling depths, and treatments of organic matter removal and soil compaction.

Analysis of Variance for %C, using Adjusted SS for Tests

Source         DF   Seq SS   Adj SS  Adj MS      F      P

Site            3  220.953  220.953  73.651  26.61  0.000

Depth           1   50.778   50.778  50.778  18.35  0.000
OM              1    3.245    3.245   3.245   1.17  0.291

Comp            1    0.528    0.528   0.528   0.19  0.667

Depth*OM        1    0.711    0.711   0.711   0.26  0.618

Depth*Comp      1    2.426    2.426   2.426   0.88  0.360

OM*Comp         1   14.838   14.838  14.838   5.36  0.031
Depth*OM*Comp   1    0.098    0.098   0.098   0.04  0.853

Error          21   58.127   58.127   2.768

Total          31  351.702

S = 1.66371   R-Sq = 83.47%   R-Sq(adj) = 75.60%

Table 39b:  Percent soil C means for individual study locations.
Site           Mean     SE Mean  StDev  Variance  CoefVar
Blodgett       8.383a   0.740    2.093   5.750     6.465
Central Camp   2.696b   0.423    1.196   1.510     1.853
Challenge      4.724b   0.626    1.770   2.640     3.503
Wallace        9.10a    1.10     3.12    4.61      6.79
Table 39c:  Percent soil C means for the 0-10cm and 10-20cm sampling depths.

Sampling 

Depth          Mean     SE Mean   StDev  Variance  CoefVar
0-10  cm       7.485a   0.885     3.540   2.360     4.378
10-20 cm       4.966b   0.686     2.744   1.510     2.415

Second Year Results

Measurements were made the second field season to determine whether reductions in mineralizable soil N noted the first year were due to the removal of logging slash, removal of the forest litter layer, or a combination of the two.  Results showed there was no significant difference in N mineralization between the bole only removal treatments (O0) and the treatments in which all of the logging slash was removed (O1).  This was true for all four soils.  While removal of all of the above ground organic matter (O2 treatments) resulted in decreases in mineralizable soil N in all of the soils, only the reductions in the sandy loam and clay loam soils were significant at an alpha of 0.01 (Table 40).  Differences within the two loam soils were significant at an alpha of 0.05.  Based on these results, removal of the forest floor litter layer is responsible for a reduction in mineralizable soil N not the logging slash.
Table 40:  Mineralizable soil nitrogen measured using the 14-day anaerobic incubation analysis method for different soils and treatments of organic matter removal.

	Sample
Location
and

Soil Texture
	Treatment
	Soil NH4-N (mg/kg)

	
	
	10-20 (cm) Sampling Depth

	Blodgett

(loam)


	O0C0
	33.0 (11.1)a

	
	O1C0
	40.9 (44.3)a*

	
	O2C0
	24.8 (24.2)a*

	

	Central Camp (sandy loam)
	O0C0
	23.2 (33.9)a

	
	O1C0
	26.0 (26.5)a

	
	O2C0
	10.0 (35.8)b

	

	Challenge

(clay loam)

	O0C0
	57.7 (27.3)a

	
	O1C0
	48.1 (14.9)a

	
	O2C0
	23.2 (20.2)b

	

	Wallace (loam, 

andic soil properties)

	O0C0
	32.1 (22.9)a

	
	O1C0
	35.9 (12.2)a*

	
	O2C0
	28.4 (18.7)a*


n = 9

Measurements within a location are not significant at p = 0.01 if followed by the same letter.

* indicates significance at a p = 0.05 but not a p = 0.01

Treatment symbols: 

(O0C0) tree bole only removal, no soil compaction

(O1C0) whole tree removal, no soil compaction

(O2C0) whole tree and forest floor removal, no soil compaction

Vegetative Biomass

An analysis of variance of tree biomass 10 years after planting in treatment areas with understory vegetation control showed there was a significant difference in tree biomass between the clay loam soil, which had the highest biomass and the sandy loam soil, which had the lowest.  No significant differences were found in tree biomass after ten years as a function of either compaction or vegetation removal treatment. There was, however, a significant interaction between organic matter removal and soil compaction treatments (Table 25 and 26). 

When tree and understory biomass 10 years after planting in treatment areas without understory vegetation control were analyzed results no longer showed a significant difference between biomass at different study locations.  Organic matter removal also did not have a significant effect on the production of tree and understory vegetation biomass.  Results indicated a significant treatment effect due to soil compaction and a significant interaction between soil compaction and aboveground organic matter removal treatments (Table 27 and 28).

Discussion

Measurements of available soil N varied with soil type, sampling depth, OM treatment, and the method used for analysis.  Measurements of mineralizable soil N in the sandy loam soil were lower, compared to the other soils, regardless of the method used for analysis (Table 36).  The lower value is also consistent with measurements made by Powers (1980) on similar soils with granitic soil patent materials.   
Season of sample collection did not significantly affect the mineralizable N measured by either of the analysis methods.  Thus it may be possible compare samples collected at any time during the growing season.  Measurements of available soil N decreased with sampling depth and sampling variability ether decreased with depth or in some cases stayed the same.  The optimum sampling depth may be better refined for individual soil types by determining the depth of the surface A soil horizon and choosing a sample depth representative of that zone.  

From a practical stand point, both the 14-day anaerobic method and the 4-hour hot KCl method indicated significant reductions in available soil N in treatments in which organic matter was removed (Figure 12).  The separation of the treatment means was, however, greater when the 14-day anaerobic method was used.  Differences in the amounts of extractable soil N measured by the two methods also varied with soil type and the organic matter treatment.  In some cases amounts of N measured increased when a different analysis method was used, and in other cases there was a decrease (Table 36).  
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Figure 12:  Measurements of available soil N by organic matter treatment for different analysis methods and soil depths.

Differences in the amounts of available soil N extracted varied by the analysis method indicates that different N fractions are extracted by the two methods.  In nature the conversion of organic N compounds to ammonium is controlled predominantly by enzymes produced by both soil microbes and soil animals (Sylvia et al. 1998).  This is mostly the result of their metabolism and is the basis for the 14-day anaerobic incubation method. 

Myrold (1987) compared an anaerobic incubation method for determining microbial biomass to a microbial biomass method using chloroform fumigation incubation.  To make the comparison the microbial biomass in several forest soils was initially labeled with 15N.  When results of the two methods were compared a correlation was found between both the amount and proportion of 15N released by the two methods.  Based on these results it was concluded that the anaerobic method was measuring mainly the microbial biomass.

The 4-hour hot KCl treatment method uses a slightly different technique to extract ammonium from the soil.  As was the case with the incubation method, a salt solution is added to the soil causing microbial cells to release their ammonium into the solution but the soils are not incubated prior to treatment.  Instead the solution is boiled for a 4 hour period thus denaturing amino acids and other compounds, some of which contain labile forms of N.

Second year measurements showed that reductions in available N in the first ten years following treatment were due to the removal of the litter layer.  Removal of the logging slash and large wood did not appear to have an affect on available N (Figure 13).  The fact that it was the removal of the forest floor litter layer and not the logging slash that affected the measured amounts of available soil N has implications for forest management.  While retention of some large wood and in some cases logging slash may be important for maintaining habitat for wildlife or other resource values, it does not appear be contributing to the available soil N pool in the first ten years following a disturbance.  Managers will continue to struggle with what levels of these materials should be left on site and the need to balance resource needs that these materials may provide with the risk of loss due to things like increased fire hazard.  Their contribution to the soil nutrient base in the first ten years following harvest does not appear to be significant.
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Figure 13:  Mineralizable soil nitrogen determined the during the second field season for three levels of organic matter retention.

The fact that measured decreases in available soil N resulting from above ground OM removal was not reflected in the measured biomass produced in the first ten years of growth may be due to the large amount of available N in these soils.  Powers (1980) found that the site index of westside ponderosa pine (Pinus ponderosa) forest in northern California increased directly with mineralizable nitrogen between 0 and 12 mg/kg of available N when determined by the anaerobic incubation method and measured at a depth of 18 cm.  While site index variability was found to be minimal when mineralizable N was below 12 mg/kg, variability increased as the mineralizable N increased. 

It was concluded that this suggests that mineralizable N, determined by the anaerobic incubation method, strongly controls potential productivity below 12 mg/kg nitrogen, has less of an influence between 12 and 20 mg/kg and is no longer limiting above 20 mg/kg.  Based on these results Powers (1980) suggested that a threshold of 12 mg/kg mineralizable soil N, measured by the 14-day anaerobic method at a soil depth of 18 cm, may indicate a threshold below which the nutrient supplying capacity of forest soils become inhibited.  

When measured at the 10 to 20 cm soil depth three of the four soils had mineralizable N in the OM removal treatments that were well above the 20 mg/g threshold.  The exception was the sandy loam soil which had mineralizable nitrogen of around 12 mg/g in the OM removal treatments (Table 32).  

Thus the higher site productivity of the LTSP sites may be the reason differences between organic matter removal treatments are not evident at this time.  One might expect this to change over time as vegetation continues to grow and resources become increasingly limited.  However the system is dynamic, and litterfall is continually replacing the missing forest floor.  Thus in time the organic N pathway cycle may be reestablished resulting in N levels never reaching a threshold low. 

The lower value for the sandy loam soil is again consistent with measurements made by Powers (1980) on similar soil with granitic soil parent material and thus also may not be below a critical threshold.  Perhaps a soil threshold change in mineralizable soil N resulting from a soil disturbance should reflect both a maximum allowable loss of soil nutrients as well as a minimum level of mineralizable soil N.

The practical application of measurements of indices of soil N availability is through its usefulness for validation and calibration of other visual soil disturbance categories.  Indices of soil N availability can be applied to two different types of disturbance categories (i) disturbances that result in an immediate change in the soil nutrient status (ii) disturbances that change the soil nutrient status over time.  An example of a soil disturbance that results in an immediate change in the soil’s nutrient status or supplying capacity is the physical displacement or removal of surface mineral soil.  This could be a result of mechanical disturbance or a result of accelerated soil erosion.  In this case comparisons can be immediately made between the disturbed and undisturbed areas.  This would be similar to the application of physical soil indices such as soil bulk density and soil pore size distribution for determining levels of soil compaction.

Examples of disturbances that result in changes in the soil nutrient status over time include the removal of above ground biomass from the site ether through mechanical removal or by fire.  Unlike the physical removal of mineral soil which results in an immediate soil change, changes in the soil’s nutrient status resulting from this type of disturbance occurs slowly.  In this case, someone using N availability measurements as a soil indicator would need to recognize that the change in the soil will not be immediate. Therefore the soil index should only be applied in areas that have had adequate time to reflect a change due to a disturbance.  That information could then be used to make inferences about planned management activities.

Conclusions

The forest floor is an important component of a functioning forest ecosystem.  The forest floor provides both physical protection to the mineral soil and is an important source of plant nutrients.  In a mature forest the litter layer portion of the forest floor typically accounts for less than half of the above ground biomass, yet it contains the majority of the above ground N.  Both natural process and forest management activities can alter the forest floor and thus its function.  
A biological anaerobic incubation and a hot KCl chemical treatment both showed significant reductions in available soil N as a result of above ground OM removal.  Ten years following treatment the reduction in available N was found to be a result of the removal of the litter layer portion of the forest floor.  The large wood and slash retained on some of the treatments did not appear to have an affect on available soil N.

In these tests the anaerobic incubation method provided the best separation in available N between treatments and therefore may be the better method for analysis.  When comparisons were made between samples collected in the spring, summer, and fall; season of sample collection did not appear to be important.  Available soil N decreased with sampling depth while sample variability decreased or stayed the same.  The optimum sampling depth may be refined by determining the depth of the surface A soil horizon and then choosing a sampling depth representative of that zone.  Critical thresholds for determining a significant change in soil nutrient status could also be refined by determining the total mineralizable N in the soil A horizon.  This could be based on an estimate of thickness of the A horizon and the soil mineralizable N concentration in a representative zone of the A horizon.
In an operational soil monitoring estimates of the amount of above ground OM and/or top soil removed through forest management are typically made using a defined set of visual soil disturbance categories.  This method of quantifying the aeral extent of disturbances allows managers an efficient means of identifying changes that have occurred.  The real usefulness of this information, however, lies in the relationship that these disturbance categories have to soil functions that are affected and the productivity of the site.  
Results from this study indicated that although removal of the forest litter layer did result in significant reductions in the amounts of available soil nitrogen compared to the treatments in which the litter layer was retained.  The decrease in soil N did not produce a reduction in site productivity, at least not in the first ten years following treatment.  This may be due to the relatively high inherent productivity of these sites.  Reductions in available N may also have a greater effect on site productivity over time as competition for plant nutrients increases.

Assuming that measured reductions in available soil N is reflected in the site productivity in the future or possibly reflected in the site productivity of less productive sites; soil-based indicators of available N could provide a practical method for the validation and calibration of visual soil disturbance categories intended to assure the maintenance of organic matter and the nutrient base of the soil.
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