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INTRODUCTION

In eruising timber, the mean volume of any given area is usually
estimated from the mean volume per unit area of a small percentage
of the timberland taken as a sample. This estimated mean volume
will inevitably differ to some extent from the true mean volume.
With the elimination of such factors as bias in measurement of trees
and of areas or use of inappropriate volume tables, the probable
range of difference between true mean volume and estimated mean
volume is dependent upon sampling error alone. If the plots or
sampling units making up the sample meet the conditions of inde-
pendent and random selection, the sample itself contains the informa-
tion needed for estimating sampling error.,

While it is of interest to know with what precision the estimated
mean has been found, it is vitally more important from an economic
standpoint to be able to predetermine what shall be a sufficient
sample for an assumed allowable range of error. If the sampling
error is not already known, it is necessary to take a preliminary
sample of the area to gain this information. From this, it is possible
to establish the intensity of the cruise that will produce results within
the assumed allowable range of error of the mean. It is then necessary
only to provide for occasional supplementary checks, as the eruise
progresses, for adequacy of the work done. +

In regular cruising practice a systematic arrangement of plots is
used in which the sample is made up of contiguous plots fnrmiqﬁi:qui-
distant strips, or of plots taken at regular intervals along equidistant
lines. In most timber surveys, cover type and topographic maps
are made in conjunetion with the cruise, and for this purpose it is
desirable that cruise lines be spaced equidistant in order that all
parts of the area may be mapped to a satisfactory standard. As
stand and type variation are generallﬁ greatest at right angles to
contour lines, the cruise lines are usually run in that direction, and
plots are spaced closer along lines than between lines. By this
procedure type and contour lines are more readily located and mapped,
and the more intensive sampling in the direction of greatest variation
improves the accuracy of volume estimates, ‘

hig arbitrary spacing of plots presents difficulties, should a test
of adequacy of sampling be attempted by treatment as a random
sample in statistical analysis, since it violates the basic requirement
that each possible plot in an area have an oqual and independent
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chance of selection in sampling. Experiments in field crops have
shown time and again that there is systematic variation n yield
from one part of an area to another. Adjacent or neighboring plots
tend on the average to be more alike than plots farther apart. With-
out Trﬂﬁnus knowledge of an area, it should be assumed that a
population of plots is more or less heterogeneous, regardless of appear-
ance of uniformity. The only method of assuring that the elements
contributing to heterogeneity are represented in the sample in about
their true proportion is to select at random the plots or parts of a
sample cuntri]ljj?lting the estimate of sampling error. The plots
indicated for cruising may, for example, be selected by drawing from
thumughlﬁ mixed numbers designating each possible plot location.
After each draw, the numhﬂrnf slip 18 returned and the numbers
mixed before another draw. Repeats of plot numbers are rejected,
as the objective is a fixed percentage of total area in the sample
with each plot selected contributing the same amount of information
per unit of area. An improvement over this method, assuring the
game freedom of selection, is the use of Tippett’s random sampling
numbers (11).* The locating of such plots on the ground may be
less convenient than with systematically spaced plots and may also
make necessary the running of additional line for mapping. This is
the sacrifice n for assurance of a valid estimate of error.

The fact that the sampling of timber stands, except for technique
in collection of data, is essentially the same as any other problem in
sampling in which soil heterogeneity is likely to be present, has not
been fully recognized. Apparently advantage has not been taken of
methods of testing for heterogeneity and, if indicated, of eliminatin
its effect on estimates of sampling error—methods first proposed an
deseribed by Fisher and Mackenzie (3) in 1923. Areas considered as
of the same timber type, condition class, age class, and site quality
have been treated as homogeneous populations. Various arbitr
plot spacings have been used. Mudgett and Gevorkiantz (6) in
estimating the reliability of forest surveys in Wisconsin used plots at
one-eighth mile intervals along parallel lines 1, 2, or 3 miles apart.
Within the break-downs made in a type the errors of random sampling
were based on total variation between systematically arranged plots.
In the bottom-land hardwood forest survey, Schumacher and Bull (9)
based their estimate of error on plots at one-eighth mile intervals along
lines 3 miles apart. The plots were grouped according to forest con-
dition, 1. e., in, cut-over, second growth, etc., and the weighted
mean of the standard deviations so obtained was used in estimating
sampling error. In New England, Goodspeed ({) compared line-plot
survey, using plots at 165-foot intervals along lines 330 feet apart,
with continuous-strip survey along the same lines, taking each 165-foot
length of strip as an independent observation. Since the strips and

lots overlapped 44.5 percent, variation in sampling was actually con-
ined to 55.5 percent of each sample. From statistical analysis of the
data he concluded that the two methods, when applied with equal
precision, gave essentially similar and equally reliable results. Preston
(7) recommended statistical analysis of systematic line-plot cruises
and suggested that timber types be mapped separately and prior to
sampling. He pointed out tia futility of adhering to a 5- or 10-per-
cent, or any other fixed, preconceived intensity of cruise.

4 Italic numbers in parantheses refer to Literaturs Clited, p. T35,
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In Canada, Wright (12) used plots at 10-chain intervals along lines
10 chains apart. In strip survey his strips were run at half-mile
intervals, and the tally kept separately by 2-chain segments. Seven
estimates were made by taking the first 6 chains in each half mile of
strip as a plot, the next 6 chains for a plot in the second sample, and
s0 on to the seventh sample which was made up of plots 4 chains in
length. The average of these seven sample estimates of variation was
applied to the mean of all plots in calculating sampling error. Wright
stated that the main requirement in the use of statistical methods in
examining the accuracy of an estimate was to have a reliable figure for
standard deviation. Robertson (§) favored small plots evenly dis-
tributed over the area as against a few hand-picked large plots, with
analysis of data from time to time during the survey to insure the
taking of sufficient plots to i:ivﬂ an accuracy within the required limits
for any given factor. The line-plot arrangement he found to be more
accurate than the strip. Sinee in strip survey the plots are contiguous
in one direction, he suggested that they represented conditions in
that direction beyond their due proportion. Candy (I) stated that
any method of survey for which it is possible to calculate the accura
of the estimate obtained, 18 very much superior to methods in whie
the accuracy of estimate is doubtful and not at all calculable. He
used both systematic strip and line plot, and concluded that only with
line plote could adequacy of sampling be determined.

In the present study the true mean volume and the true variation
between plots are known for an area of 5,760 acres. The distribution
of plot volumes is known to approach that of the normal frequenc
distribution. Thus all of the essential statistical information regard-
ing the population is at hand. The expected range of sample means
from the true mean is calculated, taking into account the effect of
such factors as eize, shape, arrangement of plots, and intensity of
sampling. From samples taken according to the specifications set
up, the observed range of means from the true is compared with the
expected range. Checks of theoretical with act efficiency of
sampling mlﬂ%ﬁ?}dﬂ are readily made, since the timbered area studied
is part of the Blacks Mountain experimental forest, in which the total
timbered area of 9,078 acres has been completely inventoried and
plot locations, cover types, and m;:oFmphy mapped. The usual
assumption that systematically spaced plots do fulfill the requirements
of independent and random selection is tested, both for strip and line-
plot arrangements. Efficiency of different methods of cruising is
determined on the basis of relative intensity of sampling required for a
given accuracy of estimate. For cruises giving valid estimates of
sampling error, the precision of sample estimates of population variance

is given.
MATERIAL AND METHODS

The 5,760 acres of virgin timber on which the analyses are based is
located in northeastern California, within the Lassen National Forest.
The timber type is classed as pure pine, with more than 90 percent of
the volume in ponderosa pine (Pinus ponderosa Dougl.) and Jeffre
pine (P. jeffresn Oreg. Com.). The other timber species are white fir
(Abies concolor Lindley and Gordon) and incense cedar (Libocedrus
decurrens Torr.). The stand is all-aged, with young and overmature
age classes well represented, but is understocked owing to light rep-
resentation in the intervening age classes. With the exception of
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small areas, the stand over the entire area appears uniform to the eye
and not stratified according to any of the ecriteria used in mapping
such stands. In other words, it appears to be a fairly homogeneous
population.

he nine sections shown in figure 1 were selected for study because
they were full sections and, with the exception of small areas, com-
pletely timbered. Board-foot volumes of trees 12 inches and more
in_diameter were totaled for the 2,304 individual 2.5-acre plots con-
tained in the nine sections. These plots, rectangular in shape (2.5 by
10 chains), are designated as basie plots. In addition, because their
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Ficure l.—Contour lines and section numbers of area selected for analysis from
the Blacks Mountain Experimental Forest.
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locations are mapped, adjacent plots may be combined into totals of
1,152 5-acre plots (5 by 10 chains), 576 10-acre plots (10 by 10 chains),
or other shapes and sizes in multiples of the basic plot size and
dimensions.

Some irregularity in size and shape of basic plots along section
lines was unavoidable owing to variation of sections from exact mile
squares. For these plots the volumes were proportionately reduced
or increased to the 2.5-acre bagis. The adjustments needed amounted
to a negligible percent of the total. All basic plots were taken with
the long axis in an east-west direction.

Subdivisions larger than plots are termed blocks, and are usually
taken as regular Land Office subdivisions such as forties, quarter
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sections, half sections, or sections.  Figure 2 shows the size and shape
of plots and blocks mainly used. When a plot making up part of a
sample is selected independently and at random it constitutes a ran-
dom sampling unit. When plots are spaced at regular intervals along
lines, and the lines selected independently and at random, the Jine-
plot combination is the sampling unit. Likewise, where plots are
contiguous end to end forming strips and the strips are selected inde-
pendently and at random, the strip constitutes the sampling unit.
The resulting arrangements may be termed random line plot and
random strip, respectively. When the sampling units are taken at

o
5

2.5

Figure 2.—8Size and shape of plots and blocks: 8, Section (640 acres): Q, quarter
section (160 acres); smaller units designated by area in aeres.

random from all possible in the population, the sampling is referred to
simply as random, as contrasted to selection of equal numbers of units
from each block, which 18 termed “random within blocks.” Systematic
strip and line-plot arrangements are representative samples in that
each block is sampled to the same intensity, but are not random.

~ The total variation between random sampling units is apportioned
into parts contributed by various known sources and the error vari-
ance segregated by the analysis of variance method of Fisher. De-
seriptions of this method and others used in the study are given by
Fisher (2, 3) and Snedecor (10), and an instructive application of the
method by Immer (5).
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RESULTS
BIZE AND BHAPE OF PLOT
The essential information concerning stand variability is given in
table 1. The mean square ratios all exceed F at 0.01 as given by

Snedecor (10), and therefore volume is correlated with place and the
population 1s heterogeneous. In general, variation between plot

TasLe 1.—Analysis of variance

Bum of raed F at
Souree of variation sqUATes % Mean square | F! 0.01

Hections from general MesD._ ..o ooecanooo. 100, 603, 3526 B 13 7116601 6. 30 3. 26
unarter sections within sections_ ... __..._. o7, 97, 4052 27 2, 145, 5207 3. 48 1.08
orties within quarter sections. .. ccccceaa.oao.] 6, 568, 5344 108 G186, 3540 1.85 1.11
Tena within forties_ . . oo e oo 161, 104, 7722 432 372, 0303 1. 76 1.08
Fiveswithintens. __ ... . . . ___.______ 121, $40. B201 576 211, 728 1,83 LM
Basie plots within fives o _...] 133 337, 7395 1,152 T T L R "
Total, basic plots from general mean. . ____ A0, 588, 6220 2, 303 FORS AP | aiii]imcaaia

g larger mean square
smaller mean sqnare. '
* As given by Snedecor (see text). Values equal to or exceeding these indicate that diferences are highly
slgnificant statistically.
1252 4661 = 1A.81 =standard deviation of a basic plot from the population mean of 40.83 thousand feet board
IT BEETITE,

volumes tends to increase as the distance between plots is increased.
For this reason, size and shape of plot will be an important factor in
efficiency of sampling. Two plots taken side by side will in general
include l}l;ss of the stand variation within their combined area and more
will remain between such pairs than will be the case with pairs of
separated plots. Thus vanation between 5-acre plots will be greater
than variation between 5-acre sampling units each made up of two
2.5-acre plots spaced apart along a line. Likewise, owing to correla-
tion between adjacent plots, variation between 5-acre plots, expressed
in terms of single 2.5-acre plots taken as parts of 5's, will be greater
than variation between 2.5-acre plots as random sampling units.
Less stand variation per unit of area is included within 5-acre plots as
sampling units than within 2.5-acre sampling units.

Tﬁe mean square between 2.5-acre plots in table 2 is the total mean
square from table 1. It is the error variance of randomly selected
2.5-acre f].ﬂ[’.ﬂ. The corresponding value for 5-acre plots is obtained
from table 1 by pooling sums of squares and degrees of freedom from
5's within 10’s up to and including sections from general mean.
The quotient of these two summations—449.3926—is the mean
square of randomly selected 5-acre plots, expressed in terms of single
2.5-acre plots. This is considerably larger than 282.4961, and the
effect on sampling efficiency is evident from the following formula for
variance of a mean: P

.

T __T-l- (1)

in which

ay’=the variance of a sample mean, or the standard error squared
o*=the variance, or mean square, of the basic plots
n=the number of basic plots.
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. For a given standard error, n will need to be 449.3926/282.4961=1.59
times as %'rﬂnt'. with 5-acre plots as with 2.5-acre plots. In random
sampling from an unlimited population, 1.59 times as much land is
needed 1n sample area with 5-acre plots as with 2.5-acre plots to
assure the same precision.

Stated in another way, 282.4961/449.3926=62.86 percent, the
efficiency of 5-acre plots as compared to 2.5-acre. To equal in pre-
cision the estimate of volume based on sampling with 5-acre plots, an
area only 62.86 percent as large would be needed with the smaller
plots. The advantage of 2.5-acre plots over 10-acre plots is still
greater,

When plots and sampling units larger than the basic plots are used,
the variance is then weighted according to the number of basic plots
in the larger plot. Likewise n is in terms of basic plots. Obviously,
the resulting standard error obtained is not affected. To keep mean
s?uarﬂs directly comparable regardless of size, shape, or arrangement
of plots used, they are expressed in terms of single basie plots through-
out this article.

It 1s evident from table 2 that, among the 10-acre plots, the long,
narrow shape is the most efficient. This is due partly to the presence
of small nontimbered areas of such shape that several 10 by 10 and
5 by 20 plots contained little or no volume and consequently increased
the average variation. The effect of placing of plots with respect

TasLe 2.—Relative efficiency of plols of varying size and shape in the use of land

Eelativa size
of sample for
Flot sige and shape Mean square | Efficlancy | a given pre-
clzion of
estimate
Percend
2.5acre: 25by 10chalns .o e 282, 4061 100, 00 1. 00
Jacre: by l0chalns. .. .vovoeeeaee e e 440, 3020 62, Bb 1.59
10-acra;
DT DRIRE. ... e reeaae 1 564, 002 49. 0 2.00
L L T A P 1711, 5291 30,68 2 52
10Dy 10chalns. ... e BAT. 4958 41. 09 243
1 chain =88 feat.

} Obtained by separate caleulstion of ign variance. All otheér mean squares obtaiped from table 1
directly by og degress of freedom sums of squares.

to direction of greatest stand variation is illustrated in figure 1.
Variation in timber stands is usually greatest at right angles to the
contour lines. In collecting the present data, the longer plot axis
always extended in an east-west direction, Thus, within sections
having marked changes in elevation, sections 24 and 13 were cruised
ﬁt?_iﬂnt length in the direction of greatest variation, section 7 at
a 45-degree angle to greatest variation, and section 3 parallel to great-
est vanation. In this respect it would seem that sampling by sec-
tions about balances. Had length always been taken at right angles
to the contours, the advantages of long, narrow plots would be greater,
and possibly the 5 by 20 plots would appear as superior to the 10 by 10.

It should be emphasized that the results in table 2 are based on
random sampling from a theoretically infinite parent population.
In sampling methods discussed later, where corrections are made
to the mean of the limited population and variation between blocks
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eliminated, these relative efficiencies will not be exactly true, although
quite close,

RANDOM PLOT AND RANDOM-WITHIN-BLOCKE CRUISES

As previously stated, in sampling a heterogeneous population it is
necessary to select the sampling units independently and at random
to insure that the heterogeneous elements are represented in about
their true proportion. Using 2.5-acre plots as sampling units, ran-
dom sample estimates of variance will tend to approach 282.4961,
the true variance. As the number of sample estimates is inereased,
their average will approach more closely to the true, and likewise,
estimates from ]tll‘%‘ﬂt‘ samples will be grouped closely about the true
variance and closely in accord with the normal law of frequency of
error. A valid sample estimate of variance may be substituted in
formula (1), in which n is known and the standard error calculated.
This tells us the range from the sample mean within which the chances
are 2 in 3 that the true or population mean lies. By doubling the
?téapd;:&d error obtained we have the range for which the chances are

in 20.

With intensive sampling, formula (1) gives appreciable overesti-
mates of sampling error ause it estimates the range from the
theoretical infinite parent-population mean while here we are inter-
ested in range from a parent population limited to 2,304 2.5-acre
plots. By subsfituting 2,304 as n in the formula we can get the esti-
mated range of the population mean from the limited population
mean. This is the irrevelant portion of total variance of sample

z
means and is represented by % in the following formula:

o' o
) (2)

T
in which

N=the number of 2.5-acre plots in the limited population
(8 constant=2,304).

In practice a single estimate of variance together with the sample
mean are the two statistics supplied. With the present data the true
variance and mean are known for the limited population, and by vary-
ing n in formula (2) the expected grouping of sample means about the
true mean can be caleulated for different intensities of sampling.
Since o changes with varying size and shape of plot, the effect of these
factors 1s also reflected in the expected grouping of sample means,
The appropriate mean squares for substitution as ¢* in formula (2)
are given in table 3, the values for which are derived from table 1.
The expected standard errors for random samples of varying inten-
sity, made up of plots of varying size, are given in table 4. In all,
the expected standard errors based on true variance are shown for
seven such cruises by the random arrangement of plots. For each
ceruise, four independent samples were cﬁ-nwn to compare expected
values with observed values. The 2,304 plots were numbered con-
secutively and the required number of plots for each cruise selected
by use of Tippett’s (1) random sampling numbers. The sample



721

Mowv, 15, 1938

Sampling Error in Timber Surveys

ﬂstimﬂt;es of standard error and dﬂviﬂtiﬂnﬁ‘: from the true mean are
shown in table 4 along with the corresponding true standard error.

TaABLE 3.— Variance of plols from the general mean and from block means

e e

: Varianoe | -
: e Bum ol Dwgrrees of DMean Btandard
Plot size and soures of variation | squares Ao square ! TT mm,: deviation
—
|

2.5-n0re: |
From general mean...... ... e m e namaa| G, 555, 62X 2, ERE, ARG 242, 4941 16, 81
Within seetions. ..o cneceeeann.| 0, BB5, 3604 2, Hi5 255, GH42 215, BR42 16. 85
Within quarter sections__ ... .....| 452, 857, 8662 2, 248 212, 44 212, 9444 14, 54
Within fortbes. . oo i i 410, 388, F318 2, 160 192, T4 192, 7724 13, 88

Seaere:
From E'E-IIEIE}I MBAN . acccccmasacoan- 517, 260, 3835 1, 151 448, 30HG 224, GOART 14. 90
Wi_thlll AL 407, BET. G200 I, 143 A5, 5083 175. 2842 13. 35
m_ﬂ:r'lthm quarter sections . - .coeoeoaos B340, 620, 1267 1, 116 3Ll 2TeT 150, R 12, 52
re; |

From general mean .. .co.....-. 395, 10, 0624 A7 fiK7, 4958 171, 8734 13. 11
"h‘r::!t.hgn SRCLIONE. oo em e | 285, BIA, T098 T S0, T2 125, %333 11,22
Within quarter sections. ... coceeeenn..| 227, 670, 3066 540 421, G283 105, 4071 i, 27

I Varignes of a single bazle (2.5 acra} plot.
? Varianes of the mean of bazie plots making up Inrger plots,

Tanrn 4. —FEzrpected and observed deviations of sample means from the true mean

volume !
Handom sampling from total Rand I ithin blocks ?
popalation andom sampling within bloc
.| Bow Standard | Observed Standard | Observed
Flot and sample siee | 0, fmd arror based | deviation f_:;“ﬂﬂgd arror based | deviation
Xt . | on sample | of sample (- S0 | on sample | of sample
mpﬁjﬁ';l mhmﬁt.? of mﬁ,ﬂ from ]altj;::l:i estimlr;t.u;; of m?.n from
; population | the true population | the true
varianee | Foqriance TR varianee | Fol e Iesn
Pereend of | Percent of | Pereent of | Percend of | Pereent of | Percent of
2 S-avre: 4088 ) 40.83 A8 4088 4083
% 4, E& == IR 4. 36 -, 18
; pat 4_ U5 +1. 84 4. 26 e
‘*]“E'F‘E“'““L""""{ E ]’ .97 { i.g? +1. 10 I 4. 14 1 4. 36 —3. 58
4, U3 —&. 11 4. 3R =1, 86
: i 1. 11 +4.16 i 2 A4 — 53
i d. 16 eind 2. K2 .37
Gli-percent g i 3, 43 1 1. 31 ~1. 03 2,83 3.60 +3.87
A 40 —1.47 2.91 -+34. 08
O 2.24 :Ii_-l. % 1. 62 =3 A
10k 3 g 2. 3k 1. .. 1. 64 +2. 81
12}-percent.. .. H 11 2. 21 { 7. 23 —2. B 1.8 1. 66 ~1.08
13 | 2,20 —, 43 1. G4 =_ i
S-arre:
H il 3 ty| e
EH'HI‘W[LI---...-.- _}g 4. 1K 3.53 +1:[g 8. 60 g:?g _h:m
4, 51 —1.4 i —1. 11k
17 286 | +2.47 | 2. 60 +. 84
12i-pereent.______|{ 15 |1 2,88 E{ s FLu f} 2. 39 | S L
20 E 2. 86 —=3. 6l 467 +4.
10-acre: a1 | 5. 29 cal, iﬂl 3. ﬁ -3, 38
2 a. 12 —fi, &l 4. —+1. 47
ﬁ}i'wmt.-.-.---- i :.2}3 '5'. ].H' 1 -\5. 31 +_|£Igé } ‘i.dE { %.%; +:]I-'\-u"§‘
4 4, 41 ; 1 =1.7
2 | T i el TR
I ab. _— - . ] Lkt B
IZ}i-percent........\{ o | 3. 4 3,67 +4. B8 .77 2 84 | +3. 43
b I 3. 62 +.34 204 | —4, 80

1 The trus mean volume of 2.5-sore plots is 40,83 thou=and fest board measure.

! Equal numbers of plots selected at random from each blosk.
square unit of ares, sampled equally and with a minimum of 2 plots.

Blocks are taken here as the smallest
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By means of the analysis of variance, however, it may be possible
to reduce these standard errors by changing the arrangement of plots
to permit the breaking up of total sum of squares into parts contributed
from known sources, 1. e., into a part due to variation between blocks,
and a part due to variation within blocks. Each block is sampled
equally with the plots selected at random. To estimate the within
mean square, & minimum of two plots to the block is required. For
the present, blocks will be cunﬂid]i:;red as the smallest square unit of
area so sampled. Degrees of intensity of sampling will be introduced
by variations in block and in plot sizes. This arrangement of plots
will be contrasted with random selection of plots over the entire area,
tlfl Ek}lﬂttg selection being almost certain to result in an unequal sampling
of blocks.

The number of degrees of freedom for the sum of squares due to
variation between blocks will be one less than the number of blocks.
For the squares due to variation within blocks, the number of degrees
of freedom will be the number of sampling units minus the number of
block means from which deviations are measured. An application of
the F test shows in all cases that the between mean square 1s signifi-
cantly the greater, a significant portion of variance irrelevant to sampl-
ing error being eliminated by using the within mean square as error
variance Instead of the total. This analysis is illustrated for quarter-
section blocks with 2.5-acre plot size in table 5, using data from table 3
with the necessary additional computations.

TasLe 5.—Analysis of variance for quarter-section blocks and 2.5-acre plois

Eource of variation Snm of squares m[ Mean sguare 3
Betwean quarter se¢fions. meenccomccccursnanmnns 167, G20, 7H58 3 4, T80, 4502 22 49
Within quarter seetions. .. ..ocee oo 482, B57. BGG2 2, 268 2020444 oo -
R e e s g G0, 558, 6220 2,308 282. 4961 |-

This procedure is legitimate since mean square within blocks, treat-
ing each block as a population, is the same within the range of error
of random sampling, regardless of differences in block means. The
pooled estimates of mean square within all blocks is much more precise
than the estimate from a single block, even when applied to a particular
block, because of the larger number of degrees of freedom. The reduc-
tion in error variance gained by use of blocks of smaller sizes is made
clear in table 3.

In making a 6%-percent cruise with 2.5-acre plots as sampling units,
by the random arrangement shown in figure 3, the error variance is
282.4961, and standard error 3.32 percent of the mean. By random
within blocks, the 144 plots will average 4 to the quarter section, which
is the block unit, as 1 figure 4 and table 5; error variance will be
212.9444 ; and the standard error will be reduced to 2.88 percent. All
of the reductions in expected standard errors for random within blocks,
as compared to random for total population in table 4, are due solely
to differences in plot arrangement. For each standard error based on
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population variance, four estimates based on actual samples are given
and the corresponding deviations of sample means from the true mean.

The effect on sampling error of size, shape, arrangement of plots,
and intensity of sampling is reflected in the standard errors as cal-
culated. If the effect of these has been correctly determined—
gupulutiﬂn heterogeneity having been successfully overcome either

y randomization alone, or by partial elimination followed by ran-
domization—the deviations of sample means from the true mean
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Fraure 3.—Arrangement of 2.5-acre plots in a 63-percent random cruise of nine
sections. Plots selected at random from the total population.

expressed in terms of standard units of the normal curve should not
differ from a normal frequency distribution by more than may be
attributed to error of random sampling alone. If the samples contain
the information needed for assessing error due to sampling, the range
of deviations in terms of standard units, arrived at from sample
estimates of standard error, should likewise agree with expectation
of normal grouping. That observed results agree with expected
results is shown in table 6. The observed frequencies are within
the range expected in 95 percent of such trials.
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Froure 4.—Arrangement of 2.5-acre plots in a 6Y-percent random-within-block
crgise of nine sections. CQuarter section (40 by 40 chains) taken as the block
LETLT L.

TaBLE 6.—Erpecled and observed grouping of sample means about the true mean
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3TRIF CRUISES

Thus far the most efficient method of sampling indicated 1s the use
of the random-within-block, or “stratified” arrangement of 2.5-acre
plots, using blocks of such size that a minimum of two plots is taken
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within each. A disadvantage of this arrangement is that it presents
some difficulty in locating plots on the ground and in mapping all
parts of the area to the desired standard. Within some blocks the
plots are clustered together leaving large areas which could not be
mapped without running additional line for that purpose alone. The
irregularity of line running to locate plots may be partially overcome
by use of the strips taken at random within blocks, as shown in figure

J
]
-
[

_______________

e e

I | 1| B I I 1 1
________________ i
i
S | I 1 [ | [ ]
i
STRIP LINE PLOT
T I I | 1 [
XS | | E— | B | Ay |
] | ] [ ] I 1
== i ' A I |
I | I 1 1 I I
C | [ ] I ] [
STRIP LINE PLOT

Ficure 5—Typical arrangements of plots in 6%-percent strip and line-plot
surveys: A, Systematic cruises: B, random-within-block cruises. Broken
lines indicate bluck boundaries within sections.

5. Here the sampling unit 1s the strip, 2.5 by 80 chains, 2 of which
are taken from the 32 possible in a section, the block unit. The
mean square (in terms of a single 2.5-acre plot) between 28 such
cruises 15 shown in table 7 as 385.5211. According to the previous
reasoning, this differs by sampling error alone from mean square
between strips within sections, which is estimated here as 425.1970.
The F test fails to disprove this hypothesis.
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TarLE 7.—Analysis of variance based on slrip cruises of 6%-percent indensily
RANDOM-WITHIN-BLOCE ETRIP!

Varignee
Source of variation Sum of squares I}w Ol | Mean square| F*

e with Blocks

Befween cruises. . —_— L 10, 405, OGBS an 345, 5211 T Wil o s
Sections within orises..._._______.___| 277, 804 8542 224 | 12406020 | £ 52 407, 70
Btrips within seetions. oo oo 107, 149, 6481 252 426. 1970 |eeeeneeenn|eemmannanana
BUbtOtAL o ocnicenoannnian.| 385, 044, 5023 476 BRI Tecinnadic

e e e | e — ——
Totel, betwean strips___....____| 306, 453, 5711 B3 TEE 1900 | oo cmmm e e
POPULATION VARIANCE 2
Between cruizes_ A s IEE T ey, Lo L2002 | cmcn|esacccaaaaas
B - o oo b i 1, 693, 3526 g3 13 7T1L 6691 g4. 88 428, 49
Sirips within sections ceecccaao oo aoaaa} 106, 381 3677 i) oo R N AR
Total, between strips. .o oooo.. 218, 074, T203 287 A T P
BYBTEMATIC BTRIF 4

Between eralses ... 2, 835, 2738 15 189. D152 - =1 B TR
Beetions within erolses_ . ooooeee.. 163, 411, T34 I' 123 1; 198, 5202 2. 87 S0, 57
Strips within sections oo .. G, 104, S0 144 L B L. | I PR R F
Bubtotal.. . eeeeeceecnemeneaaaa]| 213, 516, 3250 _ F THLBBEE |easncannca|ssnsssnannss
Total, between strips. .cceeeewe.. 216, 351, 581 287 i B — B

I Mean volume of 28 cruises=40.79.

¥ 5. s.=nonsignificant; valoes in italics exceed F af 0LO1.
1 True mesn =40.83,

i Mean volume of 16 crulses=40.83.

True population mean square of strips within sections is 381.2952,
Whether or not the estimate obtained differs significantly from this
may be tested by the chi-square distribution:

Chi squnremsnm ﬂf;qmres 3)

For 252 degrees of freedom chi square is 209.5104 at P=0.975, and
15 297.4360 at P=0.025. Substituting 381.2952 for %, solving for
each corresponding sum of squares, and dividing by 252 gives the
range of mean square expected in 95 percent of such trials. The
values obtained are 317.0052 and 450.0433. There 1s therefore no
reason to suspect the sample estimate.

Since variation between sections is significantly greater than varia-
tion within sections, the use of total variance for error would give a
serious overestimate, and not a valid one.

Systematic strip survey would seem to be quite comparable to strips
taken at random within blocks as regards estimates of error mean
square. Sixteen 6}-percent cruises taken side by side include 100
percent of the area or the total population. Population variance of
strip cruises is analyzed on this basis in the lower portion of table 7.
Variation between such cruises 18 about one-half that between the
random-within-blocks., This advantage in favor of the systematic
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cruise 1s E&m‘prisingiﬂ large, even considering that such a eruise is more
representative in that each half section is sampled equally, whereas
in the random the smallest block is the section.

The varnation between eruises 1s less than would be expected in 95
percent of such trials if the sampling were random. The use of the
F' test 1s not legitimate, however, because the strips are equidistant.
The analysis of population variance is made to find how the compo-
nents of total variance differ in the systematic arrangement as com-
pared to random. Obviously total population variance between
strips is the same for both arrangements—the two values shown here
are not absolutely the same owing to the use of short-cut methods of
computation with the ecruise estimates. The component parts do
differ. Variation associated with sections is less by systematic than
by random, and variation of strips within seetions 1s correspondingly
greater. Systematic sample estimates of mean squares do not tend
to the same values as do random, and the basis for segregating error
mean square is not known. In a single cruise the information for
doing this i8 not provided. With the random cruise, the plot arrange-
ment determines the one and only basis supplied by the data for
estimating error mean square, &nd) a single cruise Wiﬁ provide this.

With intensive cruising of fairly uniform stands of timber, such as
this, the sacrifice in precision of volume estimate by use of random
strip as compared to systematic strip is considerable. In some ecases
it might be feasible to cruise scattered blocks by random strip until
sufficient de of freedom are available for a satisfactory estimate
of error vanance, and then cruise the remainder on the systematic
basis; this should give reasonable certainty that the more representa-
tive sampling will keep the estimate within the allowable range of
error. e advantage gained in mapping is also a consideration
favoring this. While for some areas suitable maps are available prior
to the cruise, map making in connection with sampling is still an
important consideration in most cruising,.

LINE-PLOT CRUISES

In the random line-plot arrangement in ficure 5, the random
sampling unit consists of four 2.5-acre plots spaced equidistant across
the seetion. Two such units are taken at random from the 32 possible
in & half section, which is the block unit. The true variance between
such cruises is 221.8812 (table 8). In random sampling the appro-
priate estimate of error is provided by mean square of line plots
within half sections, which tends to the true value. The correspond-
ing estimates obtained from 56 such cruises are within a range attribu-
table to random sampling error, and do not differ significantly from
each other.
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TABLE B.—Analysis of varionce in line-plot cruises of 6Yi-percent intensity
REANDOM-WITHIN-BLOCK LINE PLOT!

S —— B

i 3 Variano
Soures of variation Sam of squares | hf"r’fmﬂ" of | Mean S uaTe F: Widneyr o st
1 ardom =
i with hlocks
Betwesn crinses o |l.!.,1|:|ﬂ-'|:_lm it 183. BOEG I IR TR
Half sections within eruises_ ____ A0, 240, 1175 | 952 | 0935205 505 243 18
Line pints within half sections__.__.__ | 228, 876, 3700 | 1, D% 227. 1581 |.. ) e
Subtotal. ... ... | &ee 2164878 1,080 | 453.6809 ||
Total, hetwean line plots.___.____ Bo, 325, 6756 2,015 6 08 (L ____ e e
POPULATION VARIANCE @
Betwesm eriises. . e e einemmaaa]a PRy Al el B .,I ____________
Talf seetions ... ... 128,774,515 | 17| 7.5740m3 | 8414 230, 72
Line plots within half sections. ... .| 123, 808 7220 G538 oI BEYR | PP it
Total, between line plots. ... ... 252, 584, Z344 575 L - Rr | NG Y]
EYSTEMATI(! LINE PLOTH
Beotwean crmises______________________ 4, 106, 48 15 207. 11562 - O
Hall sections within cenlees. .. 137, 875, E&E— w7 e ﬁﬁmﬁr 2,60 M), B8
Line plots within half sections_ ________ 72, 102. 4304 25K 11T O R RS
subtotal .| 240 477, 5548 560 | 4454986 ||
Total, between line plots. __.____| 252, 564, 2304 575 | aawred |- oo
Betwent Crmises_ . ... e e &, 106, AEAS 14 207. 1162 I T
20 by 40 within eraises, - . Lo .. 04, GH3. D408 1, 138 347, H]; 1.58 i, 10
Botween plots within 20 by 40____.__ . 232, H58. 0700 1,152 b4 " = - T O Lo e U e
Bubbotal. .. . o . ieeeieamno G47T, 261 4168 PR SR Ry
Total, between plots . ______. __ﬁgﬂ, A58, mlg 2, Hﬂ-a" i 282, J‘Jﬂﬂ_ [ S
POPTLATION VARIANCE &
Batwesh oralses . o i e 221, 2412 ET0 oo
0 DY A0 e e nenena| 202,280, 6365 71| 28401540 | 1418
B0,
Plots within X by 40 . o _.o.o. . 448, 288, GREG 2, 22 W) BAEOT | i i i i
Tatal between plots. .. ... G50, 5ER A2 2, 303 e A i sy

I Maan volume of 56 croises =40.70.

!n, go=nol significant; values in italics exceed M at .01

! T e == 40, 53,
* Mean volume of 16 cruises=40,53,
§ Troe megn=+40.83.
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A difficulty arises in connection with the systematic line-plot cruise
shown in figure 5, in deciding upon the block unit, i. e., whether the
arrangement is comparable to the random line plot or more comparable
to random selection of two plots within blocks 20 by 40 chains in
dimensions., In practice, with but one cruize supplying the total
data, there i1s no way to determine by which means the most useful
information will be obtained. With a population of 16 such cruises,
1t 1s possible to determine this for this particular area, but the results
will not apply generally. When sampling units are selected inde-
pendently and at random there is never any doubt as to the one valid
basis for estimating error mean square,

If the systematic arrangement permits the same treatment as for
the random line plot, the variance associated with blocks is less and
mean square within is greater than the true for random sampling.
As with the strip survey, such sample estimates tend to the true value
for total variance, and variance between cruises is less than that of
corresponding random cruises. The apportionment of total variance
to sources within cruises is biased. The overestimate from one source
is balanced by an underestimate from another source. This is still
more pronounced when the 20 by 40 unit is taken as the block. The
F test, if legitimate here, would show that both estimates of error mean
square are in a range attributable to sampling. Of the two, mean
square within 20 by 40's provides the more useful information. In
other cases, where a single sample is taken, there would be no assur-

nace which if either would give a satisfactory estimate of error. The

guess with strip survey was as logical as either choice here, and yet
was shown to be of little use. In neither case is there any justification
for use of total varianece as error variance.

RELATIVE EFFICIENCY OF CHRUISES

For a standard by which to measure relative efficiency of different
cruises we may set up a range of 8.00 percent of the mean at P=0.05
for 3}-percent cruises. By doubling the intensity to 6} percent, we
expect a reduction of error to 5.33 percent, and by doubling again to
124 percent, an error of 4.00 percent. This follows from formula (1).
The error mean square necessary to assure this preecision 1s 199.9584
on & single 2.5-acre plot basis, Were the correction to limited popu-
lation mean made, the efliciency would be greater, since the error
mean square would then be reduced by multiplying by the proportion
of population not in the sample—as is done by use of formula (2).
This correction is not made in table 9 mean squares, since the relative
efficiencies would not be changed greatly. As they are given, the
effect of decrease of block gize with increased intensity of cruise is
segregatod completely. The reciprocal of 100.9584, or invariance
—(.00500, is taken as a unit of information per 2.5 acres and the
different cruises rated on this basis, One-half unit indicates that
sample size would need to be doubled to assure the same precision as
that by a cruise supplying a full unit. If costs of cruising were the
same per unit of area in the samples, use of the former method would
double the cost.

109365—38——2
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TABLE 9.—Relative amounts of informalion by cruises

3$-PERCENT BAMPLING

. Units of in-
Bampling unit and arrangement Mean square | Invariance ! | formation
per 2.5 acres ¥

2. 5-acre, 2 plots within quarter section. - e oo oo 212, D444 0. 00470 0. 4
2.5 by 80-chaln atrips, Do . o v o e o ccemc e cm e e 752, BT46 L ] 1)
4 Zhacre plots equidistant along ®i-chain line, 2 lines within

B T o S T e ey e St T P i 252. 0121 L 00EaT . T8

4-FERCENT SAMPLING

2.5-acre, 2 plotz within 20by 40 _ . ____ . 200. 8507 0. D048 L0
2.5 by Bl-chain strips, 2 within section. . v e e 381, 2952 L 262 52
4 2 feapre plols equidistant along 80-chain ling, 2 limes within

Badl B . e e N e L S S S 221, 8812 L (51 L
S-acre, 2 plots within quarter seetion_ .o o o __ d13. dror 15 i
1-acre, 2 plots within balf section. . e 477. G623 « NS 12

12V&PERCENT BAMPLING

2.5 acre, 2 plata within forty . - oo o i el 102, T

0. 00519 | 104
2.5 hy Bl-chain strips, 2 within half section.__ . ______ | 313, 3341 . DA 62
4 2.5-acre plots equidistant along S0-chaln line, 2 lines within |
L1 | B el e TR A e i e e el e O T e 180, 3106 . 00528 L 0§
deacra, 2plots within 20 by A, . i m e ——— 201. 305 . D43 L9
10-acre, 2 plots within quarter section . .....ocee.eeceencecaeaa. 421. 283 , 00237 A7
1 Invarianoe=—— = « Value of 0.00500=1 unit of information.

mean sfuare

1 Based on 1 unit lor 8.00-percent error at 0.05 level with 31é-percent cruises, 5.66- t error with 814-

;mr]m:ut !ﬂuim, and 4.00-percent error with 12%-percent cruises. Correction for limited population pot
Imeladed.,

The random-within-block 2.5-acre plot eruises meet the standard of
precision set up for each of the three different intensities. The
random-within-block line-plot eruises are not far behind in the lower
intensities and are slightly the more efficient in the 12}-percent
intensity. Because of advantages in locating plots on the ground
along with satisfactory sampling efficiency, the random-within-block
line-plot arrangement of 2.5-acre plots appears to be the best selection.

For a given sampling unit, the increase in information with increased
intensity of cruise, as given in table 9, is due to the decrease in block
size and the consequent elimination of more variation irrelevant to
sampling error,

The 100-percent inventory of the population in this case makes it
possible to compare the range of error of systematic cruises with that
of similar random eruises. The systematic cruises cannot be treated
as were the random in table 9, but for 6)%-percent cruises, both strip
and line plot, the true variation between means has been found for
this limited population. In both cases the mean squares are less
than for similar random cruises. This finding, together with the
advantage in mapping, makes it appear doubtful whether these
arrangements should be completely discarded simply because single
samples do not provide the information needed for estimating sampling
error. There are good possibilities that their sampling error can he
clogely approximated. Where maps are not needed, or are already
available, a random eruize can be made in the same time as a com-
parable systematic cruise. The cruiser must decide whether the
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added precision in estimating sampling error is offset by the loss in
accuracy of volume estimate. )

It has been previously explained® that the range of systematic
sample means about the true corresponds satisfactorily with the
range expected for random-within-block sampling in which square
blocks are used. If a number of such blocks in a population were
selected at random and cruised by a random arrangement, the pooled
estimate of error variance so obtained would then be considered as
satisfactorily applicable to the entire population sampled. The
remaining blocks eould then be cruised by a systematic arrangement,
in which the same number, size, and shape of plots would be used.
Discarding the restriction as to shape of blocks, blocks 40 by 20
chains (north-south by east-west dimensions) are sultable in the
present study for a systematic strip arrangement as shown in fizure
5. Random variation within such units tends to 195.5448. This
compares very well with the mean square between cruises, 189.0182
in table 7. Obviously, however, this proposed method of approxi-
mafing error variance could easily be carried beyond a reasonable
point by the use of very short strip segments as plots and long, narrow
hlt:iﬂlﬁa, Probably length of blocks should not exceed twice their
width.

Where systematic line plots are taken, some such method of approxi-
mating error variance would appear quite safe. The mean square for
error of random sampling with 20 by 40 blocks is 200.8507, and the
mean square between systematic cruises js 207.1152. The justifica-
tion for this approach to sampling error is apparent from inspection
of the diagrams in figure 5. J%‘l:u:!- gystematic arrangements are more
representative than the random. For line-plot sampling, each 20
by 20 is sampled by a plot; while in random sampling the plot loca-
tions m&{' fall so that some 20 by 20’s are not sampled at all and some
are sampled with two plots.

F. Yates, chief statistician, Rothamsted Experimental Station,
England, has suggested that the sampling error of systematic cruises
in which a single sampling unit was taken in the center of each block,
might be approximated by using error variance estimates from two
randomly selected sampling units in blocks of the same size. Only
sufficient random cruising would be done in a population to get an
adequate estimate of variance within blocks, and the survey could be
continued on the systematic basis. The gain in representativeness by
the systematic arrangement as compared to random would then be
reflected in reduction of error variance by use of blocks of just half
the size needed with random ecruises of equal intensity. With the
6}-percent systematic strip cruise the mean square between the
16 cruises is 189.0182. The mean square between random strips
within half sections is shown in the report previously cited as 323.3341.
With only 15 degrees of freedom available for estimate, the difference
is within a range attributable to error of sampling in an unlimited
population. The value 189.0182 is true for the limited population
only. The estimates from such cruises in other similar areas might
wal{tﬂnd to something like 323.3341. There is no reason, for example,
to expect that the strip arrangement should consistently give as

6§ HABEL, A. A. ANALYS[2 OF SAMPLING METHODS FOR VOLUME DETERMINATION IN 4 PONDEROSA PINE
ForEsT. Calif. Forest and Range Expt. Sta. Prog, Rept. Juone 1937, | Multilithed. ]
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close or closer estimates of volume than the line plot, where the spacing
apart of plots would appear to sample a block better than by a single
strip of contiguous plots. Also the advantage over random strip
should not be much greater than can be attributed to more represen-
tative sampling alone. It is suggested that thiz method of approxi-
mating error of systematic strip survey be used in preference to the
m?es previously suggested in which strip segments were considered as
ots.

k With line-plot arrangements the results by the two methods are
quite alike. Variance between line-plot sampling units within 20
by 80's is 189.3106. This differs little from 200.8507, the variance
between plots within 20 by 40’s, and neither differs significantly from
207.1152, which is based on 15 degrees of freedom.

It has been noted that doubling of intensity, other factors remaining
constant, reduces a samphng error of 8.00 percent to one of 5.66
percent. KExtremely close estimation of sampling error and small
changes in intensity based on estimates of error variance are not
important, unless it is realized at the same time that biased error
from various sources may contribute much the greater part of total
error of cruise estimate. Time saved by lowering intensity can be
very profitably spent on reduction of biased error.

PRECISION OF ESTIMATES OF ERROR VARIANCE

The mean squares taken as error variance have been based upon true
values for the population dealt with. They are the values to which
sample estimates tend. The range within which sample estimates
group themselves about the true is dependent solely upon the number
of degrees of freedom available for their estimate. 'Fhﬂ- range of 95
percent of such estimates is given for the various random cruises in
table 10, derived by use of formula (3). Where the estimate is based
on as few as 8 or 9 degrees of freedom a single sample may easily give
a very coarse basis for error caleulation—not close enough for much
reliance. In this respect random plots have a marked advantage over
line plots, which in turn are better than strip. By use of a much
smaller and probably more efficient size of plot than 2.5 acres, how-
ever, the ordinary intensity of cruise in a ?ew sections will give an
adequate basis for estimate. Such tests as are given in table 10
shﬂﬂ]il be made the basis for decision as to the number of blocks that
should be eruised by a random arrangement before continuing with
the systematic as suggested previously.
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TapLE 10.— Range of sample estimales of variance
34%-PERCENT SAMPLING

r—— — = — —

Degrees | wfean | Range of 05 pereent of sample

Sampling unit and arrangement of m | Square astiaains
. FPercend
2.5acre, 2 ﬂnh:rt.-a within quarter section_.___________ 38 | 212, 0444 | 123, BOSE- 310, ITEA | (—42)=(4 5O)
2.5 by s0-chain strips, random._ .. B | 752 8730 | 200, 8405~ 1648, 7932 |(—T3)-(+110)

4 2.5acre plots equidistant along 80-chain line,

2 lines within sectlon........._ ... ; B | 25200121 | 744278 532.1375 |(—-70)-(+111)

GH-FERCENT SAMPLING

- e s

2.5-acre, 2 I’rlnl,a within 20 b

ﬁm' T2 M.H&u?'i 130, 4700~ 270, 2647 | (—31)-(+ 31)
ain strips, 2 within section.._____ 0

2.5 by B0 ey 381, 2052 | 1012, 002 BOG, 1260 |(—T0)-(4111)
4 25acre plots uq}uh!lt_-rtnnt along Sl-chain line, |

2 lines within half seotion._ .. _. R RN, 18 | 221.8812 | 100, 4136~ 388 2021 |(—585)-({+ 75
Facre. 2 plots within quarter section. . ___ . __.__. I 36 | 313 2797 | 182, 1408~ 4090, 7107 |(—42)-(4 50
103-acre, 2 plots within balf section. ... ... ... ...] I8 | 4776023 | ZI8, 1724- B35, 0090 |(—55)-(4+ 75)

= - SR e . S =i =T

124-FERCENT BAMPLING

2 S-acre, 2plots within 40... ... .| 144 192.772¢ | 150.2018- 230.0980 | (—22)-(+ 24)
2.5 by o strips, 2 within half section_______| 18 | 3203341 | 148, 3206~ 5A5. BMT |(—55)-(+ 75)
4 25acre plots equidistant along S0-chain line,

2lines within 0 by 0. ....ocoun oo iiiaae e 36 | 1803106 | 110 0852~ 293, 8X34 | (—42)={+ 50)
E-acre, 2 plots within 20 by 40, ... .. ___________ 72 | 291.03056 | 202 5212- 202 4172 | (—31)-{+ M)
10-acre, 2 plots within quarter seetion. _..________ 36 | 4206383 | M5 1347 632 1473 [(—43)-(+ 50)

APPLICATION OF RESULTS

In cruising it is necessary to make compromises between what is
theoretically correct and what is practically possible. Experienced
cruisers would never consider using the random arrangement ex-
clusively because it does not lend itself to map making, and the volume
estimates are not as close as with the systematic arrangement. It is
important, however, to have a valid and adequate estimate of error
variance, and this is possible without a great initial sacrifice in time
and money. Having that, it is possible to assure an estimate of the
required precision so far as sampling error is concerned and by the
cheapest method of cruise. Knowing sampling error, it is possible
by later checks of estimate against actual eut to segregate error due
to biased measurements, and direct efforts toward its reduction which
are commensurate with its importance.

A timbered area to be cruised usually consists of several separate
populations, which are segregated according to eriteria used in map-
ping. In working out the method of eruise for a population, even
though the stand appears uniform to the eye, heterogeneity of varia-
tion should be assumed. It follows then that size and shape of plot
is an important consideration and tests should be made to find the
kind of plot or sampling unit which includes the maximum of stand
variation per unit nP area. Obviously the minimum size of plot used
in the present study is too large to give an indication of what minimum
intensity of cruise is possible for a given range of error. As a rough
guide until further studies are made, the minimum size with which
plot volumes approach the normal type distribution is suggested,
althoagh the analysis of variance method does apply to definitely
skewed distributions, which are not normal. At any rate the mini-
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mum size tested should not often contain zero volume. The time
required to eruise these basie plots and multiples of basic plots should
be recorded, as well as travel and mapping time per unit of distance
between plots. It may prove more economical in practice to use more
area In fewer large plots than the theoretical minimum indicated with
more and smaller plots. By selecting the plots at random within
blocks additional needed information on initial intensity of sampling
1s gained. Plot arrangement and intensity will require further tests
unless previous experience in such stands is available. A more inten-
sive cruise than is believed necessary should be made by use of the
random plot or line-plot arrangement within bloeks of the minimum
size that will be considered. 1If the stand is not patchy it will be pos-
sible to combine adjacent block units into larger blocks, and by pool-
ing within and between sums of squares and degrees of freedom, to
estimate variance within blocks of ?;iiﬂ‘arent. sizes.

Advantage should be taken of the usual procedure of running cruise
lines and orienting plots for the purpose of sampling more intensively
in the direction of greatest variation. The Land Office subdivisions
are convenient block units, and within sections the cruise lines are gen-
erally run north-south or east-west depending on direction of variation.
By taking blocks of such size and shape that variation within is kept
low, and that between correspondingly high, the maximum of varia-
tion irrelevant to sampling error is eliminated. When sufficient degrees
of freedom have been built up to provide estimates of variance within
a predetermined allowable range, the units of information supplied
per basic plot may be calculated for varying arrangements and block
sizes., By knowing the average man-hours required to travel to and
cruise a plot by each method, the cost per unit of information will
ive the most efficient method of sampling by a random arrangement,
f the cruise is continued with a systematic arrangement of the same
mtensity of cruise, the estimate of error will be high. A closer approx-
imation can be made by reducing the size of block by a half, so that
a single systematically placed sampling unit is in the center of each.
Knowing from the preliminary wurﬁ the variance of random sampli
within blocks of this size, this estimate of within variance, when divid
by the total number of blocks, or number of systematically placed
plots, will give the approximate sampling variance of the mean. By
extracting the square root the standard error of the cruise mean is
obtained.

The above-suggested procedure for starting a eruise would not need
to be repeated in similar stands, except to check on or improve error-
variance estimates by cruising randomly selected blocks ]l}:b]r the ran-
dom arrangement. It is intended to apply to intensive cruising of
stands which appear uniform within blocks of 40 acres or more, as in
the pure ponderosa pine type. A procedure for random ﬂnmplinﬁ
within types occurring in small irregular patches is difficult to wor
out, particularly if a type map is not available beforehand. The same
1s true of extensive cruising, as in the Forest Survey in parts of the
country where types change often. If these scattered small type areas
were brought together, however, there is little doubt that analysis of
variance would show that they too are heterogeneous populations and
that total variance based on systematically spaced plots is not a valid
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estimate of error variance. Such an estimate is useful only in that we
can be sure that it is an overestimate,

Owing to the volume of timber inventory work in progress or in
prospect, as in connection with preparation of timber-management
plans and land-use studies, efforts to determine efficient methods of
getting adequate samples in major timber types and for various stand
conditions would be likely to yield results of considerable practical
importance. Existing and proposed experimental forests are expected
to represent fairly well the principal stands of timber within national
forests. Complete inventories of these areas, with volumes recorded
separately by sufficiently small units, would provide a good basis for
working out sampling methods for the stands they represent.

CONCLUSIONS

The heterogencous nature of stand variation within a 5,760-acre
tract of the ﬁlaﬂka Mountain Experimental Forest is evidence that
timber stands, even though they appear uniform to the eye, are
similar to other soil crops in exhibiting systematic and yet partly
disordered variation from point to point.

In a heterogeneous population, size and shape of plot are important
factors in efficient sampling. A wvalid estimate of sampling error is
possible only when the sampling units are selected independently and
at random. By dividing the area into blocks of uniform size and
shape, and selecting equal numbers and at least two random sﬂ.mflling
units in each, a significant reduction in error variance is possible by
Fisher's method nﬂnulysia of variance. The customary use of total
variance as error variance and the statistical treatment of systemati-
cally spaced plots as random sampling units would be legitimate
only if the population sampled were shown to be homogeneous.
Such a condition seldom if ever exists. It is only by the use of
random sampling that the elements contributing to heterogeneity
are most likely to be represented in the sample in their true proportion.

Systematic cruises give closer estimates of volume than do similar
random cruises and lend themselves better to map making. Since
variation within separate blocks in a population varies within a range
attributable to sampling error alone, and independently of the block
means, only sufficient random cruising is suggested to assure an
adequate estimate of error variance. If the remainder of the popula-
tion is cruised by systematic spacing of sampling units, the estimate
of error tends to be a little high. A closer approximation to sampling
error is suggested if random wvariation within blocks of such size
that they contain but one systematically placed sampling unit is
used for error variance. In this way the gain in added representa-
tiveness of systematic sampling, as compared to random, is taken into

account.
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