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INTRODUCTION 
 

The Administrative Rules of Montana (ARM) at 17.24.726(1) require the 
Department to supply guidelines which describe acceptable field and laboratory 
methods to be used when collecting and analyzing vegetation production, 
cover, and density data.  The following information addresses this requirement. 
 Additional guidelines regarding the use of reference areas and a framework for 
technical vegetation standards can be found in another document.  Approved 
normal husbandry practices are discussed in a third document. 

 
Appendix A provides formulas, examples, references, and tables for use 

in sample adequacy and bond release evaluations.  Appendix B is a listing of 
vegetation and land use rules that should be reviewed for compliance.  
Appendix C is a copy of Montana Range Plants, by Dr. Carl Wambolt, which was 
published in 1981 as Montana State University Cooperative Extension Service 
Bulletin 355, and is reproduced here by permission of the Extension Service.  
The bulletin characterizes the longevity, origin, season of growth, and response 
to cattle grazing of most Montana range plants, and is suggested as a 
classification standard for vegetation inventories. 
 

Please read these guidelines carefully and completely prior to initiating 
any vegetation inventories or analyses.  A preliminary meeting and site 
reconnaissance with Department staff is strongly recommended, as is the 
submittal of a plan of study to ensure that all relevant rules will be efficiently 
addressed. 
 

The Department has sought to ensure that each of the methods 
recommended and approved in these guidelines 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 guidelines, however, requires prior approval of both the Department and 
the Office of Surface Mining (30 CFR 732.17 and 816.116).  Alternative 
methods that are contained in active mining permits have already received state 
and federal approval. 
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SAMPLING METHODS [ARM 17.24.304 AND 726] 
 

The field and laboratory methods described below are approved for use 
during vegetation baseline, reference area inventories, and Phase III bond 
release evaluations.  Sample adequacy must be attained for total production, 
total live cover, and woody-taxa density estimates of each plant community 
during all inventories and bond release evaluations (see the Sample Adequacy 
discussion in Appendix A).  Appropriate sample sizes for other specialized 
monitoring (e.g., status of threatened and endangered species) will be 
determined on a case-by-case basis, depending on the specific purposes and 
the vegetation attributes for each monitoring. 

 
Periodic revegetation monitoring, as per ARM 17.24.723, is not required 

to follow these parameters.  Such monitoring should be designed to facilitate 
management needs during the responsibility period and to confirm that the 
community development of reclaimed vegetation is tracking toward the Phase III 
success standards. 

 
All technical data submitted shall include the name and affiliation of the 

principal investigator, the dates of data collection, a description of the methods 
used, and listings of all references used and consultations conducted during 
the study.  Raw vegetation data in an electronic spreadsheet format and map 
data in a digital format shall be submitted to the Department.  Consult with the 
Department concerning software compatibility.   
 
 The Department recognizes that each sampling method has inherent 
strengths and weaknesses.  The Department strongly encourages all companies 
select methods that are best suited for meeting defined monitoring goals, while 
taking advantage of the methods strengths and minimizing the affects of the 
weaknesses.  To help insure that valid methods are used and appropriately 
applied and that the data collected for the various analyses are reliable, 
applicants and permittees must submit a QA/QC plan for review and approval 
by the Department prior to initiation of vegetation monitoring.   
 

Upon implementation of specific vegetation monitoring methods, the 
Department strongly encourages the operators to maintain, to the extent 
possible, the same investigators for the duration of the project (not only 
annually, but year to year).  Due to the importance of this issue in providing 
sampling consistency etc., the issue must be addressed in the QA/QC plan.  For 
purposes of comparison, the data from reclaimed and reference areas must be 
collected during the same time period to ensure that vegetative growth is 
similar in the two areas.  To provide for better year to year comparison, data 
should be collected during the same vegetative growth period each year.  This 
consistency should reduce sampling variability and increase data quality.  The 
Department will make regular field inspections during the sampling process to 
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assess the field application of the sampling method and the quality of the data 
being collected.  Changes to the sampling methods may be recommended or 
required based on the results of the field review. 

 
2.1  ECOLOGICAL SITE AND VEGETATION COMMUNITY DESCRIPTIONS  
 

An ecological or range site map for the permit area at a scale of 1": 400' 
shall be prepared on a pre-mine topography base.  The ecological site map 
shall be based upon USDA Natural Resources Conservation Service (NRCS) soil 
survey data and the Ecological Site Descriptions, plus any additional permit-
area soil survey work required by the Department.  Mapped polygons shall 
identify the soil groups and extant range conditions, consistent with NRCS 
guidelines (except that percent relative cover may be used as a measure of 
species' importance, in lieu of percent air-dry weight).  Be sure to cite which 
version of the NRCS guidelines is used, and use that version consistently.  It is 
recommended that mapped pre-mine land use information [required by ARM 
17.24.304(1)(l)] be included on the ecological site map. 

 
A vegetation community map for the permit area, and if proposed, any 

outlying reference areas, shall be prepared at a scale of 1":400' on a pre-mine 
topography base.  Based on a review of the range and soil maps, aerial 
photographs, USGS orthophoto quads, and a reconnaissance of the permit area, 
preliminary physiognomic type and/or community polygons shall be delineated. 
 A stratified random sampling scheme based on the preliminary polygons shall 
be designed for the collection of production, cover, and density data. 

 
Refinements to community boundaries and designations, and consequent 

adjustments to the sampling scheme, will undoubtedly be necessary as 
sampling progresses.  A gridded overlay and random numbers table carried in 
the field may facilitate placement of additional sampling locations in an 
unbiased manner.  Permit-area and disturbance-area boundaries shall be 
delineated on the vegetation map, as well as reference area locations and 
boundaries.   All sample locations shall be indicated on the vegetation map.  All 
discovered locations of any listed or proposed threatened or endangered plant 
species shall be identified on the vegetation map. 
 

A narrative description of each vegetation type shall be submitted, listing 
associated species and discussing the environmental factors controlling or 
limiting the distribution of species.  Current condition and trend shall be 
described for each community and any significant variants of a community.   
Individual plot or transect data (either as spreadsheets or field sheets) shall be 
submitted, as well as summary tables.  The following information and site 
attributes shall be reported for each sample location, as well as for sites which 
provide habitat for listed or proposed threatened or endangered plant species: 
date, personnel, aspect, percent slope, topography (ridge, upper slope, 
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midslope, bench, lower slope, toeslope, swale, bottom), configuration (convex, 
concave, straight, undulating), and a brief description of the substrate.  Record 
incidental vegetation species which are observed adjacent to sample locations 
or while traveling between locations.  A table of the permit-area and 
disturbance-area acreage of each vegetation community shall be submitted. 
 

Applicants shall submit a list of the scientific names of all vascular plant 
species observed in each vegetation community (baseline inventories) and 
revegetation/ physiognomic type (bond release evaluations).  The USDA NRCS 
PLANTS Database is the preferred reference for nomenclature. 
 
2.2  ANNUAL PRODUCTION 
 

Production sampling shall be conducted as near to mid-July as possible, 
to accurately estimate peak standing crop in our area.  Production standards are 
based on total herbaceous production.  Samples need not be segregated by 
functional group or species, although segregating at least a subsample of the 
quadrats would facilitate an accurate determination of range condition during 
baseline and reference area sampling, and is advised.  
 

The clipping of vegetation within 0.5 m2 quadrats has become the 
standard method of estimating herbaceous production on Montana coal mines, 
although the use of quadrats ranging in size from 0.1 m2 (in very dense 
grasslands) to 1.0 m2 (in sparsely vegetated sites) may be acceptable, in 
consultation with the Department.  If livestock grazing is anticipated prior to 
sampling, production sample sites may need to be located and adequately 
protected (caged) before grazing begins.  Live herbaceous vegetation shall be 
clipped to ground (or caudex/root crown) level, bagged, and dried to constant 
weight.  Either air-drying or oven-drying may be used, but the drying method 
must be specified and applied consistently to all samples (oven-dried weights 
often average 10% less than air-dried weights).  Sample weights shall be 
reported as grams/m2, and class productivity as pounds/acre.  If kilograms/ha 
is reported, the converted value for pounds/acre must also be reported. 
 

ARM 17.24.301(61)(d) defines commercial forest land as acreage which 
produces or can be managed to produce in excess of 20 cubic feet per acre per 
year of industrial wood.  ARM 17.24.304(1)(l)(ii) requires an analysis of the 
average yield of wood products from such lands. Thus, an estimate of timber 
production must be made for forested acreage that is proposed for disturbance. 
 In eastern Montana, ponderosa pine savannahs (i.e., grasslands with scattered 
trees, but less than 25% tree canopy coverage) are not expected to yield wood 
products in excess of 20 ft3/ac/yr (Pfister et al. 1977, B. Dillon, DNRC forester-
-pers. comm.).  Therefore, annual wood production need only be calculated for 
ponderosa pine-dominated communities having 25% or greater pine canopy 
coverage.  Yield capability data from similar sites may be cited if available from 
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the USDA Forest Service or the Montana Department of Natural Resources and 
Conservation.  If such data are not available, the following procedure may be 
used to estimate wood product annual production and tree density. 
 

Estimate basal area (square feet of wood) per acre from a minimum of 
three randomly located sample points for each pine-dominated community up 
to 10 acres in size; add an additional sample point for each additional 10 acres 
of that community, or portion thereof. A Relaskop, angle-gauge, or prism may 
be used to determine sample trees by the Bitterlich variable-radius method 
(Chambers and Brown 1983).  Select a basal area factor (BAF) and 
corresponding sighting angle that will result in 5-15 trees being sampled at 
each sample point (a BAF of 10 is generally appropriate for eastern Montana 
ponderosa pine stands).  The diameter at breast height (DBH), age, and height 
of the sample trees are measured, and the trees are assigned to 4" DBH size 
classes (e.g., 0-4", 4-8", 8-12", 12-16", 16-20", and 20"+). 

 
Tree heights may be measured by reading the T scale of the Relaskop at a 

distance of 66 feet from the tree or by reading the tangent of angles from the 
percent scale of instruments like the Abney level or Sunnto level.  Tree ages 
shall be measured by counting annual rings of increment cores.  Age need only 
be measured for one tree (the first encountered) in each DBH size class at each 
sampling location.  Add 10 years to the ring count if boring at breast height, to 
account for seedling growth to that height (B. Dillon--pers. comm.) or bore as 
near to the ground as possible. Age may be estimated by a whorl count on 
smaller trees. 
 

If a density estimate is being made for all trees, the basal area of junipers 
and deciduous trees may be calculated in a similar manner, grouping the trees 
into 4" DBH size classes by species.  Heights and ages are not required for non-
timber species. 
 
For each DBH size class, calculate 
 
1.  mean basal area/tree = 0.005454 (mean DBH2)  
 
2.  mean basal area/acre = total number of trees sampled/number of sample 
points x BAF 
 
3.  number of trees/acre =     mean basal area/acre 
                                              mean basal area/tree 
 
4.  volume/acre/year = mean basal area/acre x mean tree height/mean tree 
age 
 
(DBHs are in inches, heights are in ft., basal areas are in square ft., and volumes 
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are in cubic ft.) 
 

Sum the volume/acre/year estimates from each of the DBH size classes 
and reduce the sum by 25% to account for yield losses due to log taper, bark, 
and defects (B. Dillon--pers. comm.), thus obtaining the final estimate of the 
yield capability (annual production) for each ponderosa pine-dominated 
community.  For each tree species, sum the number of trees/acre for each size 
class to estimate density. 

 
2.3  COVER 
 

Percent cover for bare ground, rock, litter, lichens, moss, and each 
vascular plant species shall be recorded.  Cover subtotals shall be calculated for 
each native and introduced functional group, and total live vegetation cover 
shall be reported.  Relative cover of functional groups shall also be calculated 
and reported.  Relative cover, frequency, and constancy of species' occurrence 
may be reported in summary tables, but are not required.  
 

Cover measurements may be made by point intercept, line intercept, line 
point, or ocular estimation.  No matter which method is selected, special care 
must be taken to obtain an accurate estimate for species with relative cover 
near 1%. 

 
The point intercept method, as originally conceived by Levy and Madden 

(1933), involves dropping a series of pointed pins (usually 10) through a frame 
and recording the nature of the cover touched by each pin.  More recently, the 
method has been modified to include the use of cross-hairs within low-
magnification sighting tubes and laser light beams, rather than pins, to indicate 
sampling points along a transect.  Each randomly located frame or transect 
constitutes one sampling unit.  
 

The line intercept method (Canfield 1941) is conducted by laying out a 
measuring tape along a randomly-selected bearing and summing the lengths 
intercepted by each species' canopy.  Considerable overlap of species cover 
occurs when the line intercept method is used on moderately- to densely-
vegetated stands.  Under such field conditions the method can be quite time-
consuming, and in consequence it has only rarely been used on Montana coal 
mines.  The line intercept method is most efficient as a means of estimating 
either shrub or low, sparse herbaceous cover.  Each randomly located transect 
represents one sampling unit.   
 

The line point method (Heady et al. 1959) is a sort of hybrid of the point 
intercept and line intercept methods.  It is implemented by laying out a 
measuring tape along a randomly selected bearing and recording the nature of 
the cover at several (usually 100) points along the tape.  Each randomly located 
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transect represents one sample unit.  Herrick et al (2005) provide an updated 
version of the line-point intercept method, along with data forms. 
 
 If Daubenmire's (1959) ocular estimation method is used, the procedure 
should be modified so that absolute cover is estimated to the nearest percent.  
However, if the use of Daubenmire's (or smaller) coverage classes has 
previously been approved, such use may be continued for the sake of 
consistency.  Acceptable quadrat sizes are not fixed and will vary depending on 
the vegetation characteristics and the experience of the investigators; sample 
quadrats ranging in size from 0.1 to 0.5m2 (and sometimes larger) have been 
approved for use on Montana coal mines.  Each randomly located transect with 
10 systematically placed quadrats represents one sampling unit.   
 
2.4  DENSITY 
 

When comparing the stocking rates of revegetated areas with reference 
areas or historic record technical standards, only living, healthy plants may be 
counted.  Countable trees, shrubs and half-shrubs on revegetation must be at 
least 2 years old.  
 

Shrub and half-shrub densities have been measured on Montana coal 
mines by direct counts within rectangular or circular plots or belt transects, and 
in a few cases where the inventory areas were small or woody taxa had low 
densities, by total counts.  Plot or belt transect dimensions are not fixed and 
may be selected in accordance with site and vegetation characteristics; plots 
and belt transects ranging in size from 10m2 to 100m2 have been approved for 
use.  The total number of stems per quadrat and a calculated estimate of the 
number of stems per acre for each woody species shall be reported.  
 

Tree densities may be estimated by counts within 0.1-acre circular plots 
(radius = 11.35m or 37.24ft), or by the Bitterlich variable-radius method 
previously described for estimating timber production.  Tree density in 
savannah communities may also be measured by counts from aerial 
photographs.  Lindsey et al. (1958) assessed the efficiency of various plot-
based and plotless sampling techniques for measuring both density and basal 
area in forests.  They took into account the time required for sampling 
sufficient units to attain a standard error of 15% of the mean, as well as the 
time spent moving between sampling sites.  It was concluded that the Bitterlich 
variable-radius method was most efficient if basal area was important, and that 
a 0.1-acre circular plot was the most efficient method if only density data were 
required. 
 
2.5  UTILITY 
 

A map and supporting narrative description of the pre-mine condition, 
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capability, and productivity within the proposed permit area are required.  If the 
pre-mine land use was changed within five years of the anticipated date of 
commencement of mining operations, then the historic land use shall also be 
described.  Land use capability must be analyzed in conjunction with the 
baseline climate, topography, geology, hydrology, soils, and vegetation 
information.  The productivity of the proposed permit area shall be described in 
terms of the average yield of food, fiber, forage, or wood products obtained 
from such lands under high levels of management.  Productivity may be 
determined by site-specific yield data or estimates for similar sites based on 
data from federal or state agencies, or state universities. 
 

For the purpose of bond release, utility need not be demonstrated for any 
lands disturbed after May 3, 1978.  For bond release on lands where all 
disturbance occurred prior to this date see the discussion at 3.8 in the 
Framework for Technical Vegetation Standards.  Demonstrating utility for 
livestock is one of the methods for showing eligibility for Phase III bond release 
on these lands.  Average weight gain per day or average gain per acre are 
excellent integrated measurements of livestock production capability in 
response to the quantity and quality of both forage and water.  Alternatively, 
showing AUM’s of grazing per acre, combined with percent utilization data (or 
pounds per acre of residual vegetation), is also an acceptable method for 
demonstrating livestock utility. 
 
 
 

PHASE III BOND RELEASE EVALUATIONS 
 
3.1  HYPOTHESIS TESTING FOR PRODUCTION, COVER, AND DENSITY [ARM 
17.24.726] 
 

Population parameters which must be statistically tested are total 
production, total cover, and woody-plant density.  The hypotheses which are 
tested during 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, 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 (Ames 1993):  
 
 (1)   Ho : µrevegetation < 0.9 µreference area 
 
 (2)   Ha: µrevegetation  > 0.9 µreference area 
 

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 case, a hypothesis of no effect is assumed until convincing evidence of 
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the high probability of an experimental effect has been acquired.  However, the 
classical null hypothesis is inappropriate when applied to surface disturbances, 
where 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 so-called reverse null hypothesis, as presented above, is more than 
just theoretically correct.  Inadequacies and difficulties that are encountered 
when the classical null hypothesis is misapplied become moot when the null 
hypothesis is correctly formulated.  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.  The 
Department would have to counteract these basic flaws with a web of 
regulations designed to control both the precision and the power of hypothesis 
tests, under all conceivable circumstances. 

 
The classical null hypothesis approach may be used, however, if this 

route is chosen, it is incumbent on the operator to unequivocally demonstrate 
sample adequacy. Sample-size equations have been derived for populations 
which 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 A).  An 
arbitrary maximum sample size must be negotiated, and the degree of 
sampling effort expended may be more dependent on the skill of each side's 
negotiators than on the characteristics of the vegetation.    
 

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).  Small sample sizes and poor quality and 
variance control practices will not enhance the operator's chances for bond 
release.  Therefore, when conducting Phase III bond release evaluations using 
the reverse null hypothesis the operator may select the number of samples to 
be collected, and the Department's responsibility 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. 
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For the sake of guidance, the Department recommends a minimum 

sample size of 30 for each population, and population parameter, to be tested. 
 This 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. 
 

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 A to the data and re-test. 

 
The arcsine transformation is used to approximate the normal 

distribution for percentages (such as percent cover) which naturally form 
binomial distributions when there are two possible outcomes (i.e., live cover 
either is or is not hit).  If percentages range from about 30 to 70%, as is typical 
with Montana vegetation cover data, there is no need for transformation.  If 
many values are nearer to 0 or 100%, however, the arcsine transformation 
(described in Appendix A) should be used. 
 

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 A, provides another means of ensuring that 
the specified α level is maintained.   
 

When comparing the total live cover of two populations, most operators 
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% (for example, when evaluating special use pastures), then 
the multiple-hit cover should be compared 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 
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be compared.  
 
Production sampling must be conducted as near to mid-July as possible, 

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. 

In consideration of the above discussion, the Department recommends 
the following hypothesis-testing procedures: 
 
1. Design a study and submit the plan to the Department for review, to 

ensure that all relevant rules will be addressed. 
 
2. Collect the data, and check for normality (that is, symmetry about the 

mean).  Histograms or the distribution plot functions found in any 
statistical software package are adequate for determining whether the 
sample distribution is approximately normal. 

 
3. If two populations are being compared, the assumption of equal variances 

should be verified by Levene's test (Appendix A). 
 
4. Choose the appropriate procedure as described below, 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 A provides statistical 
formulas, examples, references, and probability tables for each of the 
approved procedures. 

 
5. Submit a copy of each hypothesis-testing calculation which is conducted in 

support of an application for bond release. 
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Preliminary test 
results 

 
Comparing two independent 
samples  

 
Comparing to a 
technical standard 

 
Data are normal 
Variances are equal 

 
Conduct a two-sample t test. 

 
 

 
Data are normal 
Variances are not 
equal 
Sample sizes are 
equal 

 
Calculate the Satterthwaite 
correction and conduct a two-
sample t test.  

Conduct a one-sample 
t test. 

 
Data are normal 
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 
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.  

 
 

 
Data are not normal 
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. 

 
Transform the data; if 
the transformed data 
are approximately 
normal, conduct a 
one-sample t test; or 
conduct a one-sample 
sign test. 

 
Data are not normal 
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.     
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APPENDIX A 
 

Statistical Formulas, Examples, and References 
 
1.  Determining sample adequacy  
 
a.  The Cochran formula  (parameter estimation)  
 
Sample adequacy must be demonstrated during all vegetation studies.  When 
estimating population parameters, numerical sample adequacy is attained when 
sufficient observations are taken so that we have 90% confidence that the 
sample mean lies 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 formula   
 
 nmin  =      (t s)2      

                                                                   (0.10 x )2 
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  
         x   is the sample mean of a preliminary sample      
 
Note that the Cochran formula, when modified so that 2(zs)2 is the numerator, 
is frequently cited as the Wyoming DEQ formula.  Doubling the minimum 
sample size in this manner is appropriate when two populations are being 
compared, but is not correct when inferences are only being made for one 
population.  Further, 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 0 
= 1618 and s = 710.  From the two-tailed column of Appendix Table A-1, t 
with 4 d.f. = 2.132.  We calculate 
  
 nmin  = (2.132 x 710)2     =  87.5 samples  
  (0.10 x 1618)2 
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In the second case, a more ambitious preliminary sample of n = 15 is collected, 
yielding 0 = 1524 and s = 267.  The tabular t value with 14 d.f. = 1.761, and 
therefore      
 
 nmin  = (1.761 x 267)2     =  9.5 samples  

(0.10 x 1524)2 
 
Clearly, the Cochran formula is very sensitive to the preliminary variance 
estimate, and if the preliminary sample size is small (i.e., 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 
any appropriately stratified population. 
 
b.  Sample sizes for comparison of means  
 
The comparison of population means with 90% confidence is an inherent 
property of each of the Phase III bond release testing procedures which are 
approved in these guidelines.  A conclusion that the performance standard has 
been met will not occur unless 90% confidence is attained.  The following table, 
derived from the relationship 
 
 n = 2 (z2a + z∃)2 s2 / d2    (Snedecor and Cochran 1980, p. 104)  
 
provides an easy means of approximating how many observations will be 
needed to attain 90% confidence, in consideration of the differences in sample 
means and the standard deviations found during reference area and/or 
revegetation monitoring (a more accurate estimate may be obtained by 
replacing the "generic" z-values with t-values based on actual preliminary 
sample sizes).  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   

.30 100 .55 30   .80 14 1.1 7 

.35   74 .60 25   .85 12 1.2 6 

.40   56 .65 21   .90 11 1.3 5 

.45   45 .70 18   .95 10 1.4 5 

.50   36 .75 16 1.00   9 1.5 4 
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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, 0 = 1618, and s = 710 is from reclamation, and the data set with n = 15, 0 = 
1524, and s = 267 is from a reference area (this is, in fact, the actual case).  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.  
    
References: 
Krebs, C. J. 1989. Ecological Methodology. Harper and Row, New York, NY. 654 
pp. 
Snedecor, G.W., and Cochran, W.G. 1980. Statistical Methods, 7th ed. Iowa State 

University Press. 507 pp. 
 
 
2.  Levene's test for homogeneity of variances: 
 
Levene's test uses the average of the absolute values of the deviations from the 
mean within a class 
 3∗xij - x i∗/n 
 
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 - x  i∗ are on the right. 
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      Absolute Deviations 

Data for Class          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 A-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 means. 
  
 
 
Reference: 
Snedecor, G.W., and Cochran, W.G. 1980. Statistical Methods, 7th ed. Iowa State 

University Press. 507 pp.                                               
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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  
                                                                              
 

where  
t*  is the calculated t-statistic 
x   is the sample mean  
s  is the standard deviation of the sample 
n  is the sample size 

 
The α-level of the test is set at 0.10 by regulation, and the decision rules 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:  x  = 68.2, s = 17.4, n = 30.  
Assume a technical standard of 70% total live cover is approved. 

 
Therefore, we conclude that the performance standard was met. 
 
Reference: 
Neter, J., Wasserman, W., and Kutner, M. H. 1985. Applied Linear Statistical 

Models, 2nd ed. Irwin Press, Homewood, IL 60430. 1127 pp. 
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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  

where 
 
     t* is the calculated t-statistic 

     x 1 is the reclamation sample mean 

     x 2 is the reference area sample mean 
     SS1 is the reclamation sum of squared deviations from the mean {ϕ (x1j - 

01)2} 
     SS2 is the reference area sum of squared deviations from the mean {ϕ (x2j 

- 02)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 are  
 

If  t* <  t (1 - α; n2 - 2), conclude failure to meet the performance standard  
If  t* >  t (1 - α; 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:  50, 42, 46, 48, 63, 46, 48, 42, 50, 42, 54, 52, 35, 45, 52 
For the reference area:  49, 51, 53, 47, 55, 54, 44, 47, 50, 47, 52, 40, 56, 25, 33 
 
The summary table is   

Reclamation   n1  = 15 x 1 = 47.6 SS1 =   593.4 
Reference Area  n2  = 15 x 2 = 46.9 SS2 = 1021.7 

and   
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Therefore, we conclude that the performance standard was met.  
 
 
Reference: 
Neter, J., Wasserman, W., and Kutner, M. H. 1985. Applied Linear Statistical 

Models, 2nd ed. Irwin Press, Homewood, IL 60430. 1127 pp. 
 
 
5.  The one-sample, one-sided sign test: 
 
The sign test is appropriate for comparing a sample with observations which 
are not normal (i.e., not symmetrical about the mean) to a technical standard 
(Daniel 1990).  Observations must be randomly selected and independent.  An 
early criticism of these guidelines questioned the use of the sign test, rather 
than the Wilcoxon signed-rank test, when comparing a nonnormal population 
to a technical standard.  The signed-rank is generally the more powerful test, 
however it carries the assumption that the population being sampled is 
symmetrical, i.e., that the median is equal to the mean.  If the assumption of 
symmetry is met (or can be met by transforming the data), the Department 
recommends that the even more powerful one-sample t test be used.  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 which 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 
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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 tree-density 
observations, which will be compared to a technical standard of 40 trees/acre 
 

30 24 90 0 56 45 39 15 22 45 10 32 30 
38 180 36 0 45 15 70 45 67 55 90 78 57 

 
Multiplying the technical standard by the 90% performance standard yields 36.  
Subtracting 36 from each observation results in the following signs 
 
 -      -      +     -      +      +      +      -      -      +      -       -       - 
 +    +    (tie dropped)    -     +    -     +     +     +     +     +     +     +  
 
and thus k = 10 minus signs, and n = 25.  
       
From Appendix Table A-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.          
For the tree-density example given above, the large-sample normal 
approximation would be applied as follows 

 
Appendix Table A-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.  
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Reference: 
Daniel, W.W. 1990. Applied Nonparametric Statistics, 2nd ed. PWS-KENT, 
Boston. 635 pp. 
 
 
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 

 
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 

 
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 
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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 A-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 

   
Reference Area 

  

Observation        log (Observation+1) + log 
(0.9) 

Rank Observation      
   

log (Observation+1) + log 
(0.9) 

Rank 

   0 0 1.5 
   0 0 1.5 
3 0.5563 3    
10 0.9956 4    
17 1.2095 5    
22 1.3160 6.5    
22 1.3160 6.5    
23 1.3345 8    
27 1.4014 9    
   25 1.4150 10 
   29 1.4771 11 
33 1.4857 12    
35 1.5105 13.5    
35 1.5105 13.5    
36 1.5224 15    
37 1.5340 16.5    
37 1.5340 16.5    
   35 1.5563 18.5 
   35 1.5563 18.5 
   38 1.5911 20 
   40 1.6128 21 
45 1.6170 23    
45 1.6170 23    
45 1.6170 23    
   42 1.6335 25 
   44 1.6532 26.5 
49 1.6532 26.5    
   45 1.6628 28 
   48 1.6902 29 
55 1.7024 30    
   50 1.7076 31 
   51 1.7160 32 
   58 1.7709 33 
   60 1.7853 34 
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   65 1.8195 35 
   75 1.8808 36 
   78 1.8976 37 
   132 2.1239 38 
192 2.2398 39    
415 2.5733                                           40 

       
   

   Therefore                333.5 = Sreference, and  
 

T  =  (333.5)  -       20 (20 + 1)      =  123.5 
                                                                2 
 
Since the calculated T value is less than the critical value of 152 (w0.10  with n1 
= 20, n2 = 20) from Appendix Table A-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 

 
Inserting the calculated T value and sample sizes from the shrub-density 
example, we have 
 

 
Appendix Table A-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. 
 
Woody-taxa density is a difficult vegetation attribute to estimate, but the Mann-
Whitney test appears to be a very promising technique.  Therefore another 
example is provided, using actual reference area and baseline shrub-density 
observations from an upland grassland physiognomic type (the baseline data, for 
the purpose of this example, are considered to be from reclamation).  If the 
summary statistics for the following data are used to estimate the sample size for 
a comparison of means, the ratio d/s = 0.24, and the estimated minimum 
sample size is well over 100 observations from each population.  This seems 
excessive.  Both populations are positively skewed and there are a large number 
of zero values, which seems reasonable for shrub densities in a composite of 
upland grassland communities.  The Mann-Whitney test is indicated.  
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Reference Area         Reclamation 
Observation      log (Observation + 1) + log (0.9)  Rank  Observation log (Observation + 1)
 Rank 

0    -0.046    5 
0    -0.046    5 
0    -0.046    5 
0    -0.046    5 
0    -0.046    5 
0    -0.046    5 
0    -0.046    5 
0    -0.046    5 
0    -0.046    5 

0   0  14.5 
0   0  14.5 
0   0  14.5 
0   0  14.5 
0   0  14.5 
0   0  14.5 
0   0  14.5 
0   0  14.5 
0   0  14.5 
0   0  14.5 

167  2.180     20 
167  2.225  21.5 
167  2.225  21.5 

333  2.478     23 
334  2.479     24.5 
334  2.479     24.5 

333  2.524  26.5 
333  2.524  26.5 
334  2.525  29.5 
334  2.525  29.5 

500  2.654     31.5 
500  2.654     31.5 

500  2.700  33.5 
500  2.700  33.5 

666  2.778     35.5 
666  2.778     35.5 
667  2.779     37 

667  2.825  38 
833  2.875     39 

834  2.922  40 
      1000  2.955     41.5 
      1000  2.955     41.5 
      1167  3.022     43 
      1333  3.079     44 
      1334  3.080     45.5 
      1334  3.080     45.5 
      1499  3.130     47 
      1500  3.131     48.5 
      1500  3.131     48.5 

       1667  3.222  50 
      2000  3.255     51 

       2000  3.301  52 
       2334  3.368  53 
       3167  3.501  54 
       3334  3.523  55 
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Reference Area         Reclamation 
Observation      log (Observation + 1) + log (0.9)  Rank  Observation log (Observation + 1)
 Rank 
       3833  3.538     56 

       3667  3.564  57 
       4000  3.602  58.5 
       4000  3.602  58.5 
       4333  3.637  60 
       4500  3.653  61 
       5000  3.699  62 

      7334  3.820     63.5 
      7334  3.820     63.5 
      8500  3.884     65 

       8834  3.946  66 
     10500  4.021  67 

     20166  4.305  68 
                                                       Therefore, Sreference =    1051                   
 

From Appendix Table A-3, the probability of randomly observing a z value of -
1.50 is 0.0668, and we conclude that the performance standard was met.   
 
Note that in the second 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.  
  
Reference:        
Daniel, W.W. 1990. Applied Nonparametric Statistics, 2nd ed. PWS-KENT 

PublishingCo., Boston, MA.  635 pp. 
 
 
7.  The Satterthwaite correction: 
 
The presence of unequal sample variances in two populations which are going 
to be compared results in a t statistic which 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 A-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 
x 1 = 25  x 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 
 

Therefore, the t value from Appendix Table A-1 which 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.  
 
Reference: 
Snedecor, G.W., and Cochran, W.G. 1980. Statistical Methods, 7th ed. Iowa State 

University Press. 507 pp.   
 
 
8.  Data transformation: 
 
Data transformations are applied to change the scale of measurements in order 
to better approximate the normal distribution.  However, if the Department's 
recommendations are followed to (1) take a minimum of 30 observations from 
each population of interest to invoke the central limit theorem, and (2) always 
take the same number of observations from each population being compared to 
decrease sensitivity to heterogeneous variances, the need for data 
transformation should be minimized.   
 
Three basic rules applicable to the use of all transformations are given by Krebs 
(1989): 
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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. 

 
The arcsine transformation is used to approximate the normal distribution for 
percentages (such as percent cover) and proportions which naturally form 
binomial distributions when there are two possible outcomes, or multinomial 
distributions when there are three or more potential outcomes.  As previously 
mentioned, if percentages range from about 30 to 70%, as is typical with 
Montana vegetation cover data, 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.  The observation from the original data is 
replaced by the transformed observation (X1).  The arcsine transformation 
recommended by Krebs (1989) is 

 
where p is the observed proportion.      
 
To convert arcsine-transformed means back to the original scale of percentages 
or proportions the procedure is reversed. 

 
The square-root transformation is commonly applied when sample variances 
are proportional to the sample means.  

This transformation is preferable to the straight square-root transformation 
when the original data include small numbers and some zero values.  The mean 
may be converted back to the original scale by reversing the transformation. 
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The logarithmic transformation is used when percent changes or multiplicative 
effects (such as multiplying observations by a 90% performance standard, as 
previously discussed) occur.  This transformation will convert a positively-
skewed frequency distribution into a more nearly symmetrical distribution.        
                                            

 
 
Either natural (base e) or base 10 logs may be used.  Conversion of the mean 
back to the original scale is accomplished by  
 

 
Reference: 
Krebs, C. J. 1989. Ecological Methodology. Harper and Row, New York, NY. 654 

pp.  
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Table A-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 
ºº   1.282   1.645 

 
 
Adapted from Neter, J., Wasserman, W., and Kutner, M. H. 1985. Applied Linear 
Statistical Models, 2nd ed.   
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Table A-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 A-2 continues on page A19 
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Table A-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.  
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Table A-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 which 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. 
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Table A-4: Values of w0.10 for the Mann-Whitney test statistic 
 
 
 
 
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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APPENDIX B 
 
 Vegetation and Land Use Rules 
 
 
Table B-1.  A listing of administrative rules addressing vegetation and land use 
requirements.  
 
=================================================== 
   ARM Subject 
=================================================== 
Definitions 
17.24.301(6) Adjacent area 
17.24.301(8) Agricultural activities or farming 
17.24.301(9) Agricultural use 
17.24.301(10) Alluvial valley floor 
17.24.301(11) Alternative post-mining land use 
17.24.301(16) Arid and semiarid area 
17.24.301(19) Best technology currently available 
17.24.301(28) Cover 
17.24.301(32) Disturbed area 
17.24.301(39) Essential hydrologic functions 
17.24.301(41) Farm 
17.24.301(43) Flood irrigation 
17.24.301(44) Fragile lands 
17.24.301(46) Good ecological integrity 
17.24.301(50) Higher or better use 
17.24.301(53) Historically used for cropland 
17.24.301(62) Irreparable damage to the environment 
17.24.301(64)  Land use 
17.24.301(65) Major Revision 
17.24.301(72) Mulch 
17.24.301(75) Noxious plants 
17.24.301(90) Prime farmland 
17.24.301(93) Productivity 
17.24.301(99) Rangeland 
17.24.301(101) Reclamation 
17.24.301(103) Reference area 
17.24.301(105) Renewable resource lands 
17.24.301(107) Road 
17.24.301(109) Sediment 
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Table B-1. - continued  
=================================================== 
   ARM Subject 
=================================================== 
17.24.301(111) Significant, imminent environmental harm  
17.24.301(112) Soil 
17.24.301(115) Spoil 
17.24.301(116) Stabilize 
17.24.301(117) Subirrigation 
17.24.301(120) Substantially disturb 
17.24.301(133) Undeveloped rangeland 
17.24.301(135) Upland area 
 
Application Requirements 
17.24.302 Format and supplemental information 
17.24.304 Baseline information 
17.24.305 Maps 
17.24.306 Prime farmland investigation 
17.24.308(f)  Noxious weed control plan 
17.24.312 Fish and wildlife plan (T&E spp.) 
17.24.313 Reclamation plan 
17.24.314 Protection of hydrologic balance 
17.24.324 Prime farmlands: special application 

requirements 
17.24.325 Alluvial valley floors: special application 

requirements 
 
Permit Procedures 
17.24.404 Adequacy of fish and wildlife plan 
17.24.415 Permit revisions 
17.24.416 Permit renewal 
17.24.417 Permit amendment 
 
Backfilling and Grading Requirements 
17.24.503 Small depressions 
17.24.504 Permanent impoundments 
17.24.515 Highwall reduction 
17.24.518 Buffer zones 
17.24.520 Disposal of excess spoil 
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Table B-1. - continued  
=================================================== 
   ARM Subject 
=================================================== 
Transportation Facilities 
17.24.601 General requirements for roads and railroad 

loop construction 
17.24.602 Location of roads and railroad loops 
17.24.605 Hydrologic impact of roads and railroad loops 
17.24.608 Impacts of other transport facilities 
17.24.609 Other support facilities 
17.24.610 Permanent roads 
 
Hydrology 
17.24.631 General hydrology requirements 
17.24.633 Water quality performance standards 
17.24.634 Reclamation of drainage basins 
17.24.636 Special requirements for temporary diversions 
17.24.638 Sediment control measures 
17.24.644 Protection of groundwater recharge 
17.24.650 Post-mining rehabilitation of sediment ponds 
17.24.651 Stream channel disturbances and buffer zones 
 
Revegetation and Protection of Wildlife 
17.24.702 Redistribution and stockpiling of soil 
17.24.703 Substitution of other materials for soil 
17.24.711 Establishment of vegetation 
17.24.713 Timing of seeding and planting 
17.24.714 Soil stabilizing practices 
17.24.716 Method of revegetation 
17.24.717 Planting of trees and shrubs 
17.24.718 Soil amendments, management techniques, 

and land use practices 
17.24.721 Eradication of rills and gullies 
17.24.723 Monitoring 
17.24.724 Use of revegetation comparison standards 
17.24.725 Period of responsibility 
17.24.726 Vegetation production, cover, diversity, 

density, and utility requirements 
17.24.731 Analysis for toxicity 
17.24.751 Protection and enhancement of fish and 

wildlife 
17.24.761 Air resources protection 
17.24.762 Post-mining land use 
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Table B-1. - continued  
=================================================== 
   ARM Subject 
=================================================== 
Alluvial Valley Floors 
17.24.801 Preservation of hydrologic functions and  

protection of farming 
17.24.802 Protection of farming and prevention of 

material damage 
17.24.804 Monitoring 
17.24.805 Significance determination 
17.24.806 Material damage determination 
 
Prime Farmlands 
17.24.811 Soil handling 
17.24.815 Revegetation 
 
Alternate Post-mining Land Use 
17.24.821 Submission of plan 
17.24.823 Approval of plan and review of operation 
 
Prospecting 
17.24.1008 Revegetation 
 
Bonding 
17.24.1116 Criteria and schedule for release of bond 
 
Designation of Lands Unsuitable 
17.24.1141 Definition 
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