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COAL MINE RECLAMATION PROGRAM VEGETATION STANDARDS

New Mexico Energy, Minerals and Natural Resources Department

Mining and Minerals Division

The following standards address established methods and acceptable techniques of ecological measurement that are approved and recommended when conducting vegetation baseline inventories in accordance with 19.8.8.808 NMAC, and assessing revegetation success in accordance with 19.8.20.2065 and 2066 NMAC.  Additional standards are provided regarding the selection and use of reference areas and technical standards, approved normal husbandry practices, and the demonstration of postmine suitability for livestock grazing.

The MMD has sought to ensure that each of the methods recommended and approved in these standards is technically sound and unambiguous.  Methods other than those presented here certainly exist and may be acceptable.  The use of procedures or practices that are not included in these standards, however, requires prior approval of the Directors of both the MMD and OSM [19.8.20.2065.A and 2065.B (6) NMAC, 30 CFR 732.17 and 816/817.116].  Naturally, alternative methods that are contained in active mining and reclamation permits have already received state and federal approval, and may be used.

I.
Baseline Inventories and the Establishment of Revegetation Success Standards

A.
Introduction

Sample design and methodologies for baseline inventories, less intensive vegetation surveys, and periodic monitoring of revegetation success [19.8.20.2065.C NMAC] should be discussed with the MMD well in advance of the sampling season.  Although sampling for annual production is typically carried out at the end of the growing season, phenological and seasonal variations will determine the actual length of sampling periods necessary to complete monitoring or a full baseline inventory.  Careful design of the sampling procedures and periods around regional and seasonal phenologies will also reduce sample variability and the requisite number of samples.  Applicants are encouraged to discuss sample design, procedures, and data analyses with the MMD prior to actual field work.

The MMD will accept revegetation success standards based on comparisons with reference areas and historical data, or as technical standards indexed in part to the Forest Service habitat type classifications or the NRCS soil and range site surveys.  Because the revegetation success standards for the different land use categories described below are not uniformly applicable across all land types, applicants are encouraged to select appropriate achievable land uses and success standards early in the permitting process.
B.
Baseline vegetation inventory

Based on the species-area curves developed from eight premine inventories conducted in New Mexico (Tierney and Wade 1998), all baseline vegetation surveys for new mine permit areas larger than 1000 acres in size should be conducted and field validated over a minimum of two (2) consecutive growing seasons.  The first year of the inventory should consist of intensive measurement and survey followed by a second year of field validation.  In lieu of a second year of baseline data collection, supporting data may be submitted from vegetation surveys of identical vegetation types previously conducted from nearby areas.  Baseline surveys of one growing season will be considered sufficient for new acreage less than 1000 acres in size.  However, if the baseline data will ultimately be used to establish revegetation success standards for cover, production, shrub density, and diversity, then the MMD will require two (2) consecutive years of inventory of all new permit areas.  Each vegetation type that exists within the proposed disturbed areas must be sampled for cover, production, shrub density, and diversity using the approved methods found in current permits or the methods outlined below.  All baseline surveys must include each of the components outlined in 19.8.8.808.A NMAC and detailed below.

Each vegetation type found in the survey unit and all existing or proposed reference areas must be mapped and described in the permit or permit application.  Sample locations and premine contours should be indicated on the map(s).  Vegetation maps are of value in designing approximate original contour (AOC), in selecting/applying seed mixes, in planning the post-mining land use, and in establishing success standards for landscape (gamma) diversity.  These maps should be of the same scale as the reclamation sequence maps provided in the permit (typically between 1:4,800 and 1:10,000).  All lands that have been previously disturbed by dryland farming or other uses should be identified and mapped.  The locations and boundaries of current disturbed areas as well as any new areas to be disturbed during the permit term must also be noted on the vegetation map(s).  A narrative description of each vegetation type and its present condition and trend (Pieper and Beck 1990, Tedonkeng Pamo et al. 1991, Ratliff 1993) is required.

Descriptions of each vegetation type should include a full list of plant species, species dominants, inclusions of other vegetative types, and descriptions of topography, soil types and depths, average slopes, and aspect.  Each description should include sufficient detail for predicting the potential for vegetation reestablishment.  If the applicant proposes to establish and use a landscape diversity standard as described in Part II of this document, these descriptions should be correlated with larger scale land forms, including slopes, aspects, and drainage densities.  Quantitative methods for further describing and quantifying different landscapes are described in Goudie et al. (1981), Tueller (1990), Turner (1990), and Turner et al. (1991).  In all cases, past perturbations in the area such as fire, chaining, reseeding, previous mining or cultivation should be noted.

Tabulated acreage of each vegetation type on the permit area, of each reference area, and of all other mapping units, including ponds, reservoirs, cropland, pastureland, hayland, and previously disturbed areas must accompany the vegetation map and the narrative portions of the submittal.

Plant species should be listed in the inventory by scientific and common names, and by life-form categories including annual grasses, perennial grasses, other graminoid species (sedges, rushes), annual and perennial forbs, succulents, half-shrubs, full shrubs, and trees.  Information on growth habit and life history may be obtained from standard regional floras (Allred 1993, Kearney and Peebles 1951, Martin and Hutchins 1980, Welsh et al. 1987) and taxonomic monographs (Wagner and Aldon 1978).  Current nomenclature and taxonomy may be checked using Kartesz (1995).  Species lists compiled from baseline inventories should be made available to the MMD in both hard copy and electronic forms at the time of submittal.  Further suggestions for compiling and writing vegetation or floristic surveys are detailed in Palmer et al. (1995).  The dispensation of all specimens collected during monitoring or inventory and deposited in local or regional herbaria should also be noted.

Lists of proposed or listed threatened and endangered plant species may be obtained from the U.S. Fish and Wildlife Service (USFWS) or the New Mexico Forestry and Resources Conservation Division (Sivinski and Lightfoot 1994).  Locations of populations or individuals of listed or proposed threatened or endangered plant species, soil types and associated notes should be reported to the MMD.  Following consultation with the New Mexico Forestry and Resources Conservation Division and/or the USFWS, applicants must prepare a brief report describing location, soils, habitats, and mitigation measures to be taken for any rare, threatened, or endangered plant species found within the permit area.  This report must be included in the permit or permit application.

The presence of all common and candidate weed species (listed in Appendix A) should be noted in the species list and in the descriptions of the mapped vegetation types.  Quantitative data from sampling of these species will not be accepted in establishing revegetation success standards, in measuring revegetation success for final Phase III liability release, in comparisons of reference areas with reclaimed areas, or in final bond release of interim or permanent program lands.  Weeds will be noted as annual, biennial, or perennial weedy vegetative cover in Phase II bond release.  If candidate weed species listed in Appendix A are observed in a permit area, their locations should be noted, and when feasible, mapped as distinct vegetation types on the baseline vegetation map.  This requirement is not extended to the common weeds as listed in Appendix A.  However, a general plan that specifies at what level control will be initiated and the control measures that will be taken for weeds on reclaimed lands must be included in current permits [19.8.9.906.B (5)(e) NMAC].

Narratives must contain descriptions of the current (premine) land uses, historical season of use, carrying capacity (including current livestock use and historical stocking rates), and current levels of productivity (annual production).

Wildlife use in each vegetation type should also be described.

A stratified random sampling scheme based on the delineated vegetation types should be designed for the collection of production, cover, diversity, and density data.  Submittal of the following quantitative supporting (raw) vegetation data in tabular format is required: 

1.
percent total and relative (by species) percent basal and/or foliar live cover; 

2.
percent ground cover (includes vegetation, litter, and rock);

3.
percent bare ground;

4.
total and relative (by species) current year’s production;

5.
frequency and constancy; 

6.
tree and shrub density;

7.
tree basal area for all tree species, and volume data for commercial timber-producing species; and 

8.
species diversity by life forms and individual species.

The above data should also be provided to the MMD in a suitable electronic format at the time of permit submittal.

For forest vegetation types, estimates of foliage cover, basal area, density of timber and non-timber species, and wood volume for commercial timber species should be calculated after the methods described below and in standard forest mensuration texts. 

C.
Revegetation Success Standards for Postmining Land Uses 

Postmining land uses that can be reasonably attained using current reclamation practices may be selected from the categories described below.  All changes in postmining land uses must follow the procedures outlined in 19.8.15.1514.A and 19.8.20.2073.B NMAC.  Establishment of new revegetation success standards and descriptions of their subsequent measurement must accompany each change in postmining land use. 

1.
Croplands

Croplands are those lands “used for the production of adapted crops for harvest, alone or in a rotation with grasses and legumes, and includes row corps, small grain crops, hay crops, nursery corps, orchard crops, and other similar specialty crops.  Land used for facilities in support of cropland farming operations that is adjacent to or an integral part of these operations is also included for purposes of these land use categories” [19.8.1.107.C (15) NMAC]. Other definitions relating to croplands and farmlands include those of prime farmland [19.8.1.107.P (13) NMAC] and historically used cropland [19.8.1.107.H (5) NMAC]. 

Production standards for reclaimed croplands may be established either through adoption of technical standards or through comparison with reference areas or other technical guidance procedures [19.8.20.2065.B (5)(c) NMAC].  If technical standards will be established for revegetation success, then a letter from the NRCS that identifies the levels of premine productivity on the affected lands must be included in the permit document.  Adjacent croplands with the same soil types as those of the lands to be disturbed may also be selected as reference areas if it can be shown through the use of weigh tickets or other production records that they continue to sustain the NRCS projected levels of annual production in five (5) years out of the ten-year bond period.  

With the exception of prime farmland reclamation, all demonstrations of cropland postmine land use revegetation success must be made during the last two (2) growing seasons of the bond release period [19.8.20.2065.B (5)(c) NMAC].   Reclaimed prime farmland crop production must equal or exceed the production of non-mined prime farmland production during the three (3) years immediately prior to Phase II bond release [19.8.14.1412.C (2) and 19.8.24.2404.C (1) through (6) NMAC].  All production standards or reference areas must be approved by the MMD prior to disturbance of the affected croplands. 

2.
Developed water resources 

Developed water resources includes “land used for storing water for beneficial uses such as stockponds, irrigation, fire protection, flood control, and water supply” [19.8.1.107.D (2) NMAC].   Erosion control through revegetation and/or other armoring is required on slopes and shorelines associated with developed water sources.  

3.
Fish and wildlife habitat

Fish and wildlife habitat includes ”land dedicated wholly or partially to the production, protection or management of species of fish or wildlife” [19.8.1.107.F (4) NMAC]. Requirements for successful revegetation will include measures of cover, woody taxa density, and diversity.  Standards for each of these parameters will be established following consultation with and approval of the New Mexico Game and Fish Department and the MMD.

4.
Forest land, recreation land, and shelterbelts

Forest lands are lands “used or managed for the long-term production of wood, wood fiber, or wood derived products.  Land used for facilities in support of forest, harvest and management operations that are adjacent to or an integral part of these operations is also included.  For purposes of these rules and regulations, Piñon-Juniper type trees shall not be deemed forest trees managed for such long term production” [19.8.1.107.F (8) NMAC].
Standards for the revegetation success of lands reclaimed to a commercial forest postmine land use (19.8.20.2066.C NMAC) are: 

a. a minimum stocking rate for trees or shrubs as determined by the State Forester on a permit-specific             basis;

b.   a minimum of 75% of the countable trees or shrubs must be commercial tree species; and 

c.    attainment of the approved revegetation success standard for total live cover.

Standards for the revegetation success of lands on which woody plants are established for wildlife management, recreation, shelterbelts, or forest uses other than commercial forest must be based upon a premine inventory of site quality, stand size, stand condition, site and species relations (including aspection, site potential for reclaimed lands, and diversity), and forest land utilization considerations [19.8.20.2066.D NMAC].  Stocking and live cover must attain performance standards developed pursuant to the premine inventory, and approved by the Director, in consultation and with the approval of the State Forester and the New Mexico Game and Fish Department, on a permit-specific basis.  An evaluation of species diversity, aspection, and regenerative capacity shall be made, based on reasonable expectations in consideration of the approved revegetation methods.  

5.
Grazing land

Grazing land includes ”both grasslands and forest lands where the indigenous vegetation is actively managed for grazing, browsing or occasional hay production.  Land used for facilities in support of ranching operations that are adjacent to or an integral part of these operations is also included” [19.8.1.107.G (2) NMAC].  Revegetation to a grazing land or rangeland postmine land use shall be deemed successful based on provision of the following:

a.
premine baseline inventory of all vegetation types contained in the permit area;

b.
establishment and attainment of revegetation success standards for live cover, annual production, and diversity;

c.
periodic monitoring of cover, annual production, and shrub density on all reclaimed lands [19.8.20.2065.C NMAC];

d.
reporting of monitoring data [19.8.5.505.C NMAC]; and,

e.
demonstration of capability to support livestock grazing in the historical season of use during the last two (2) years of the liability period [19.8.20.2064 NMAC].

Methods for measuring live cover, annual production, diversity, and shrub density on grazing lands and rangelands are discussed in Part III of this document.  Data collected from periodic monitoring or during the implementation of grazing as a husbandry practice must be reported in the annual reports and in an electronic format acceptable to the MMD.  Procedures for demonstrating capability and suitability for the grazing/rangeland postmine land use [19.8.20.2064 NMAC] are presented in Part V of these standards.

6.
Industrial/Commercial land

Industrial/commercial land includes “land used for:

a.
extraction or transformation of materials for fabrication of products, wholesaling of products or for long-term storage of products.  This includes all heavy and light manufacturing facilities such as lumber and wood processing, chemical manufacturing, petroleum refining and fabricated metal products manufacture.  Land used for facilities in support of these operations that is adjacent to or an integral part of that operation is also included.  Support facilities include, but are not limited to all rail, road, and other transportation facilities.

b.
retail or trade of goods or services, including hotels, motels, stores, restaurants and other commercial establishments.  Land used for facilities in support of commercial operations that is adjacent to or an integral part of these operations is also included.  Support facilities include, but are not limited to, parking, storage or shipping facilities” [19.8.1.107.I (5) NMAC].

Many industrial/commercial sites will remain surfaced with gravel, concrete or other materials.  Surface materials including rock, concrete, or soils, and vegetative cover sufficient to control erosion are the required success standards for this land use.

7.
Pasture land or land occasionally cut for hay 

Pasture land or land occasionally cut for hay is ”land used primarily for the long-term production of adapted, domesticated forage plants to be grazed by livestock or occasionally cut and cured for livestock feed.  Land used for facilities in support of pastureland or land occasionally cut for hay that is adjacent to or an integral part of these operations is also included” [19.8.1.107.P (2) NMAC]  Pasturelands differ from grazing lands or rangelands in that they are systematically and intensively managed and renovated through the use of cultural treatments including tillage, reseeding, fertilization, mowing, weed control and irrigation (Society for Range Management 1989).

Requirements for successful revegetation of pasturelands are similar to those required for croplands.  Production standards for reclaimed pasture lands may be established either through adoption of technical standards or in comparison with reference areas.  If technical standards are established as measures of revegetation success, then the level of productivity on lands planted with the same forage species and in the same relative compositions must be established as a standard in the permit document.  Lands of the same soil types as those of the lands to be disturbed may also be selected as reference areas if it can be shown through the measurement of production that they continue to sustain levels of annual forage production in five (5) years of the liability (bond) period.  Annual forage production of reclaimed pasture lands must be equal to or greater than that of the approved technical standards or reference area during the last two growing seasons of the bond release period.  All forage production standards or reference areas must be approved by the MMD prior to their establishment or measurement.

8.
Residential

Residential includes “single and multiple family housing, mobile home parks and other residential lodgings.  Land used for facilities in support of residential operations that is adjacent to or an integral part of these operations is also included.  Support facilities include, but are not limited to vehicle parking and open space that directly relate to residential use” [19.8.1.107.R (9) NMAC].  Vegetation or other surface materials including rock, concrete, soils, and asphalt sufficient to control erosion are required.
D.
Establishing and Monitoring Revegetation Success Standards

The success of revegetation on reclaimed lands is measured against either an unmined reference area or technical (numeric) standards, and the general revegetation requirements of 19.8.20.2060 NMAC.  A reference area is “a land unit maintained under appropriate management for the purpose of measuring vegetation ground cover, productivity and plant species composition that are produced naturally or by crop production methods approved by the Director.  Reference areas must be representative of geology, soil, slope, and vegetation in the permit area” [19.8.1.107.R (6) NMAC].  Technical standards are numeric values developed using vegetation data from several sources: pre-mine baseline studies, historical data, and range site descriptions.  Both reference areas and technical standards must be field validated and approved by the MMD.  If an applicant proposes to develop and use technical success standards rather than reference areas, a minimum of five (5) years of data must be collected for validation.  

Many factors complicate the establishment of revegetation success standards.  Much of the ecological theory that went into developing the SMCRA and state regulations remains centered around Clements’ views (Clements 1916, Barbour et al. 1987) on the climax community.  Drastically disturbed lands in the arid southwest are not likely to develop to a climax community during the ten year bond period and therefore are not entirely comparable to reference areas or premine conditions.  Moreover, Friedel (1991) and others (Laycock 1991, Westoby et al. 1989) have suggested that succession may not produce a single climax vegetation type, but rather multiple steady states -- many of which will ultimately depart from the climax vegetation type.  Also, southwest rangelands have been overgrazed or are severely degraded.  Despite these obstacles, either appropriate reference areas or technical standards for revegetation success are required and can be established based on post-mine land use goals.

1.
Technical Standards

Applicants are encouraged to develop and use technical standards when suitable reference areas are not available and baseline data or historical records are incomplete.  One of the advantages to using technically derived standards is that their development requires the collection and combination of more current vegetative data with additional documentation from data collected from vegetation types similar to those of premine or predisturbance conditions.  Additional documentation should take the form of peer-reviewed scientific, government, or extension publications that describe the condition, production, and potential of natural vegetation communities resembling premine vegetation [19.8.5.505.B NMAC].  This information, in combination with data collected from undisturbed vegetation types remaining on the mine or adjacent to the mine area, may be used to develop standards that reflect current conditions. 

Proposed technical standards and supporting documentation for the standards must be reviewed and approved by the MMD.  The following materials should be made available to the MMD:

a.
data used to develop the technical standard must be made available in both hard copy and appropriate electronic formats;

b.
copies of any documents and reports used to develop the technical standards;

c.
demonstration that the vegetation types to be sampled for developing the technical standard are in low-good to excellent condition (as defined by Natural Resources Conservation Service, Bureau of Land Management, or Forest Service guidelines) and reasonably represent postmine potential; and

d.
precipitation records collected from minesite or nearby National Weather Service weather stations for the five year period.

As mentioned previously, technical standards must be field validated for a minimum of five (5) years and approved by MMD.  Furthermore, a timetable and description of methods to be used for the monitoring of reclaimed lands must also be submitted with the proposed technical standards.   Periodic monitoring of reclaimed lands should occur not less than once every other year during the liability period, beginning in the third year following seeding.  The purposes of this monitoring are to demonstrate whether or not the technical standards can realistically be achieved on the reclaimed land during the bonding period and to monitor changes in condition (trend).  If monitoring during the first renewal permit  term or during the permit term following adoption of the technical standards shows that the standards are not being achieved on the reclaimed lands, then consultation with the MMD should be made no later than in year four (4) of the first permit term or in the fourth year following adoption of the standards.  The purpose of this consultation would be to re-evaluate and possibly adjust the standards for the next permit term.

The following data sources are typically used to develop and validate numeric revegetation success standards:

a.
Baseline Data

Baseline data collected in advance of mining may be used to establish revegetation success standards.  The data collected in these baseline vegetation inventories may be used in combination with other information concerning environmental fluctuations to develop technical or numerical standards. 

b.
Historical Data

Historical data collected on similarly managed vegetation types over a minimum of five (5) years may be used to establish revegetation success standards for live perennial cover, production, diversity, and shrub density.  This approach is essentially a technical approach that should account for variations in vegetation responses to changes in environmental conditions.  A plan that discusses how and when the data will be collected and analyzed should be submitted to and approved by the MMD prior to its implementation.  Design and use of appropriate statistical analyses and a scheduled monitoring of the reclaimed lands will be required.  If used, locations of permanent sampling points established for the purpose of collecting historic data must be identified on all vegetation maps.

c. Range Site Descriptions 

Since many of the range site surveys for New Mexico were conducted 20 - 30 years ago, these records are not appropriate for use in setting current technical standards alone.  Other records of premine vegetation and stocking rates are also of limited value because evaluations of range condition and trend occur on an infrequent and informal basis and range management practices have changed.  While these surveys are still used by some management agencies, they are less useful for setting long-term management goals (National Research Council 1994). 

Range site descriptions will not be accepted as the sole basis for establishing success standards or for describing vegetation types as they currently exist  (National Research Council 1994).  Range site descriptions, however, may be used in part to justify and to develop technical standards.  In doing so, the following criteria should be met:

i.
Range sites must be described in accordance with procedures outlined by the NRCS.

ii
If sampled, range sites should be in good to excellent condition. They also should represent the premine condition of the areas that will be disturbed.

iii.
Sampling should be done such that it includes both early spring and late summer production.  If sampling is done in a “drought” year then supporting information that documents precipitation patterns over an eighteen month period preceding the sampling period must accompany the final submittal.

iv.
The range site area to be sampled should be at least five (5) acres in size, and should be clearly delineated both on all vegetation maps and on the ground.

2.
Reference Areas

Reference areas must include each native vegetation type that comprises greater than 15% of the undisturbed premine area.  Reclaimed croplands and pasture lands will require establishment of reference areas or technical standards, regardless of size.

To provide a reasonable measure of revegetation success, reference areas must include enough variation in slope, slope position, aspect and edaphic conditions to adequately represent the undisturbed condition of the premine vegetation types.  The MMD encourages the establishment of extended reference areas whenever mining operations will disturb more than one or two native plant communities.  An extended reference area must include each of the major premine vegetation types, and should constitute a logical grazing unit.  An extended reference area is resilient to unforeseen disturbance (whether natural or man-caused), which should reduce or eliminate the costs associated with obtaining approval for new or replacement reference sites over the life of the mine.  If extended reference areas are not feasible and community-specific reference areas are proposed, each reference area for a specific vegetation type should be comprised of a minimum of 3 replicate sites, each not less than 3 acres in size.

Revegetation success standards do not have to be established for vegetation types that will not be reconstructed in reclamation or for vegetation types (other than croplands) that comprise less than 15% of the original predisturbance mine area.  However, if the applicant proposes to reconstruct these less-extensive vegetation types or specific landform features (e.g., talus slopes, rock outcrops) to improve landscape diversity (see Part II.B.4), then selection of reference areas or use of other success standards must follow the procedures outlined in this document.  As discussed in Part II, these vegetation types and land forms may be reconstructed and revegetated provided that they do not encompass more than their premine acreage.

Each reference area should be marked on the vegetation map, permanently marked in the field, and should be properly managed in a manner similar to non-affected lands adjacent to the permit area.  The present condition and management of each reference area should be described in the permit application and subsequently reported in the annual reports.  A timetable for data collection, sampling techniques to be used, and a map showing the locations of any permanent plots or transects must also be included in the permit.  Monitoring of all reference areas must be conducted at a minimum every 2 years during the liability period. 

If grazing is implemented as a husbandry practice on reference and reclaimed areas during the bond period, proper management of grazing shall be implemented.  Proper management of livestock grazing shall include an approved plan for both pre-grazing and post-grazing monitoring of current year’s production and cover, postgrazing estimations of utilization, (re)calculations of carrying capacities and stocking rates for each year of use, appropriate stocking rates and proper season of use. This information may be reported in the mine’s annual report or as modifications to the permit.  If vegetation types including talus slopes, badlands, and greasewood flats are present as inclusions in a reference area or the reclaimed units, then their productivity will not be included in stocking rate calculations.

Current range condition and trend of the affected reclaimed areas as well as all reference areas must be evaluated at a minimum of every other year and during the field season prior to bond release.  Rangeland or grazing land reference areas must be managed to reach or remain in good range condition as determined using the NRCS classification methods.  If the range condition of a reference area deteriorates to below low good condition, or 50% of the climax condition for an equivalent range site, then new reference areas must be selected for that vegetation type.

All reference areas must be approved and field validated by the MMD prior to use in establishing revegetation success standards.  Again, individual reference areas must be at least 3 acres in size and should remain unaffected by mining and associated activities over the life of the mine.  Quality and species composition of reference areas, however, may deteriorate over time for reasons beyond the control of the applicant and unanticipated future mining activities may disturb established reference areas.  The MMD may review and approve selection of new reference areas up to four (4) years prior to bond release of reclaimed lands under the interim [CSMC 79-1] and the permanent programs [19.8 NMAC].

Selection of new reference areas will be based on three requirements.  First, if MMD determines that suitable reference areas still exist within the mine permit boundary, and that these are representative of the premine condition, then reselection of new reference areas may proceed.  If suitable reference areas no longer exist, then technical standards must be developed and submitted to the MMD for review and inclusion in the permit.

Second, validation of all newly selected reference areas will consist of: 

a.
calculations of similarity indices (that combine both richness and evenness components) and a comparison of the species composition noted in the first premine (baseline) vegetation survey with that of the proposed reference area;

b.
a comparison of total perennial cover; and

c.
a final site inspection by the MMD prior to any fencing or use for bond release comparison.

Third, descriptions and delineations of vegetation types in a premine condition as in vegetation baseline surveys or range site descriptions will remain as the basis for selection of new reference areas.  If documentation and the raw data from the original vegetation baseline survey no longer exist, new technical standards for cover, production, diversity, and shrub density must be established based on new measurements and in part, other current information derived from scientific publications, NRCS range site and soil survey descriptions, or Forest Service habitat type descriptions.

E.
Changing Revegetation Success Standards

Collection of baseline data, historical data and reference area data requires significant investments in time and effort.  Changes in revegetation success standards should not be undertaken without an evaluation or assessment of the quality and the utility of previously collected data.  Justification for changes in revegetation standards may be developed through meta-analysis (Gurevitch and Hedges 1993, Arnquist and Wooster 1995) or other statistical presentations including (but not limited to) graphical comparisons, frequency distributions and comparisons of data sets.  Existing revegetation success standards for specific reclaimed lands may be revised up to two (2) years prior to Phase II bond release.  A proposal with an explanation and a technical justification of the change in standards should be submitted to the MMD for review and approval prior to initiating any changes in the measurement, data analysis, or demonstration of success standards.

II.
Approved Vegetation Measurement Procedures

A.
Introduction

Spatial patterns in plant distribution are recognized on several natural scales (shoots or stems within individuals, separate individuals, or clusters of individuals).  Consequently, the size of quadrat or sample unit chosen will influence the kind of pattern detected.  If the quadrats are large enough for many individuals to fit within a single quadrat, clumping of individuals (caused by seed dispersal around parent plants, or by underlying edaphic factors) should be detected.  If, on the other hand, individual plants are the same size as the quadrats (as in large shrubs or clonal sod-forming grasses), then analysis for pattern measures only the proportion of the habitat occupied and the analysis becomes a description of frequency.

Selection of sampling methods should be based on the general species composition, the size of the dominant species sampled, their predominant shape (architecture), their frequency, and their distribution with respect to other species or position across the landscape.  To this end, species frequency distributions or vegetation baseline data collected in the premine condition may be useful in determining appropriate plot sizes for estimates of production and the length and number of transects needed to adequately determine cover.  Frequency depends upon quadrat size, and upon the size of individual plants and their spatial arrangement. (Goodall 1952a, Grieg-Smith 1983).  If the quadrats are smaller than the individual plants, that is, they contain several to many shoots of the same individual, but do not include the basal portions of the individual, then pattern analysis will only indicate that the shoots of an individual tend to be clumped (Barbour et al. 1987).  Species with larger individuals or open sprawling canopies will register higher frequencies than smaller sized or compact species -- even at the same population density.  Similarly, common species will have frequencies approaching 100% and rare ones may have frequencies of 5% or less (Crawley 1986).

The shape of the sampling unit also influences which species are encountered and recorded.  Rectangular, square or circular plots of one (1) m2, 0.5 m2, or 0.25 m2 are often used to measure cover and production.  Plots of other dimensions and sizes are also useful in measuring certain types of vegetation, when length to edge ratios and plot shape may influence measurement of pattern (Bonham 1989) and presence.  Appropriate size and dimension of measurement plots may be determined based on the assumption that the maximum frequency of any two species contained in a plot should approach 80% (Blackman 1935).  Hyder et al. (1963) set similar criteria for the selection of appropriate quadrat sizes.  The first criterion was that the frequencies of the majority of species fall between 5% and 95% such that the frequency data of the vegetation community as a whole appeared to be normally distributed.  A second requirement was that the most abundant species should have a frequency approaching 75%.  Daubenmire (1968) also suggested that an appropriate quadrat or circular plot size for sampling a given life form (i.e. shrubs, grasses, forbs) be small enough that only one or two species show 100 % frequency.

All sampling should be random or stratified random and performed for the following: total live cover, current year’s production, diversity, and shrub density.  Cover and production of noxious and annual weeds (Appendix A) should be measured during both baseline and bond release studies, but will not be counted as contributing to permanent vegetation establishment for Phase III bond release.  Common weeds, however, may be evaluated as a separate category of vegetative cover for Phase II bond release.  In addition to randomized or stratified-random sampling, permanently marked transects and photo points may be used to document changes in trend, condition, and diversity of reclaimed units and reference areas.  If data from these permanent transects will be used to readjust revegetation success standards or to demonstrate suitability for the post-mining use, their locations must be marked on a map.  Both the map and map coordinates for each transect or photo point should be included in the mine’s permit.

B.
Measurement of Cover, Production, Density and Diversity

1.
Cover

While ocular estimation of basal and foliar cover within circular plots or quadrats is a widely used technique, and the method may be used if previously approved in an active mining permit, the MMD discourages ocular estimation in favor of the intercept techniques discussed below.   The MMD considers that the intercept techniques may be more objective, and therefore more consistent, than ocular estimates.  The optimal plot size for controlling sample variance may be fairly large in arid and semi-arid environments, and at some point (depending on the skill and experience of the investigator) ocular estimates of increasingly large areas become educated guesses.  The relatively long duration of most mining operations means there is a low probability that the same personnel (or even similarly trained or experienced personnel) will be estimating cover over the life-of-mine.  This further supports the use of the most objective methods available.       

Each quadrat, frame plot, or transect is considered to be a single sampling unit.  Sample adequacy should be calculated based on the total live cover of the combined herbaceous and shrub strata.  Sampling units for live cover should be randomly placed throughout each vegetation type, reclamation unit, or reference area.  Permanent plots or transects may also be established to measure permanence in revegetation, changes in condition, and as repeated measures of vegetative cover sufficient to control erosion.  Both reproductive and propagative success throughout a bond period are indicative of the potential for new and continued reestablishment of vegetation on a reclaimed unit.  From an ecological standpoint, permanence may be best measured in terms of vegetative and reproductive success expressed through a bond period.  However, constancy and frequency derived from measures of cover along permanent transects are also indices of permanence in that they are direct measures of the relative proportions or abundance of species.  While neither measure reveals anything about the longer term prospects for reproduction or stability on a reclaimed site, both may be interpreted in terms of trend, stability and permanence in the context of the liability period.

Vegetation monitoring plans in permits and related submittals should specify whether live foliar or basal cover (or both) are measured and if constancy and frequency are calculated from these cover measures.  Standing dead cover may include dead tissues from previous year’s growth attached to plants.  Dead materials produced in previous growing seasons should be measured as litter and measures of cover should clearly distinguish among current year’s growth and litter.  Introduced species identified in Appendix B may be counted in measures of perennial grass cover [19.8.20.2060 and 2061 NMAC].  Many of the wheatgrasses listed here appear to have introgressed with native wheatgrass species and are now naturalized throughout parts of the western United States (Dewey 1984, Barkworth and Dewey 1985, Asay 1997, pers. comm.).

For the purposes of establishing and measuring revegetation success, recorded parameters should include  percent live basal or foliar vegetation cover and percent relative cover by individual species, and percent litter, rock, and bare ground.  Note that these values may exceed 100% due to overlap of different layers of vegetation.  Percent total vegetative basal cover, however, when added to the vertical projection of exposed rock, litter and bare ground contained within a plot or along a transect will equal 100%.  If applicants propose to measure basal cover, then a distinction between these data and foliar cover data should be made in all submittals.

a.
Ocular Estimation Techniques
Selection of plot and quadrat sizes and shapes should emphasize a reduction of variability and an increase in time efficiency.  Variability may be reduced by using smaller quadrats for evenly dispersed vegetation (rhizomatous grasses) and larger quadrats for clumped vegetation such as forbs, shrubs, and bunch grasses (Wiegert 1962).  

The use of the following techniques to improve the reliability of ocular estimates is required.   Frames should be painted to indicate various areal percentages (e.g., Daubenmire 1959) or marked with grids that delineate known percentages.  The number of observers should be limited, and each observer should be similarly trained (e.g., by making joint estimates using cardboard shapes of known cover values).  Sampling error (Pieper 1978, Bonham 1989) can be reduced by ensuring that vertical projections of ground covered by vegetation, litter or rock contained or rooted within a circular plot or quadrat are carefully estimated and recorded to the nearest percent.  The use of cover classes (e.g., Daubenmire 1959) as the sole means of establishing or measuring a cover standard will not be accepted by the MMD.

b.
Intercept Techniques
Linear measurements of intercepted foliar and basal cover are a second category of cover measurements.  Both line intercept and point intercept methods are approved by the MMD for measurement of foliar and basal cover.  These intercepts may consist of vertical projections from a horizontal line, the number of times a particular plant species is “hit” with a vertically projected pin, or the number of times a species is intercepted using either a light bar (Bonham 1989) or optical scope.  Each hit is recorded by species, then totaled to the nearest percent.  The following are two examples of how this method of measurement can be employed:

i.
Line interception

This method is best used in sparse, low-growing vegetation (Canfield 1941, Pieper 1978, Bonham 1989).  Percent basal or foliar cover are measured by summing the relative lengths of the transect that intercept foliage, vegetative crowns, litter, rock, or bare ground.  Transects are commonly 50-100 m long.  In smaller areas (five acres or less), or in sites with highly varied topography, shorter transects (15 to 30 m length) should be used.

Each transect represents a single sampling unit and intercepts are read to the nearest centimeter to reduce measurement error.  Measurement error is further introduced to this technique if the transect is not stretched taut between the end points, and the intercepted area includes the blanks or gaps that typically exist in vegetation canopy.  All vegetation data should be identified and recorded as either basal and/or foliar cover.  If litter, rock and bare ground are recorded as ground cover “hits”, these should also be recorded.

ii.
Point interception

This method is especially useful for estimating basal cover and foliar cover in multi-layered stands of vegetation. There are several variants to this approach, and a more complete discussion is presented in Pieper (1978).  Generally, sample points are located randomly or systematically (as in a point frame) at one or half-meter intervals along a transect.  Random placement of sample points along a transect may reduce the coefficient of variation and the number of transects needed to meet levels of precision and accuracy over that required in systematic sampling (Goodall 1952b, Pieper 1978).

The sum total of readings along the transect represent one sample -- that is, each transect is analyzed as a sample unit.  Live foliar and basal vegetation cover are identified as first, second, or third “hits” and recorded by individual species to obtain composition and frequency. Interceptions of litter, rock or bare ground may also be recorded in the same way.  Total vegetation cover is typically determined from summing the first interception or hit.  Cover by species is determined in subsequent hits of vegetation as the point (pin) is lowered through layers or strata of vegetation.  Again, the location and orientation of the transects for the purpose of determining cover and composition within the study site should be randomized.   Permanent transects may also be established and monitored for condition and trend using this technique. 

2.
Production

Production is defined as the amount of carbon fixed as biomass through photosynthesis by leaf and stem tissues over a given period of time.  Productivity is the rate (units/time) of that fixation (Society for Range Management 1989).  Vegetation production must include a partitioning of the current year’s growth by life forms, since total production includes both live and standing dead materials (Pieper 1978).  Sample adequacy calculations should be based on the combined total annual production of the herbaceous and shrub strata. Herbaceous production must be directly measured in clip plots with individual species clipped to a ground level and previous year’s growth separated from current year’s growth.  The use of visual weight-cover estimates will not be accepted in measuring herbaceous production.  Shrub production may be estimated from actual harvest or from regression models developed from harvest of individual species.  All samples should be dried to constant dry weight (Chiariello et al. 1991) and combined weights recorded by individual species.  Again, introduced species listed in existing permits or listed in Appendix B and approved for use by the MMD, may be counted towards measures of production.

a.
Clipping of Herbaceous Production

Quadrats or circular plots should be sized to best suit the characteristics of the vegetation being sampled (Bonham 1989).  While small plots are generally more effective in dense herbaceous vegetation, they typically overestimate the biomass of larger robust species.  Sparse vegetation is best measured using larger plots that are less influenced by the spatial distribution of individual species.  All plots should be randomly located.  Sample adequacy from the dried current year’s growth for herbaceous and shrub life forms should be calculated independently for each reference or reclaim area to be measured.  All samples must be weighed to the nearest 0.1 gram.  Report production as pounds/acre or kilograms/hectare by perennial grasses or forbs.  Further discussions on measures of foliar productivity in grasslands are presented by Singh et al. (1975), Biondini et al. (1991), and Brummer et al. (1994).

b.
Shrub Production and the Use of Models
Shrub production must be based on current year’s growth.  Current year’s growth for different shrub species may be identified using vegetative keys or a winter twig guide (McKean 1976). Samples should also be dried to constant weight and weighed to the nearest 0.1 gram.  When individual shrubs are large or when destructive sampling will affect the growth and vigor of sampled individuals and the integrity of small reference areas, regression models may be developed that predict the annual production (Carande and Jameson 1986) of individual shrub species (Medin 1960, Whittaker and Woodwell 1968, Madgwick and Satoo 1975, Wamboldt et al. 1994).  Prior to using a regression model, the applicant must present a report to the MMD that shows how the model was developed, what sample size was used, and the resultant regression coefficients.  Each model should be revalidated on an annual basis during the bond period with smaller samples of current year’s shrub growth collected from both reference areas and reclamation units  (Bonham 1989).  This step may become unnecessary once the models are shown to have sufficient predictive capability under varied climatic conditions.

c.
Enclosures
Enclosures are not required in all cases, but may be useful in protecting sample areas when livestock may disturb a study area prior to sampling.  Applicants may also collect production data from plots paired with enclosures prior to livestock grazing, then re-sample the enclosures for production or utilization following grazing.  Sampling should precede grazing as well as follow grazing by only a few days (Scarnecchia and Kothman 1986).  Enclosures should be randomly located in designated vegetation types to reduce sample variability.  Sample adequacy need not be met for enclosures, but a minimum of one enclosure per ten (10) acres is recommended.

3.
Tree and Shrub Density

Densities of trees and shrubs established for fish and wildlife habitat, recreation, shelterbelts or forestry postmine land uses must meet specific requirements, while rock areas, permanent road and surface water drainages are exempt from these requirements [19.8.20.2066.B (3) NMAC].  Density standards for both shrublands and grasslands where cover of shrubs and half-shrubs comprise greater than 20% of total cover must be established based on premine baseline data, technical standards, or data collected from reference areas.  Revegetation success with respect to tree/shrub density for each of these land uses requires that 80% of all tree and shrub species included in seed mixes or planted as containerized seedlings be in place for a minimum of 60 percent of the liability period [19.8.20.2066.A NMAC].  The time-in-place standard will be deemed satisfied if the mine operator demonstrates that no tree, shrub or half-shrub replanting has occurred during the last six years of the responsibility period.  This allows operators to count shrubs on reclaimed lands that are established by natural regeneration during the revegetation responsibility period.  Counts of tree and shrub stems for the purposes of determining stocking must follow the protocols outlined in 19.8.20.2066.B(1) and (2) NMAC, and below. 
a.
Plotless and Nearest Neighbor Methods
Plotless or nearest neighbor methods are suitable for measuring density in species with discrete individuals such as bunchgrasses, half-shrubs, forbs, annuals, and trees or shrubs.  Several shrub species however, including Gambel oak (Quercus gambelii), and wolfberry (Lycium spp.) are actually clonal in nature and distinguishing between individuals as in a plotless measure may, in some cases, be difficult.  These methods  also suffer from the disadvantage of being more difficult to analyze in a statistical sense (Cottam & Curtis 1956, Goodall 1965, Byth & Ripley 1980).  Accepted plotless and quadrat techniques for measuring tree and shrub density are described by Pieper (1978), Chambers and Brown (1983), and Bonham (1989).

b.
Quadrat and Belt Transect Methods

Quadrat or plot methods are easy to apply in the field, but all quadrats of a fixed size influence the kind of pattern they detect (Crawley 1986, Bonham 1989).  Belt transects or rectangular plots are best suited for low density to semi-dense stands of trees and shrubs (Pieper 1978).  Transects or plots are randomly placed in the study area and the number of plants that are rooted in each plot are counted.  Foliar cover overlapping the plot, but not rooted within the plot is not counted.  Establishing one transect or plot, followed by the placement of a second plot at a 45 angle as in a ‘dogleg’ or ‘elb’ to the first usually provides a better estimate of shrub density on slopes and among clonal species.  Plot sizes are not fixed, but m2, 5 ft or 10 ft x 100 ft, 0.1 acre, or 1-5m x 50m plots, are often used.  Plot size should be based on the characteristics of the dominant species in that vegetation type, such that a minimum of 75% of the dominant species be recorded in each plot or sample unit.

c.
Exact Counts

Finally, for small, discrete stands of vegetation (usually less than one acre) or areas with very low density vegetation, an exact count of each tree or shrub species may be preferable to establishing plots or transects.  There are other advantages to using this approach since exact counts approximate entire populations and are not subject to tests of sample adequacy or to statistical analyses.

4.
Diversity

Diversity is composed of two elements -- richness and evenness.  Richness (symbolized by S), is the number of species in a given community, vegetation type or area.  Evenness, or equitability (symbolized by E), is a measure of how equally abundant species are among different areas (Magurran 1988).  Species richness indices are measures of the number of species in a given sampling unit, while species abundance models are quantitative descriptions of the distributions of individuals among different species.  A number of other indices based on the relative or proportional abundance of species combine both the elements of richness and evenness (Chambers 1983).

Diversity also has a spatial component and a temporal component, the importance of which are usually not recognized when selecting an appropriate measure or diversity index.  For example, species richness increases with both sample size and size of the area sampled, but some indices are less sensitive to inclusions of rare, less abundant species.  Many of these less common species constitute some part of the floras that now exist on reclaimed lands and a greater portion of native floras (Tierney and Wade 1998).  Thus, for the purposes of establishing a diversity standard for revegetation success, the spatial scale to be evaluated for diversity should include logical management units.  Sampling may be further stratified (for example, by the seed mix used) to reduce variation.

Finally, sampling at different times of the year or across several years may further reveal the presence and absence of different ephemeral plant species and may be used to correct calculated indices.  Both spring and late summer inventories conducted separately to reflect seasonal changes in species composition are accepted measures of diversity in the last two (2) years of the liability period.  Only native species and introduced, naturalized species approved by the MMD (Appendix B), may be counted in measures of alpha and beta diversity.  Applicants are encouraged to select a diversity index appropriate to and based on an examination of premine or baseline inventory data.  Additional measures of richness, evenness, and/or diversity are described by Ludwig and Reynolds (1988) and Lewis et al. (1988).

a.
Alpha (() or Species Diversity
Many New Mexico permits contain a commitment to establish a defined number and relative proportion of species within each perennial life form class as a postmine diversity technical standard.  This approach remains acceptable.  A standardized method of determining how many taxa need to be targeted would be helpful, however.  The MMD considers that the number of species which contribute at least 1% relative cover within each perennial life form class (graminoids, forbs, and shrubs) should form the basis of a numeric diversity standard.  In Montana, Prodgers (1992) found that the similarity of species composition within grassland communities may be as low as 70% for taxa having at least 1% canopy cover, over the course of a 4-year study.   Similar variability is likely to exist in New Mexico.  Permit applicants and current operators are encouraged to explore between-year data from baseline inventories and/or reference areas, and to base numeric diversity standards on the inherent level of variation found in species contributing at least 1% relative cover in these undisturbed vegetation communities.   

Species richness indices or indices based on counts of species are widely used by the mining industry as revegetation success standards.  The Simpson’s index is generally accepted as a measure of alpha diversity (Simpson 1949, Barbour et al. 1987, Magurran 1988).  Simpson’s index emphasizes the dominant and abundant species rather than the rare species that vary in their occurrence from place to place (Barbour et al. 1987). 
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where:
C =
the index number, 

s = 
the total number of species in the sample, and 

pi =  the proportion of all individuals in the sample (plot, transect) that belong to species I.

Variations of this equation (Magurran 1988) include:

1-C  or  1/C
One of the problems, however, with using these and other richness-based indices is that conventional comparisons of means (including the Student’s t-test) cannot be made between reference areas, technical or numerical standards and the reclamation units.  Use of resampling statistics including the jackknife (Zahl 1977, Magurran 1988) and bootstrapping (Manly 1997) of the sampled reference and reclaimed populations will be accepted by the MMD as alternative approaches to overcome the problems associated with comparing ratios or sets of data based on proportionalities.  Worked examples of jackknife and bootstrap techniques are provided in the literature cited above.  Prior to the actual use of these methods,  operators need to consult with the MMD to ensure the acceptability of the proposed resampling procedure. 

b.
Beta (() or Inter-Community Diversity 

If revegetation diversity is going to be compared to the diversity of a reference area, the development of an inter-community diversity (or similarity) standard is an appropriate alternative to an alpha-diversity technical standard as described above.  In effect, the species (alpha) diversity of each community is compared.  The following similarity indices are accepted measures of beta diversity.  

i.
Jaccard’s Similarity (Community) Index (Magurran 1988):  This measure uses presence and absence data (qualitative data). 
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where:
SI = Similarity index;

 A = total number of species in community a;

 B = total number of species in community b; and

 C = number of species common to both communities.

ii.
Sorensen’s (1948) Similarity Index: This measure is also based on presence/absence data (Magurran 1988).
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where:
SI = Similarity index;

 A = total number of species in site A;

 B = total number of species in site B; and

 C = number of species common to both sites.

iii.
A quantitative variation of the Sorenson index (Magurran 1988) is: 
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where:
CN = the index number


aN = the number of individuals in site A;

bN = the number of individuals in site B; and


jN  = the sum of the lower of the two abundances of species that occur in the two sites

c.
Gamma (() or Landscape Diversity
Establishment of a sufficiently diverse landscape (gamma) diversity ultimately produces alpha and beta diversities.  Because the spatial scale of diversity is not specifically defined in regulation, the MMD will evaluate and approve proposals for establishing and measuring gamma (() diversity designed to enhance vegetation diversity .  Each proposal to establish a gamma diversity standard must contain the following:

i.
Maps of the premine topography, vegetation, and soils should be accompanied by a narrative that describes the vegetation communities and their relationship to soils, topographic positions, aspection and other ecological factors as detailed above.  The landscape diversity submittal must also contain a comprehensive and quantitative description of the number of slopes, soil depths, soil materials, and vegetation/range sites and their aspections.  This description should accompany slope and aspect (Goudie 1981) analyses of both natural features and premine drainage densities and their relationships to soil and vegetation types (Turner et al. 1991). 

ii.
Post-mine maps of the proposed approximate original contour and reconstructed drainages should be accompanied by comprehensive and quantitative descriptions of the number of slopes, topsoil depths, topsoil materials and root  zone characteristics, aspections, and the proposed revegetation strategies on each type of  substrate.

iii.
Proposed numerical standards based on the ranges of values described above for: the number of slopes of aspection x, and percentage y, the number of small area depressions, and linear feet of highwall.  These standards will be evaluated by the MMD for completeness during Phase I bond release.

III.
Statistical Analyses of Vegetation Data

A.
Sample Adequacy

Sample adequacy is influenced by the sampling method used, the type of vegetation measured, and the distribution of individual plants across the landscape.  Ideally, before a test of sample adequacy is conducted, 10 to 15 preliminary samples should be collected, tested for normality (using the tests described below), and fitted to a distribution function.  This approach is useful as a first approximation of normality since most sample adequacy formulas described (Cochran 1977, Snedecor and Cochran 1980) are based on the assumptions of a normal distribution and some data may not be fitted to a normal distribution.

Even when assumptions of normality are met, sample adequacy tests often produce unrealistically large sample sizes.  A related problem exists when estimates of s, the standard deviation, are affected by outliers and/or skewness (Helsel and Hirsch 1995).   Tests for equal or homogeneous variances include Levene’s test (see Appendix C), Bartlett’s F test or the Scheffe-Box test (log-anova).  Departures from a normal or “bell-shaped” curve include skewness or asymmetry (represented by g1)  and varying curve shapes or kurtosis (represented by g2).  Tests for ‘goodness of fit’ include the G-test and the Kolmogorov-Smirnov tests.

Analyses of small preliminary data sets may also be used to test whether the sampling methods used are appropriate or should be modified.  Following some preliminary measurements, re-examination of the areas to be measured and stratification of sampled areas into smaller logical units (blocks) may further reduce variation and sample size.  Examples of such stratification might be based on: topographic position (bottomland swales vs. rocky hill outcrops), soil types, slope, and aspect.

Stratified random sampling procedures should also be used when the area to be measured contains recognizable differences in vegetation such as markedly different life forms, age or size class structure among shrub species, or when measuring differently aged reclamation units.  In all cases, appropriate use of sample adequacy equations must be demonstrated.

Evaluating preliminary data sets for evidence of randomness, clumping, or dispersion as in empirical cumulative distribution functions (ECDF) may also help in identifying other distribution functions, in setting confidence intervals for these functions, and in structuring sampling procedures so that they produce adequate and manageable sample sizes.

1.
Baseline Inventories

Baseline inventories are required to achieve sample adequacy [19.8.8.808.C NMAC].  Premine studies should aim at attaining 90% confidence that the sample means for total live cover, total annual production, and shrub density are within ±10% of the true population means for each premine vegetation type.  The number of observations required to attain this level of precision may be estimated by the Cochran formula; example calculations are provided in Appendix C.  However, the MMD will consider a maximum of 40 samples for each parameter to be adequate if this level of precision cannot be met with fewer observations during baseline studies.  Schulz et al. (1961) demonstrated that this number remains robust for most cover and density measures with increased numbers of samples providing only slightly improved precision. 

Another approach is based on the relationship between numbers of species encountered and the areal extent of the sampling area (Cain 1938, Hopkins 1955). The numbers of sample units sampled as a function of the number of species encountered or the variable measured (i.e.,  cover, production, and shrub density) are plotted as a curve.  As the curve levels off with further increases in the number of samples taken, sample size should approach sufficiency (Pieper 1978).  These species-area curves and similar relationships (such as pounds per acre) may be used in lieu of the required maximum number of 40 samples to determine the sample size for small areas.  The MMD will accept graphical and numerical presentations using this approach to establish appropriate sample sizes for areas ten (10) acres or less in size.

A further alternative to calculating sample adequacy involves resampling or bootstrapping procedures (Manly 1997).  These techniques are accepted by the MMD and may be used to establish confidence intervals for the sample population’s distribution or to establish reasonable sample sizes based on what is known about that distribution (Scheiner and Gurevitch 1993, Manly 1997).  

In summary, applicants may either calculate sample adequacy using distribution-dependent or resampling techniques, or execute the maximum sample size of 40 for each reference area and for each premine vegetation type when conducting baseline studies. 

2.
Bond Release Evaluations

During bond release evaluations, applicants must test revegetation success against the approved performance standard with 90% statistical confidence [19.8.20.2065.B (5) and 2066.D (3)(a) NMAC].   Testing of the classical experimental null hypothesis of equal population parameters, and a maximum sample size of 40 observations from reference and reclaimed populations has been approved for revegetation success evaluations in several New Mexico coal mining permits.  The maximum number of 40 samples was based on an estimate of the number of samples needed for a t-test under a normal distribution (Sokal and Rohlf 1981).   

There will likely be instances when the requirement to achieve 90% confidence will not be met by a sample size of 40.  In those cases, the number of observations required to attain sample adequacy may be estimated using the formula or table entries for a comparison of means in the Sample Adequacy discussion of Appendix C. Alternatively, testing of the reverse null hypothesis, a method more appropriate for evaluating reclamation success, rather than scientific experiments (McDonald and Erickson 1994), is approved and recommended.  As discussed below, a demonstration of sample adequacy is not required when testing the reverse null hypothesis, because the attainment of 90% confidence in the result is an inherent property of the procedure.   

B.
Hypothesis Testing for Bond Release 

Population parameters that must be statistically tested in support of a Phase II bond release application are total annual production and total live cover.  Annuals and biennials may be included in cover and production estimates for Phase II evaluations, and vegetation need only be sampled during one growing season.

For Phase III bond release applications, it must be demonstrated that the total annual production and total live cover of biennials and perennials equal or exceed the approved standards for at least two of the last four years of the responsibility period, starting no sooner than year eight.  Shrub density and revegetation diversity must equal or exceed the approved standards during at least one of the two sampling years of the responsibility period.

Using the reverse null approach, the hypotheses that are tested during Phase II and Phase III bond release evaluations are:  (1) the null hypothesis, that the parameter mean of the revegetated area is less than 90% of the parameter mean of the reference area or technical standard, vs. (2) the alternative hypothesis, that the parameter mean of the revegetated area is greater than or equal to 90% of the parameter mean of the reference area or technical standard (Erickson 1992, Ames 1993): 

(1)
Ho : μrevegetation < 0.9 μperformance standard

(2)
Ha : μrevegetation  ≥ 0.9 μperformance standard

Note that the above formulation of the null hypothesis is different than the classical null hypothesis that is applied to experimental analyses.  In the classical setting, a hypothesis of no effect is assumed until convincing evidence of the high probability of an experimental effect has been acquired.  With mining and other forms of surface disturbance, however, there is no question that an effect has occurred.  The appropriate question is whether or not the performance standards required by regulation have been achieved (Erickson 1992, Erickson and McDonald 1995).

The reverse null hypothesis, as presented above, is more than just theoretically correct.  Inadequacies and difficulties that are encountered when the classical null hypothesis is applied become moot when the null hypothesis is formulated in this manner.  For example, under the classical null hypothesis, it would be to a company’s advantage to collect few samples with high variance and poor quality control, in order to minimize the power of the test and thus the chance of rejecting the assumption of  “no effect”.  Companies taking more samples and practicing better quality control may be at a disadvantage by having greater power to detect a statistically significant difference between reclamation and the performance standard.

Using the classical null hypothesis approach, sample adequacy must be demonstrated.  Sample-size equations have been derived for populations that are normally distributed, but when such equations are used with data that are not normally distributed or not evenly dispersed, as is often true with biological populations, the calculated sample sizes may be unreasonably large.  Likewise, if a preliminary sample is too small to contain much information, even data from normally-distributed populations may result in sample-size overestimates (see the Sample Adequacy discussion in Appendix C).  

Under the reverse null hypothesis, however, if the performance standard has not been achieved there is no sample size that will indicate otherwise (McDonald and Erickson 1994).  Poor quality and variance control practices, and small sample sizes, will not enhance the operator’s chances for bond release.  Therefore, when conducting bond release evaluations testing the reverse null hypothesis, the operator may select the number of samples to be collected, and the MMD’s responsibility with respect to sample adequacy will be to ensure that the data are randomly selected and properly stratified (that is, the data must be unbiased observations from the populations for which inferences are being made).  The most important consideration to remember about random sampling is that all locations within the population of interest must have an equal probability of being included in a sample.

Although sample adequacy need not be demonstrated when testing the reverse null hypothesis, the MMD recommends that an initial sample of 30 observations be collected for each population, and population parameter, to be tested.  It may turn out that a larger sample size is needed, but 30 is the approximate minimum sample size necessary to invoke the central limit theorem, which holds that even if the original population is not normally distributed, the standardized sample mean is approximately normal if the sample size is reasonably large.  The central limit theorem thus validates the use of parametric procedures no matter what distribution the original population may have (Snedecor and Cochran 1980, pp. 45-50).   Parametric procedures are generally more powerful than their nonparametric equivalents, and using parametric tests should improve an operator’s ability to reject the null hypothesis if the performance standard has been achieved.  

Equal sample sizes should be collected whenever two or more populations are being compared.  Parametric tests are not seriously affected by unequal sample variances when sample sizes are equal, but the combination of unequal variance and unequal sample size may result in a higher Type I error rate than is specified by the α level of the test (Neter, et al. 1985, p. 624).  By rule, the level of the test must be held at α = 0.10.  The Satterthwaite correction, discussed in Appendix C, provides another means of ensuring that the specified α level is maintained.

Data transformation may effectively increase the power of a hypothesis test.  If a test statistic for untransformed data fails to indicate that the performance standard has been achieved, it would be advisable to apply one or more of the transformations discussed in Appendix C to the data and re-test.

When measuring total live cover by point-intercept techniques, most investigators separately tally first-hit (top-layer, non-stratified, without-overlap) cover and multiple-hit (all-layer, stratified, with-overlap) cover.  If first-hit cover tends to maximize at 100%, then the multiple-hit cover should be used in order to better approximate the normal distribution.  Since the normal distribution is an additive model, adding cover strata together to approximate the model is legitimate.

Naturally, the methods and personnel used to estimate total live cover must be exactly the same whenever samples from two populations are going to be compared.

Production sampling should be conducted during early to mid-September, to accurately estimate peak standing crop in our area.  Reference area and reclamation production sampling efforts must not be separated by more than two weeks, to minimize sampling bias.

The Students t-test, or the Satterthwaite modification (Johnson 1995) used in those cases when variances are unequal, may be used to make comparisons between reclaimed lands and the success standard.  The sign test and the Mann-Whitney test are nonparametric analogs to the one-sample and two-sample t-test, respectively, and are also approved for use.  Unlike the Students t-test, neither the sign nor the Mann-Whitney test the equality of means.  Rather, these tests are based on a ranking of the pooled observations.   Applicants are encouraged to carefully evaluate their data for effect size and power before using nonparametric procedures (Johnson 1995, Smith 1995, Stewart-Oaten 1995).  Worked examples of each of the above procedures are provided in Appendix C. 

In consideration of the above discussion, the MMD recommends the following hypothesis-testing procedures:

1.
Design a study and submit the plan to the MMD for review, to ensure that all relevant rules will be efficiently addressed.

2.
Collect the data, and check for normality (that is, symmetry about the mean).  

3.
If two populations are being compared, the assumption of equal variances should be verified by Levene’s test (Appendix C).

4.
Choose the appropriate procedure, as outlined in the following chart, based upon the preliminary test results.  The nonparametric tests (i.e., sign test and Mann-Whitney test) should not be substituted for parametric tests if the data appear to be normally distributed, since the operator’s power to reject the null hypothesis will likely be reduced.  Appendix C provides statistical formulas, examples, references, and probability tables for each of the approved procedures.

5.
Submit a copy of each hypothesis-testing calculation that is conducted in support of an application for bond release.

Preliminary test results
Comparing to a technical standard
Comparing to a reference area

Data are normal
Conduct a one-sample t test.
Variances are equal
Conduct a two-sample t test.



Variances are not equal

Sample sizes are equal
Calculate the Satterthwaite correction and conduct a two-sample t test.



Variances are not equal

Sample sizes are not equal
Calculate the Satterthwaite correction, or transform the data and test the variances, or collect additional samples.  Conduct a two-sample t test. 

Data are not normal
Transform the data; if the transformed data are approximately normal, conduct a one-sample t test; or conduct a one-sample sign test.
Variances are equal
Conduct a Mann-Whitney test, or transform the data. If the transformed data are approximately normal, conduct a two-sample t test. 



Variances are not equal

Sample sizes are equal
Transform the data; if the transformed data are approximately normal, conduct a two-sample t test, using the Satterthwaite correction as necessary.



Variances are not equal

Sample sizes are not equal
Transform the data or collect additional samples and reassess normality and variance equality.  Conduct the Mann-Whitney test, or the two-sample t test and Satterthwaite correction, as appropriate. 

IV.
Normal Husbandry Practices

A.
Introduction

Based on MMD review of Extension Service reports from New Mexico State University, Standard Conservation Practices as approved by the New Mexico State Office of the NRCS (cited parenthetically below), and the larger body of ecological and range science literature (Vallentine 1989), the husbandry practices described below are approved by the MMD for use in New Mexico [19.8.20.2065.B(6) NMAC].  These practices represent support activities that may be used to achieve the approved postmining land use.  However, prior to implementation, applicants must ensure that the current permit contains a management plan that discusses their use [19.8.9.908.A NMAC].  If the proposed husbandry practices are not presently described in the permit, applicants must submit a plan in the form of request for modification to the MMD.  The plan should describe the purpose of the practices, the methods to be used, and the schedule for implementation.  Upon approval by the MMD, the applicant may implement the husbandry practice.  If adjustments or changes to the practice are found to be necessary during the time the practice is implemented, then a second written or verbal notification of the proposed changes to the practice should be made to the MMD.

B.
Approved Husbandry Practices

1.
Interseeding and planting tree and shrub seedlings (322, 342, 380, 550, 612, 644, 645)

Interseeding is done to enhance the revegetation, rather than to augment the revegetation.  Interseeding is defined as a secondary seeding into established revegetation in order to improve composition, diversity or seasonality [19.8.1.107.I (8) NMAC].  In contrast, augmented seeding is reseeding with fertilization or irrigation, or in response to unsuccessful revegetation in terms of adequate germination or establishment or permanence [19.8.1.107.A (20) NMAC].  One of the main purposes for interseeding arid and semiarid rangelands is to take advantage of favorable climatic conditions (Westoby et al. 1989) and to enhance germination and establishment of reclamation species requiring extended periods of stratification or other special environmental conditions. The effects of density-dependent interactions on self-thinning, plant productivity and species composition widely recognized in plant ecology (Pyke and Archer 1991) as being important determinants of community composition may also direct the need for interseeding.  Important grass and shrub species contained in an original seed mix often fail to emerge as more aggressive species contained in the original seed mix attain dominance.  Thus, another goal in interseeding New Mexico’s rangelands is to improve or alter the compositional balance between forage species and shrubs, and between warm and cool season grasses (Allison 1992).

The MMD will approve interseeding of individual native species and approved introduced species contained in the original seed mix up to (that is, before) the period six (6) years prior to Phase III bond release for a grazing land, fish and wildlife habitat, forestry, or recreation postmining land use.  These plantings will be counted in determinations of revegetation success and suitability for the postmining land use.  Interseedings and plantings of native herbaceous, shrub, and tree species not contained in the original seed mix will also be allowed by the MMD any time prior to six (6) years before Phase III bond release.  Augmented seeding or seeding of introduced and non-native species other than those approved by the MMD (see Appendix B) will not be approved as a normal husbandry practice.  All approved interseedings and plantings will be counted towards the revegetation success and demonstration of suitability for the post-mining land use.  Consistent with the reseeding and replanting of shrubs and trees under the 80/60 rule [19.8.20.2066.A NMAC], no reclaimed acreage limit applies to interseeding. 

To promote and enhance establishment of wildlife habitats, increase diversity, and improve age-class structure in monotypic stands of trees or shrubs, the MMD will approve the transplanting of native tree and shrub stock and the planting of containerized or bare-root tree and shrub stock on reclamation units.  Containerized tree and shrub stocks planted 6 years prior to Phase III bond release will be counted toward the approved density standard in accordance with the 80/60 rule [19.8.20.2066.A NMAC].   All living transplants moved from pre-existing native stands of trees and shrubs may be applied at any time towards revegetation success and demonstration of suitability for the post-mining land use.

In all cases, damage to established or emergent vegetation should be avoided.  Methods for interseeding both herbaceous and woody species are not limited to hand planting, broadcast, range drill or interseeder applications (Vallentine 1989) and applicants are encouraged to modify seeding equipment to optimize planting and reduce soil compaction or damage to existing vegetation.  Use of livestock for trampling seed and mulch into the soil is also encouraged as an approved husbandry practice (Allison 1992).   

2.
Additional mulching (484) 

Mulching of the interseeded area may be required by the MMD if little of the original mulch application remains and there is limited organic matter in the topdressing.  This practice is applicable to the grazing land, fish and wildlife habitat, forestry, and recreation postmining land uses, and must be completed at least six (6) years prior to Phase III bond release.  No reclaimed acreage limit applies.

3.
Use of fire (338)

Controlled burning may be used to reduce persistent and common weeds (Whisenant and Uresk 1990) or to reduce litter buildup and weed seed load on reclaimed lands.  This practice is applicable to all postmining land uses at any time during the liability period.  No reclaimed acreage limit applies.

4.
Mechanical practices (511, 548, 595A, 645) 

Selective cutting, mowing and raking to control weeds, to reduce standing dead vegetation or litter, increase decomposition of organic matter, and to stimulate vegetative regrowth are approved husbandry practices.  These practices are applicable to all postmining land uses, at any time during the liability period.  No reclaimed acreage limit applies.

5.
Pest control, including weeds, vertebrate and invertebrate animals, fungi, and diseases (595A)

Prior to implementing control of weeds and other pests, a general plan must be present in the current mine permit.  Selection of herbicides and mechanical control techniques represents a compromise between affecting the graminoid species and woody or broadleaved species in reclamation units and controlling invasive and damaging organisms.  Application of herbicides to control weeds may be necessary in some cases where steep slopes and rugged terrain prohibit access for mechanical control, fencing for managed grazing, or the use of fire.  All herbicide applications, however, must be timed to avoid damage to shrub seedlings and grass seedlings in stages of growth prior to the fourth leaf stage (Allison 1992).  Both spraying (by hand or from a vehicle), and rope wicking may be used as application techniques.  Applicants may further modify these techniques or use other forms of application.  Use of fire or controlled grazing are generally encouraged for the control of cheatgrass (Bromus tectorum) and annual forbs such as Russian thistle (Salsola kali) or ragweed (Kochia cristata), because most shrub species will recover from a light fire and light grazing.  Herbicide use, however, may be necessary, when dealing with persistent, deeply rooted perennial species such as the knapweeds (Acroptilon repens L., Centaurea maculosa  Lam., Centaurea diffusa Lam.), Canada thistle (Cirsium arvense (L.) Scop.), or leafy spurge (Euphorbia esula  L.).  These species typically do not respond to mechanical control or to burning.  Finally, application of some registered herbicides will require an applicator’s license from the New Mexico Department of Agriculture (NMDA).  Applicants proposing to use these restricted use chemicals must ensure that these chemicals are applied by NMDA certified operators.   This practice is applicable to all postmining land uses and at any time during the liability period.  No reclaimed acreage limit applies.

6.
Grazing (528A)

The absence of grazing in many western ecosystems has lead to vegetative instability (West 1993) and reduced productivity.  Grazing of sheep, goats, and cattle to remove standing dead materials and to stimulate vegetative growth may be approved by MMD as a husbandry practice based on the following requirements:

a. 
MMD-approved grazing plan containing a description of the season of use and stocking rates;

b.
pre- and post-grazing monitoring of current year’s production and cover; 

c.
(re)calculations of carrying capacities and stocking rates each year; and

d.
post-grazing estimates of utilization.

This practice is applicable to the grazing land, pasture land, fish and wildlife habitat, cropland, and forestry postmining land uses.  Grazing may be conducted at any time during the liability period after the revegetation has become sufficiently established to withstand grazing, as determined in consultation with the MMD.   No reclaimed acreage limit applies.

7.
Erosion and subsidence repair (412, 454, 561, 580)

Repair of rills, gullies, headcuts or similar erosional features, and subsidence.  Erosion features to be repaired must be characteristic of unmined lands in the region and the damage must not be caused by a lack of planning, design, or implementation of the mining and reclamation plan.  Repairs that are considered to be normal husbandry practices include hand work with shovels and similar tools, mechanical manipulation of small areas, the installation of erosion-control matting, silt fence, and hay or straw bales, and hand seeding and raking.  This practice is applicable to all postmining land uses at any time during the liability period.  No more than 10% of the reclaimed acreage may be repaired as a normal husbandry practice.  If erosion and subsidence repairs are required on more than 10% of the reclaimed acreage, the liability period will be reinitiated. 

8.
Ancillary disturbance and reclamation (322, 342, 382, 394, 454, 516, 550, 560, 580, 584)

Installation, removal, and reclamation of 2-track access roads, firebreaks, fences, pipelines, power lines, surface water and groundwater monitoring sites, erosion and subsidence monitoring sites, and small, undesigned sediment control measures, such as traps, riprap, rock or straw bale check dams, and silt fences.  This practice is applicable to all postmining land uses at any time during the liability period.  Ancillary disturbance and reclamation of more than 10% of the reclaimed acreage will reinitiate the liability period.     

9.
Developed water resources maintenance (322, 342, 378, 412, 443, 550, 574, 580, 584, 636, 642, 657) 

Normal maintenance (cleaning, repair, upgrading, stabilizing with rock, and interseeding or replanting of vegetation) of developed water resources and, if applicable, their shorelines, and structures associated with developed water sources.  Such structures include decant or overflow systems, embankments, pumping systems, or mechanical conveyance systems.  This practice is applicable only to the developed water resources land use.  Cleaning, repair, and upgrading may be conducted at any time during the liability period, with no reclaimed acreage limits.   Stabilization, interseeding, and replanting must be completed at least six (6) years prior to Phase III bond release, on no more than 10% of the reclaimed acreage. 

10.  Agricultural and landscaping activities (328, 329A, 329B, 329C, 344, 442, 443, 449, 512, 561, 562, 568, 585, 586, 590, 612, 666) 

Annual or periodic seeding, fertilizing, irrigating, or other normal agricultural or landscaping activity carried out on approved cropland reclamation or in conjunction with an approved special use pasture, commercial forest land, residential, industrial/commercial or recreation postmining land use management plan.  These practices are applicable at any time during the liability period for the listed postmining land uses.  They are not applicable to grazing land or fish and wildlife habitat at any time during the liability period.  No reclaimed acreage limits are applicable. 

V.
Demonstration of Suitability for the Postmining Land Use

Although the performance standards outlined in this document and in 19.8.20.2073.A, B, and C NMAC, largely focus on the postmining conditions of reclaimed lands and their capacity to support premining uses, only reclaimed lands that will support grazing (range or pasture lands) as a postmining land use must be shown to be capable of supporting livestock in two of the last four full years of liability [19.8.20.2064 NMAC].  Some changes in land use designations, however, may require additional demonstrations of feasibility.  Again, applicants are encouraged to develop and discuss proposals for changes in land use and all demonstrations of feasibility with the MMD early in the permitting process.

Revegetation success and suitability for the postmining land use of grazing land must be demonstrated during at least two (2) of the last four (4) consecutive years of the bond release period.  Evaluations of revegetation success including measurement of cover, production, density, and diversity must run concurrently with demonstrations as described above [19.8.20.2065.B (1) NMAC].  Prior to beginning a demonstration project, applicants must submit a plan that discusses how the demonstration will proceed, its schedule, and what monitoring will be conducted during the project.  A forage utilization rate of approximately 50% would generally be considered appropriate for determining proper stocking for the suitability demonstration, unless other constraints (such as prescribed allotment stocking rates) need to be evaluated.

The following schedule for the grazing suitability demonstration is recommended:

1. Obtain a pre-grazing production estimate and calculate an appropriate stocking rate

2. Conduct grazing at the approved rate (winter grazing is generally advised)

3. Conduct first-year Phase III sampling in early to mid September, re-evaluate stocking rate

4. Conduct grazing at the approved rate (winter grazing is again advised)

5. Conduct second-year Phase III sampling in early to mid September

An estimate of forage yields from grazing land will be provided by production sampling, but a more direct demonstration of livestock-grazing suitability is given by an estimate of average daily gain or average gain per acre if grazing is conducted during the growing season.  Similarly, average weight maintenance could be estimated for dormant-season grazing.  Livestock weight data provide an integrated assessment of the suitability of both the forage and the water being used by livestock.  If postmining water quality is an issue, weight gain (or maintenance) data may serve to clarify whether such concerns are warranted.  Gain data are especially informative if they are collected each time grazing is conducted during the bonding period, on both reclamation and reference areas, so that trends, if present, may be identified.  The daily or per-acre gain estimates may be obtained by weighing a sample of the herd as it is being conveyed to and from the grazing pastures, with either portable or truck scales.  The MMD recommends that at least 10 animals from each relevant livestock class be weighed when estimating average daily gain, and that the same individual animals be weighed before and after grazing. 

Pre- and post-grazing visual scoring of livestock condition is another approach which may be used to support a demonstration of grazing suitability, although visual scores may be considered more subjective than weight-gain data.  

VI.
Terms and Definitions

Abundance - The total number of individuals of a species contained in an area or community.

Age-class - A term used to indicate the relative or comparative age of plants and animals 

Animal-Day - One day’s tenure upon range by one animal. Must specify kind and class of animal.  Not synonymous with animal-unit day (Society for Range Management 1989).

Animal-Month - A month’s tenure upon range by one animal.  Must specify kind and class of animal.  Not synonymous with animal-unit month (Society for Range Management 1989).

Animal-Unit - Considered to be one mature cow weighing approximately 1,000 pounds, either dry or with calf up to 6 months of age, or four sheep or goats, or one horse based on a standardized amount of forage consumed (Society for Range Management 1989).

Animal-Unit-Day - The amount of forage on a dry-matter basis required by one animal unit in one day based on a 26-pound forage allowance (Society for Range Management 1989).

Animal-Unit-Month - The amount of dry forage required by one animal unit for one month based on a forage allowance of 26 pounds per day for:

- a 1,000 pound cow either dry or with calf up to 6 months of age, or 

- four (4) sheep or goats.

The term is not synonymous with ‘animal month’.  The concept of the animal unit month is used in three ways: (1) stocking rate, as in “X acres per AUM)”; (2) forage allocations, as in “X AUMs in Allotment A”; (3) utilization, as in “X AUMs taken from Unit B”  (Society for Range Management 1989).

Annual Plant - A plant that completes its life cycle and dies in one year or less.

Aspection - Means the variability of blooming, fruiting, foliation and defoliation of vegetation during the various seasons of the year [19 NMAC 8.2 107.A (18)].

Bare Ground - All land surface not covered by vegetation, rock or litter.

Biomass – The aboveground and below ground weight of living organisms (MMD).

Bunchgrass - A grass having the characteristic growth habit of forming a bunch; lacking stolons or rhizomes (Society for Range Management 1989).

Canopy - the vertical projection downward of the aerial and foliar portions of vegetation (Society for Range Management 1989).

Canopy Cover - The percentage of ground covered by a vertical projection of the outermost perimeter of the natural spread of foliage of plants.  Small openings within the canopy are included and this measure may exceed 100% (Society for Range Management 1989).

Carrying Capacity - The maximum stocking rate that is consistent with maintaining or improving vegetation or related resources.  This rate may vary from year to year on the same area because of fluctuating climatic conditions and forage production (Society for Range Management 1989).

Climax - The final or stable biotic community in a successional series that is self-perpetuating and in dynamic equilibrium with the physical habitat (Society for Range Management 1989).

Condition - The current status of vegetation in a plant community with respect to its seral, successional stage and vigor.

Cool-Season Plant - a plant that generally grows during the late fall, winter, and early spring.  Cool-season species typically exhibit the C-3 photosynthetic pathway. 

Dominant - Plant species or species groups, which because of their number, coverage, or size, have influence or control the conditions of existence of associated species (Society for Range Management 1989).

Drill Seeding - Planting of  seed directly into the soil in drilled rows, usually 6 to 24" apart.

Endemic - Organisms that are native and restricted to particular areas, regions or countries. 

Foliage - The live parts of leaves and support tissues of plants.

Foliage Cover - the percentage of ground covered by the vertical projection of the aerial portion of plants and excluding small openings in the canopy and intra specific overlap (Society for Range Management 1989).  

Forage - Browse and herbage that are available and may provide food for grazing animals or be harvested for feeding (Society for Range Management 1989).

Forage Production - The weight of forage that is produced within a designated period of time on a given area.  The weight may be expressed as either green, air-dry, or oven-dry (Society for Range Management 1989).

Forest land - means land used or managed for the long-term production of wood, wood fiber, or wood derived products.  Land used for facilities in support of forest, harvest and management operations that is adjacent to or an integral part of these operations is also included.  For purposes of these rules and regulations, Pinon-Juniper type trees shall not be deemed forest trees managed for such long term production [19 NMAC 8.2]. 

Fresh Weight - The untreated weight of plant materials at the time of harvest.

Graminoid - Grass or grass-like plants that are members of the Order: Monocotyledonae.

Grass - Plant species that are member of the Graminaceae (Poaceae).

Grassland - Lands dominated by grasses, grasslike plants, and/or forbs.  Lands will be classified as grassland if forb and graminoid species contribute 80% or greater of the total or relative canopy cover. 

Habitat Type - The area occupied by a plant association as defined and described on the basis of the vegetation and its associated environment (Society for Range Management 1989). 

Herb - flowering plants other than those that develop persistent woody aboveground growth.

Herbaceous - Non-woody plants including graminoids and forbs.

Life-Form - Characteristic form or appearance of a species at maturity, e.g., tree, shrub, herb, etc.  (Society for Range Management 1989).

Litter - The layer of organic debris on the soil surface usually composed of fresh fallen or slightly decomposed vegetal material.

Live Cover - means that portion of the vegetation that is composed of the current year’s aboveground foliar and/or basal growth.

Monitoring - The systematic collection, analysis, and interpretation of data in evaluating steps taken towards meeting management goals.

Native Species - Species that are a part of an area’s original fauna or flora.

Naturalized Species - a non-native species that has adapted to an area and has established a stable reproducing population. 

Overstory - The upper canopy or canopies of plants. 

Perennial Plant - a plant that has life span of 2 or more years.

Phenology - The study of periodic or recurrent biological phenomena such as flowering and seed production.

Precision - An expression of the repeatability of a measurement.

Production - The total amount of organic material produced by plants within a given period of time.  Production is often divided into aboveground or measured production and below ground production that is usually not measured. 

Productivity - The rate of production per unit area.

Proper Use - the amount of use of current year’s growth which, if continued, will achieve management objectives and maintain or improve the long-term productivity of the site.  Proper use will vary with time and duration of grazing (Society for Range Management 1989).

Range Condition Class - One of a series of arbitrary categories used to either classify ecological status of a specific range site in relation to its potential (early, mid, late seral or potential natural community) or classify management-oriented value categories for specific potentials, e.g., good condition spring cattle range.  Some agencies consider range condition class as follows (Society for Range Management 1989):

Range Condition Class
% of climax for the range site




Excellent
76-100

Good
51-75

Fair
26-50

Poor
0-25

Seral Stages - the developmental stages of an ecological succession. 

Shrub - a plant that has persistent, woody stems, a relatively low growth habit, and that generally produces several basal shoots instead of a single bole.  It differs from a tree by its low stature.

Shrubland - Lands that are dominated by shrub species that comprise greater than 20% of the total or relative foliar cover.

Species Composition - The relative proportions of various plant species in a given area. 

Species Evenness - the equitability or distribution of individuals among the species

Species Richness - the number of species in an area contained within a community.

Standing Crop - The total amount of plant material per unit area in a given period of time.  This measure is often divided into dead, live, aboveground and below ground components to more accurately specify the type biomass (Society for Range Management 1989).

Stocking Rate - The number of specific kinds and classes of animals grazing or utilizing a unit of land for a specified time period (Society for Range Management 1989).

Total Annual Yield - The total annual production of all plant species of a plant community.

Trend - The direction of change in ecological status or resource value as observed over time.

Vegetation Type - An existing plant community with distinctive characteristics that can be described and quantified in terms of its dominant vegetation.

Warm-Season Plant - a plant that generally grows during the summer months.  Warm-season species typically exhibit the C-4 photosynthetic pathway.
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Appendix A – Common and Candidate Weed Species

List of Common Weed Species and Candidate Species for the New Mexico Weed List
Common Name
Scientific Name
Life Cycle
Origin






Common Species




Summer cypress
Kochia scoparia
A
Eurasia

Russian thistle
Salsola kali
A
Eurasia

Cheat grass
Bromus tectorum
A
Eurasia

Japanese brome
Bromus japonicus
A
Eurasia






Candidate Species




African rue
Peganum harmaia
P
North Africa

Camel thorn
Alhagi pseudalhagi
P
Asia

Canada thistle
Cirsium arvense
P
Eurasia

Dalmation toadflax
Linaria genistifolia subsp. Dalmatica
P
Europe

Diffuse knapweed
Centaurea diffusa
P
Mediterranean

Halogeton
Halogeton glomeratus
A
Asia

Leafy spurge
Euphorbia esula
P
Eurasia

Malta starthistle
Centaurea melitensis
A
Europe

Musk thistle
Carduus nutans or

Carduus thoermeri
B
S. Europe

Perennial pepperweed
Lepidium latifolium
P
S. Europe

Purple loosestrife
Lythrum salicaria
P
Europe

Purple starthistle
Centaurea calcitrapa
A
Europe

Russian knapweed
Acroptilon repens
P
Eurasia

Scotch thistle
Onopordum acanthium
B
Europe

Spotted knapweed
Centaurea maculosa
P
Eurasia

Teasel
Dipsacus fullonum
B
Europe

Whitetop (Hoary cress)
Cardaria draba
P
Europe

Yellow starthistle
Centaurea solstitialis
A
Europe

Yellow toadflax
Linaria vulgaris
P
Eurasia

A-Annual

B-Biennial

P-Perennial

(List of candidate species provided by Dr. Richard Lee, Extension Weed Specialist, New Mexico Cooperative Extension Service) 

Appendix B – Approved Introduced and Naturalized Species

List of Introduced and Naturalized Species Approved by the MMD for Use in Reclamation 

Seed Mixes [19.8.20.2060 and 2061 NMAC]

Scientific Name
Alternative Name
Common Name





Grasses



Elytrigia elongata
(Agropyron elongatum)
Tall wheatgrass

Elytrigia intermedia
(Agropyron intermedium)
Intermediate wheatgrass

Dactylis glomerata

Orchard grass

Psathyrostachys juncea

Russian wildrye

Phleum pratense

Timothy





Forbs



Cichorium intybus

Chicory

Medicago sativa

Alfalfa

Melilotus officinalis
(Melilotus alba)
Sweet clover

Onobrychis viciifolia

Sainfoin

Trifolium fragiferum

Strawberry clover

Appendix C - Statistical Formulas, Examples, and Tables

1.
Determining sample adequacy 

a.
The Cochran formula (parameter estimation) 

During premine baseline studies, and when using a technical standard and testing the classical null hypothesis for bond release comparisons, numerical sample adequacy is attained when sufficient observations are taken so that we have 90% confidence that the sample means for total live cover, annual production, and shrub density lie within 10% of the true population mean.  The minimum number of samples required to estimate a parameter with this level of precision is given by the Cochran (1977) formula:
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where:

t
is the tabular t value for a preliminary sample with n-1 degrees of freedom and a two-tailed significance level of α = 0.10

s
is the standard deviation of a preliminary sample 


is the sample mean of a preliminary sample 

Note that the t distribution, not the z distribution, should be used when nmin is calculated from a preliminary sample (i.e., from experimental data).  A two-tailed t value is used, since we wish to control both underestimates and overestimates of the population mean.

Two examples illustrate some properties of the Cochran formula.  In the first case, a small preliminary production sample of n = 5 is collected, which yields  = 1618 and s = 710.  From the two-tailed column of Appendix Table C-1, t with 4 d.f. = 2.132.  We calculate:
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In the second case, a more ambitious preliminary sample of n = 15 is collected, yielding  = 1524 and s = 267.  The tabular t value with 14 d.f. = 1.761, and therefore:
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Clearly, the Cochran formula is very sensitive to the preliminary variance estimate, and if the preliminary sample size is small (that is, if it doesn’t include very much information), the variance estimate and nmin may be excessively large.  On the other hand, if the preliminary sample is reasonably large, the population is properly stratified, and good quality control is practiced, the calculated minimum sample size should not be excessive.  It should seldom be necessary to collect more than 30 cover, production, or density samples from an appropriately stratified population.

b.
Sample sizes for comparison of means during bond release evaluations
The comparison of population means with 90% confidence is an inherent property of the reverse null hypothesis bond release testing procedures for which examples are provided in these standards.  Under the reverse null hypothesis a conclusion that the performance standard has been met will not occur unless 90% confidence in that result is attained.  However, a demonstration of sample adequacy will need to be made if the classical null hypothesis of equal means is tested for bond release.  The following table, derived from the relationship,
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(Snedecor and Cochran 1980, p. 104)

provides an easy means of approximating how many observations will be needed to attain 90% confidence and to determine adequate sample sizes for tests of the classical null hypothesis (a more accurate estimate may be obtained by replacing the “generic” z-values with t-values based on preliminary samples).  We calculate a standardized difference d/s, where d is the observed difference in the means from preliminary sampling, and s is the standard deviation of the more variable sample.  With the probability of both Type I and II errors (α and β, respectively) set at 0.10 for a one-sided test, the number of observations to be collected from each population is

d/s
n

d/s
n

d/s
n

d/s
n

0.30
100

0.55
30

0.8
14

1.1
7

0.35
74

0.60
25

0.85
12

1.2
6

0.40
56

0.65
21

0.90
11

1.3
5

0.45
45

0.70
18

0.95
10

1.4
5

0.50
36

0.75
16

1.00
9

1.5
4

We can estimate the number of observations needed for a comparison of means with the data from our first example above.  Let’s say that the data set with n = 5,  = 1618, and s = 710 is from reclamation, and the data set with n = 15,  = 1524, and s = 267 is from a reference area.  We multiply the reference mean by the 90% performance standard and obtain 1371.6.  Therefore:


d = 1618 - 1371.6 = 246.4


s = 710, and


d/s = 0.347

Interpolating on the table values above, about 76 samples would be needed from each area.  If the standard deviation from the larger sample had been the higher variance estimate, then d/s = .923, and 11 samples would be required from each area.

Scrimping on preliminary samples doesn’t appear to be a good idea.  Base sampling estimates on at least 10 or 15 preliminary observations, and even more if the populations seem highly variable. 

2.
Levene’s test for homogeneity of variances

Levene’s test may be used to verify the assumption that two independent populations have equal variances, prior to conducting a t-test.  If the population variances are not found to be homogenous, data transformation or the Satterthwaite correction described below should be considered.  Levene’s test uses the average of the absolute values of the deviations from the mean within a class
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as a measure of variability, rather than the mean square of the deviations.  Since the deviations are not squared, the sensitivity of the test to non-normality in the form of long-tailed distributions is minimized.  Such departures from normality are very common in biological data.

Snedecor and Cochran (1980) provide the following example of how Levene’s test is applied.  The original data (4 random samples drawn from a t distribution, and thus of known equal variance) are on the left and the absolute deviations │xij  - i│ are on the right.


Data for Class

Absolute Deviations 

From Class Mean


1
2
3
4

1
2
3
4


7.40
8.84
8.09
7.55

0.54
2.08
1.89
0.71


6.18
6.69
7.96
5.65

0.68
0.07
1.76
1.19


6.86
7.12
5.31
6.92

0.00
0.36
0.89
0.08


7.76
7.42
7.39
6.50

0.90
0.66
1.19
0.34


6.39
6.83
0.51
5.46

0.47
0.07
5.69
1.38


5.95
5.06
7.84
7.40

0.91
1.70
1.64
0.56


7.48
5.35
6.28
8.37

0.62
1.40
 0.08
1.53 

Total
48.02
47.31
43.38
47.85

4.12
6.34
13.14
5.79

Mean
6.86
6.76
6.20
6.84

0.589
0.906
1.877
0.827 

An analysis of variance was performed on the mean deviations in the table on the right, using the class means 0.589, 0.906, 1.877, and 0.827 as the estimates of variability within each class.  The table below provides the ANOVA.

Source
Df
Sum of Squares
Mean Squares
F

Between classes
3
6.773
2.258
2.11

Within classes
24
25.674
1.070


The F value 2.11 indicates a non-significant P > 0.10 with 3 and 24 degrees of freedom, despite the apparent outlier value of 0.51 in the data for class 3.  Snedecor and Cochran note that Bartlett’s test, which uses the mean square of the deviations (i.e., the sample variance) as the estimate of variability, and is perhaps the most frequently encountered test of variance homogeneity, erroneously rejects the hypothesis of equal population variances for these data.

In our revegetation vs. reference area setting, a t-test of 2 independent samples (Procedure #4 below) may be conducted rather than an ANOVA.  The 2-tailed probabilities of Appendix Table C-1 may be used to determine whether the hypothesis of equal variability should be rejected.  Note that the decision rules of the 2-sample t-test must be reversed when conducting Levene’s test, since in this case we are not reversing the classical null hypothesis of equal variances.  

3.
The one-sample, one-sided t test

This test is appropriate for comparing a normally-distributed parameter to a technical standard (Neter, et al. 1985).  The test statistic is:
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where: 

t*
is the calculated t-statistic


is the sample mean 

s
is the standard deviation of the sample

n
is the sample size

The α-level of the test is 0.10 by regulation, and the decision rules for testing the reverse null hypothesis are:

If  t* <  t (1- α ; n - 1), conclude failure to meet the performance standard 

If  t* ≥  t (1- α ; n - 1), conclude that the performance standard was met

The following example illustrates application of the test.  Revegetation cover sampling provides the following statistics:  = 20.2, s = 6.6, n = 30.  Assume a technical standard of 20% total live cover is approved.
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  and the one-tail t (.90; 29) = 1.31 from Appendix Table C-1

Therefore, we conclude that the performance standard was met.

For testing the classical null hypothesis, the decision rules above are reversed, and a demonstration of sample adequacy using the Cochran formula (Item 1.a. above) is required.

4.
The one-sided t  test for two independent samples

This test is appropriate for comparing samples from two independent, normally-distributed populations (Neter, et al. 1985).  The test statistic is:
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where:

t*
is the calculated t-statistic

1
is the reclamation sample mean
2
is the reference area sample mean

SS1
is the reclamation sum of squared deviations from the mean {∑ (x1j - 1)2} 

SS2
is the reference area sum of squared deviations from the mean {∑(x2j - 2)2}

n1
is the reclamation sample size
n2
is the reference area sample size

The α-level of the test is 0.10, and the decision rules for testing the reverse null hypothesis are:

If  t* <  t (1- α ; n1 + n2 - 2), conclude failure to meet the performance standard 

If  t* ≥  t (1- α ; n1 + n2 - 2), conclude that the performance standard was met

For example, let’s assume reclamation and reference area sampling has provided the following total live cover data:

For reclamation:  25, 17, 21, 23, 38, 21, 23, 17, 30, 26, 29, 27, 10, 20, 27 

For the reference area:  24, 26, 28, 22, 16, 29, 19, 22, 25, 22, 27, 15, 31, 8, 18

The summary table is:

Reclamation 
n1  = 15
1 = 23.6
SS1 = 607.6 

Reference Area
n2  = 15
2 = 22.1
SS2 = 540.8

and  
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  and the one-tailed t (.90;28) = 1.313 (App. Table C-1)

Therefore, we conclude that the performance standard was met. 

For testing the classical null hypothesis, the decision rules above are reversed, and a demonstration of sample adequacy using the comparison of means table or formula (Item 1.b. above) is required.

5.
The one-sample, one-sided sign test

The sign test is appropriate for comparing a sample with observations that are not normal (i.e., not symmetrical about the mean) to a technical standard (Daniel 1990).  Observations must be randomly selected and independent.  If the data are not symmetrically distributed, but an obvious majority of the sample values are greater than the performance standard, then the sign test is recommended.

The technical standard is multiplied by the 0.90 performance standard and the result is subtracted from each observation, recording the sign of the difference.  Any observations that are equal to 90% of the technical standard, and thus yield no difference, are dropped from the analysis.  The test statistic k is the number of  “minus” signs.  K designates a random variable drawn from a binomial distribution, which is the appropriate model for sampling when only 2 outcomes are possible, such as coin tosses, or in this case, plus or minus signs.  Since α = 0.10 by regulation, the decision rules are:
If P (K ≤ k , given sample size n from a binomial population expected to yield minus signs 50% of the time if Ho is true) > 0.10, conclude failure to meet the performance standard. 
If P (K ≤ k , given sample size n from a binomial population expected to yield minus signs 50% of the time if Ho is true)  ≤ 0.10, conclude that the performance standard was met.

Assume that reclamation sampling has provided the following 26 shrub-density observations, which will be compared to a technical standard of 436 shrubs/acre.

302
247
908
  0
563
450
507
152
229
458
103
323
304


480
680
392
  0
453
151
706
450
672
554
910
787
571

Multiplying the technical standard by the 90% performance standard yields 392.  Subtracting 392 from each observation results in the following signs:

-
-
+
-
+
+
+
-
-
+
-
-
-

+
+
(tie dropped)
-
+
-
+
+
+
+
+
+
+

and thus k = 10 minus signs, and n = 25. 

From Appendix Table C-2 we determine that P (K < 10, given a sample size of 25 and a 50% chance for minus signs if Ho is true) = 0.2122.  Therefore, we conclude failure to meet the performance standard.  In this example, 8 or fewer minus signs would result in a conclusion that the performance standard had been achieved.  

Daniel (1990) provides a large-sample, normal approximation to the binomial for sample sizes of 12 or larger. 
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For the shrub-density example given above, the large-sample normal approximation would be applied as follows:
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Appendix Table C-3 indicates that the probability of observing a value of z this small is 0.2119, and as above, we conclude failure to meet the performance standard.  Note that we are determining the probability of observing fewer than the expected value of 50% minus signs.  If the number of minus signs exceeds 50% of the total number of observations, there is no need to conduct the sign test--the performance standard has not been met. 

For testing the classical null hypothesis, the decision rules above are reversed, and a demonstration of sample adequacy using the Cochran formula (Item 1.a. above) is required.

6.
The one-sided Mann-Whitney test for two independent samples

The Mann-Whitney test is appropriate for testing whether two populations have the same median values for a parameter.  The populations need not follow a normal distribution, although it is assumed that the two populations have the same distribution; that is, the population variances are assumed to be equal.  The Mann-Whitney test is especially apt in cases where two long-tailed sample distributions are being compared, because comparisons of observation ranks, rather than actual values, are made. 

The first consideration in the bond release scenario is how to incorporate the 90% performance standard into the test.  We wish to detect a shift in the hypothesized population median, rather than a multiplicative effect.  A transformation of both reclaimed and reference data must be made prior to assigning ranks.  Since ranks are invariant to logarithmic transformations, the log transformation is an appropriate choice.  For the reference area data, the transformation is:


[image: image17.wmf])

9

.

0

log(

)

1

log(

'

+

+

=

reference

reference

X

X


Remember that log (xy) = log (x) + log (y).  The 1 is added to the observation values in case some observations are equal to zero, since log (0) is undefined.  The reclamation data is transformed as shown:
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We then combine all of the log-transformed values from both samples and rank them from the smallest (which is given a rank of 1) to the largest.  Tied observations are assigned the average of the ranks they would have received if there were no ties.  We then sum the ranks of the transformed observations from the reference area population (Sreference).  The test statistic T is calculated as follows


[image: image19.wmf]2

)

1

(

)

(

1

1

+

-

=

n

n

S

T

reference


where n1 is the number of observations in the reference area sample.

The decision rules, with α set at 0.10, are:

If T > w0.10 , conclude failure to meet the performance standard

If T ≤ w0.10 , conclude that the performance standard was met

where w0.10  is the critical value of T observed in Appendix Table C-4 given n1 and n2 (the number of observations in the reclamation sample).

An example of the use of the Mann-Whitney test follows.  Let’s assume we have collected 20

shrub-density observations from both a reference area and a reclaimed area, as indicated below 

Reference Area
Reclamation

Observation
Log (Observation+1)+log (0.9)
Rank
Observation
Log (Observation+1)
Rank




0
0
1.5




0
0
1.5

33
1.486
3




100
1.959
4




172
2.192
5




225
2.308
6.5




225
2.308
6.5




233
2.323
8




248
2.350
9







255
2.408
10




291
2.465
11

333
2.478
12




357
2.508
13.5




357
2.508
13.5




364
2.517
15




373
2.527
16.5




373
2.527
16.5







358
2.555
18.5




358
2.555
18.5




385
2.587
20




408
2.612
21

458
2.616
23




458
2.616
23




458
2.616
23







427
2.631
25




444
2.648
26.5

497
2.651
26.5







450
2.653
28




486
2.688
29

552
2.697
30







508
2.707
31




512
2.710
32




580
2.764
33




604
2.782
34




657
2.818
35




759
2.881
36




785
2.895
37




1327
3.123
38

1922
3.238
39




4159
3.573
40





TOTAL
333.5




Therefore Sreference = 333.5, and 
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Since the calculated T value is less than the critical value of 152 (w0.10  with n1 = 20, n2 = 20) from Appendix Table C-4, we conclude that the performance standard was met.  Daniel (1990) presents a large-sample normal approximation when either n1 or n2 are more than 20
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Inserting the calculated T value and sample sizes from the shrub-density example, we have:
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Appendix Table C-3 indicates that the probability of observing a value of z this small is 0.0192, and as above, we conclude that the performance standard was met.  Note that in the example above, all of the tied observation ranks occurred within either one population or the other, so averaging the ranks wasn’t really necessary, except to demonstrate the procedure.

For testing the classical null hypothesis, the decision rules above are reversed, and a demonstration of sample adequacy using the comparison of means table or formula (Item 1.b. above) is required.

7.
The Satterthwaite correction

The presence of unequal sample variances in two populations that are going to be compared results in a t statistic that does not follow Student’s t distribution.  The Satterthwaite correction assigns an appropriate number of degrees of freedom to the calculated t so that the ordinary t table (Appendix Table C-1) may be used.  The corrected degrees of freedom are given by:
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where s12 and s22 are the sample variances for the 2 populations , and n1 and n2  are the respective sample sizes.  An example from Snedecor and Cochran (1980) follows.  Four observations from one population are going to be compared to 8 observations from a second population.  The summary statistics are:

n1 =  4, with 3 degrees of freedom
n2 = 8, with 7 degrees of freedom

1 = 25
2 = 21

s12 = 0.67
s22 = 17.71

s12/n1 = 0.17
s22/n2 = 2.21

Without taking the Satterthwaite correction into account, the degrees of freedom for the t statistic would be calculated as n1 + n2 - 2 = 10.  Correcting for unequal variances yields:
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Therefore, the t value from Appendix Table C-1 that is associated with 8 degrees of freedom (1.397 for a one-sided test) is the proper comparative statistic to use when designating the decision rules. 
8.
Data transformation

Departures from the assumptions of normality described above are often corrected by applying a mathematical function or transformation.  Tests of significance may then be performed on the transformed data.  Three basic rules applicable to the use of all transformations are given by Krebs (1989):

1.
Never convert variances, standard deviations, or standard errors back to the original measurement scale.  These statistics have no meaning on the original scale of measurement.

2.
Means and confidence limits may be converted back to the original scale by applying the inverse transformation. 

3.
Never compare means calculated from untransformed data with means calculated from any transformation, reconverted back to the original scale of measurement.  They are not comparable means.  All statistical comparisons between different groups must be done using one common transformation for all groups.

There are some additional drawbacks to use of transformations.  For a more complete discussion of these see Helsel and Hirsch (1995).  Appropriate use of the following data transformations are accepted by the MMD.  When transformations fail to normalize the data, then analogous nonparametric tests should be used.  

The logarithmic transformation is useful when the mean is accompanied by a large variance or when there are multiplicative (scalar) effects in the data.  This transformation is also used to adjust skewed distributions to a more symmetrical shape.   A constant (k) such as 0.5 or 1.0 is added in case some of the values equal zero, since log(0) is undefined. 
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The square root transformation is a power transform that is useful for counts such as density, point data, or surface areas.  It may normalize skewed data and is often used when the variance is proportional to the mean, which is a common characteristic of ecological data.  Again, a constant may be added if zero values are included in the data. 
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The arcsine transformation is used to approximate the normal distribution for percentages (such as percent cover) and proportions that naturally form binomial distributions when there are two possible outcomes, or multinomial distributions when there are three or more potential outcomes.  If percentages range from about 30 to 70%, there is no need for transformation.  If many values are nearer to 0 or 100%, however, the arcsine transformation should be used.  Note that arcsine =  sin-1.
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Reciprocal transformations are useful for reducing density-dependent effects as in competitive interactions between species.  
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The Box-Cox transformations are equations used to adjust distributions towards normality.  Look for one that makes the distribution of the data (Y) most closely approximate normality.  Several statistical software packages contain routines which solve for the optimum transformation function (() in an iterative manner.
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Table C-1: Percentiles of the t distribution for α = 0.10 (one-tailed and two-tailed)

Degrees of freedom
One-tailed
Two-tailed

(n-1)
t value
t value

1
3.078
6.314

2
1.886
2.920

3
1.638
2.353

4
1.533
2.132

5
1.476
2.015





6
1.440
1.943

7
1.415
1.895

8
1.397
1.860

9
1.383
1.833

10
1.372
1.812





11
1.363
1.796

12
1.356
1.782

13
1.350
1.771

14
1.345
1.761

15
1.341
1.753





16
1.337
1.746

17
1.333
1.740

18
1.330
1.734

19
1.328
1.729

20
1.325
1.725





21
1.323
1.721

22
1.321
1.717

23
1.319
1.714

24
1.318
1.711

25
1.316
1.708





26
1.315
1.706

27
1.314
1.703

28
1.313
1.701

29
1.311
1.699

30
1.310
1.697





40
1.303
1.684

60
1.296
1.671

120
1.289
1.658


1.282
1.645

Adapted from Neter, J., Wasserman, W., and Kutner, M. H. 1985. Applied Linear Statistical Models, 2nd edition.

Table C-2: The binomial probability distribution for a population expected to yield minus signs 50% of the time when Ho is true

The tabulated probabilities are additive.  For example, if we want to determine the probability that K < 4 when n = 11, we add the probabilities for each r value from 0 to 4 in the n = 11 column to obtain the sum of 0.2745.

n  =
1
2
3
4
5
6
7
8
9
10
11

r  =  0
.5000
.2500
.1250
.0625
.0312
.0156
.0078
.0039
.0020
.0010
.0005

1
.5000
.5000
.3750
.2500
.1562
.0938
.0547
.0312
.0176
.0098
.0054

2

.2500
.3750
.3750
.3125
.2344
.1641
.1094
.0703
.0439
.0269

3


.1250
.2500
.3125
.3125
.2734
.2188
.1641
.1172
.0806

4



.0625
.1562
.2344
.2734
.2734
.2461
.2051
.1611

5




.0312
.0938
.1641
.2188
.2461
.2461
.2256

6





.0156
.0547
.1094
.1641
.2051
.2256

7






.0078
.0312
.0703
.1172
.1611

8







.0039
.0176
.0439
.0806

9








.0020
.0098
.0269

10









.0010
.0054

11










.0005


Table C-2 continues on page C-12.

Table C-2: The binomial probability distribution--continued

n  = 
12
13
14
15
16
17
18
19
20
25

r  =  0
.0002
.0001
.0001
.0000
.0000
.0000
.0000
.0000
.0000
.0000

1
.0029
.0016
.0009
.0005
.0002
.0001
.0001
.0000
.0000
.0000

2
.0161
.0095
.0056
.0032
.0018
.0010
.0006
.0003
.0002
.0000

3
.0537
.0349
.0222
.0139
.0085
.0052
.0031
.0018
.0011
.0001

4
.1208
.0873
.0611
.0417
.0278
.0182
.0117
.0074
.0046
.0004

5
.1934
.1571
.1222
.0916
.0667
.0472
.0327
.0222
.0148
.0016

6
.2256
.2095
.1833
.1527
.1222
.0944
.0708
.0518
.0370
.0053

7
.1934
.2095
.2095
.1964
.1746
.1484
.1214
.0961
.0739
.0143

8
.1208
.1571
.1833
.1964
.1964
.1855
.1669
.1442
.1201
.0322

9
.0537
.0873
.1222
.1527
.1746
.1855
.1855
.1762
.1602
.0609

10
.0161
.0349
.0611
.0916
.1222
.1484
.1669
.1442
.1762
.0974

11
.0029
.0095
.0222
.0417
.0667
.0944
.1214
.0961
.1602
.1328

12
.0002
.0016
.0056
.0139
.0278
.0472
.0708
.0518
.1201
.1550

13

.0001
.0009
.0032
.0085
.0182
.0327
.0222
.0739
.1550

14


.0001
.0005
.0018
.0052
.0117
.0074
.0370
.1328

15




.0002
.0010
.0031
.0018
.0148
.0974

16





.0001
.0006
.0003
.0046
.0609

17






.0001

.0011
.0322

18








.0002
.0143

19









.0053

20









.0016

21









.0004

22









.0001

Adapted from Daniel, W.W. 1990. Applied Nonparametric Statistics, 2nd ed. 

Table C-3: Standard one-tailed normal curve areas
Table entries give the area under the normal curve from 0 to z.  Subtract the table entry from 0.5 to obtain the tail area of the curve, which is the probability of randomly observing a value of z that is equal to, or more extreme than, the calculated z value.  If calculated values have negative signs, disregard the sign when using this table.  For example, the table entry for z = -1.96 is 0.4750, and the probability of randomly observing that z value is 0.0250. 













z
  .00
  .01
  .02 
  .03
  .04
  .05
  .06
  .07 
  .08 
  .09

























0.0
.0000
.0040
.0080
.0120
.0160
.0199
.0239
.0279
.0319
.0359

0.1
.0398
.0438
.0478
.0517
.0557
.0596
.0636
.0675
.0714
.0753

0.2
.0793
.0832
.0871
.0910
.0948
.0987
.1026
.1064
.1103
.1141

0.3
.1179
.1217
.1255
.1293
.1331
.1368
.1406
.1443
.1480
.1517

0.4
.1554
.1591
.1628
.1664
.1700
.1736
.1772
.1808
.1844
.1879

0.5
.1915
.1950
.1985
.2019
.2054
.2088
.2133
.2157
.2190
.2224

0.6
.2257
.2291
.2324
.2357
.2389
.2422
.2454
.2486
.2517
.2549

0.7
.2580
.2611
.2642
.2673
.2704
.2734
.2764
.2794
.2823
.2852

0.8
.2881
.2910
.2939
.2967
.2995
.3023
.3051
.3078
.3106
.3133

0.9  
.3159
.3186
.3212
.3238
.3264
.3289
.3315
.3340
.3365
.3389

1.0
.3413
.3438
.3461
.3485
.3508
.3531
.3554
.3577
.3599
.3621

1.1
.3643
.3665
.3686
.3708
.3729
.3749
.3770
.3790
.3810
.3830

1.2
.3849
.3869
.3888
.3907
.3925
.3944
.3962
.3980
.3997
.4015

1.3
.4032
.4049
.4066
.4082
.4099
.4115
.4131
.4147
.4162
.4177

1.4
.4192
.4207
.4222
.4236
.4251
.4265
.4279
.4292
.4306
.4319

1.5
.4332
.4345
.4357
.4370
.4382
.4394
.4406
.4418
.4429
.4441

1.6
.4452
.4463
.4474
.4484
.4495
.4505
.4515
.4525
.4535
.4545

1.7
.4554
.4564
.4573
.4582
.4591
.4599
.4608
.4616
.4625
.4633

1.8
.4641
.4649
.4656
.4664
.4671
.4678
.4686
.4693
.4699
.4706

1.9
.4713
.4719
.4726
.4732
.4738
.4744
.4750
.4756
.4761
.4767

2.0
.4772
.4778
.4783
.4788
.4793
.4798
.4803
.4808
.4812
.4817

2.1
.4821
.4826
.4830
.4834
.4838
.4842
.4846
.4850
.4854
.4857

2.2
.4861
.4864
.4868
.4871
.4875
.4878
.4881
.4884
.4887
.4890

2.3
.4893
.4896
.4898
.4901
.4904
.4906
.4909
.4911
.4913
.4916

2.4
.4918
.4920
.4922
.4925
.4927
.4929
.4931
.4932
.4934
.4936

2.5
.4938
.4940
.4941
.4943
.4945
.4946
.4948
.4949
.4951
.4952

2.6
.4953
.4955
.4956
.4957
.4959
.4960
.4961
.4962
.4963
.4964

2.7
.4965
.4966
.4967
.4968
.4969
.4970
.4971
.4972
.4973
.4974

2.8
.4974
.4975
.4976
.4977
.4977
.4978
.4979
.4979
.4980
.4981

2.9
.4981
.4982
.4982
.4983
.4984
.4984
.4985
.4985
.4986
.4986

3.0
.4987
.4987
.4987
.4988
.4988
.4989
.4989
.4989
.4990
.4990













Adapted from Snedecor, G.W., and Cochran, W.G. 1980. Statistical Methods, 7th ed.

Table C-4: Values of w0.10 for the Mann-Whitney test statistic

    n1=

       n1
n2=
2 
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

       2

0
1
1
2
2
2
3
3
 4
 4
 5
 5
5
 6
6
 7
 7
 8
 8

       3

1
2
2
3
4
5
6
6
 7
 8
 9
10
11
11
12
13
14
15
16

       4

1
2
4
5
6
7
8
10
11
12
13
14
16
17
18
19
21
22
23

       5

2
3
5
6
8
9
11
13
14
16
18
19
21
23
24
26
28
29
31

       6

2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
35
37
39

       7

2
5
7
9
12
14
17
19
22
24
27
29
32
34
37
39
42
44
47

       8

3
6
8
11
14
17
20
23
25
28
31
34
37
40
43
46
49
52
55

       9

3
6
10
13
16
19
23
26
29
32
36
39
42
46
49
53
56
59
63

     10

4
7
11
14
18
22
25
29
33
37
40
44
48
52
55
59
63
67
71

     11

4
8
12
16
20
24
28
32
37
41
45
49
53
58
62
66
70
74
79

     12

5
9
13
18
22
27
31
36
40
45
50
54
59
64
68
73
78
82
87

     13

5
10
14
19
24
29
34
39
44
49
54
59
64
69
75
80
85
90
95

     14

5
11
16
21
26
32
37
42
48
53
59
64
70
75
81
86
92
98
103

     15

6
11
17
23
28
34
40
46
52
58
64
   69
75
81
87
93
99
105
111

     16

6
12
18
24
30
37
43
49
55
62
68
75
81
87
94
100
107
113
120

     17

7
13
19
26
32
39
46
53
59
66
73
80
86
93
100
107
114
121
128

     18

7
14
21
28
35
42
49
56
63
70
78
85
92
99
107
114
121
129
136

     19

8
15
22
29
37
44
52
59
67
74
82
90
98
105
113
121
129
136
144

     20

8
16
23
31
39
47
55
63
71
79
87
95
103
111
120
128
136
144
152

Adapted from Daniel, W.W. 1990. Applied Nonparametric Statistics, 2nd ed.
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