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INTRODUCTION 

In cntising 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 meastu-ement 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 d!!ponde~t ltpon sampling error alone. I~ .the plo!S or 
sampling umts making up the sample meet the conditions of mde
pendent and random selection, the sample itsolf contains the informa
tion needed for estimating sampling error. 

While it is of interest to know with what precision the estimated 
mean bas been found, it is vitally more important from an economic 
standpoint to be able to predetermine what shall be a suffici~nt 
sample for an assumed allow~bl.e range of error. If the s~m_plmg 
error is not nhoady known, 1t IS necessa.ry to take a prehnnnary 
sample of tho area to gain this information .. Fl"om this, it is pos;sib~.e 
to establish the intensity of the crmse that will produce results mthin 
the assumed allowable range of error of the mean. It is then necessa_ry 
onlv to provide for occasional supplementary checks, as t h<J crmse 
progresses, for adequacy of the work done. . 

In regular cruisi.ng practice a systemati~ arrangement o~ plots ~ 
used in which tho sample is made up of con~1guous plots fo~. eqm
distant strips, or of plots taken at regular mtervals along equidistant 
lines. In most timber surveys, cover typo and topographic maps 
are made in conju.nction with the cruise, and for this purpose it is 
desirable that cruise lines be spaced equidistnnt in order that all 
parts ot the area ma.y be mapped to a satisfactory standard. As 
stand and type variation are generally grentl!st at rig~t 8.!lgles to 
contour lines, the cruise lines are usunlly run 1n that directiOn, and 
plots are spaced closer a~ong lines than between lines. By this 
procedure typo and contour lines are more readily located and ma_pp~d, 
and the more intensive sampling in the direction of greatest vanatwn 
im.IJroves tho accuracy of volume estimates. 

This arbitrary spacing of plots presents difficulties, should a test 
of adequacy of sampling be attemi_>ted by treatment as a !andom 
sample in statistical analysis, since 1t violates tho basic !equrrement 
that each possible plot in an area have an equal and mdependent 
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chance ?f selection ~ sampling. :!pxporiments. in fi~d. crops b!lve 
shown time and agam that thoro IS systematic va.nation m YJ.old 
from one part of an area to another. Adjacent or neighboring plots 
tend on the average to be more alike than plot.-; farther apart. With
out previous 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 contributing the estimate of sampling error. The plots 
indicated for cruising may, for example, be selected by drawing from 
thoroughly mixed numbers designntin~; each possible plot location . 
After each draw, the numborod slip IS returned and the numbers 
mixed before another draw. R epeats of plot numbers are rejected, 
as the objective is a fixed P.ercentage of total area in the sample 
with oacb plot select~d contributing the same amount of information 
per unit of area. An improvement over this method, assuring the 
same 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 
tho sacrifice necessary 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 whic~ soil heterogeneity is likely to be present, has not 
been fully recogmzed. Apparently advant~e has no t been t-aken of 
methods of test.ing for heterogeneity and, if mdicated, of eliminating 
its effect ·on estimates of sampling error-methods first proposed and 
described by Fisher and Mackenzie (S) in 1923. Areas considered as 
of the same timber type, condition class, age class, and site quality 
have been treated as homogeneous populations. Various arbitrary 
plot spacings have been used. Mudgett and Gevorkinntz (6) in 
estimating the reliability of forest surveys in Wisconsin used plots at 
one-eighth mile intervals along parallel lines I, 2, or 3 miles apart. 
Within the break-downs made m a type the errors of random samEling 
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 m~e intervals along 
lines 3 miles apart. The plots were grouped acr,ording to for~t con
dition, i. e., VIrgin, 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 (4) compared line-plot 
survey, using plots at 165-loot intervals along line!3 330 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 samplin~ was actually con
fined to 55.5 percent of each sample. From statistical analysis of the 
data. he concluded tha.t th.e two methods, when applied with equal 
precision gave essentially similar and equally reliable results. Preston 
(7) reco~ended statistical analysis of systematic line-plot cruises 
and suggested that timber types bo mapped se{larately and prior to 
samplliig. He pointed out the f~tilit1 of ~bermg ~ a 5- or 10-per
cent, or any other fixed, preconcruvod mtens1ty of crmse. 

• ItAlic nomben In--n~rec to Lltoraturo Oiled, p. 73/l. 
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In C~nadn, Wright (12) used plots !1-t lO:ch!Un intervals along ~es 
10 chams apart. In strip survey hls strips were run at hnlf-nule 
intervals, and the tally kept separately by 2-chain segments. Seven 
estimates were made by taking the first 6 ch!Uns in each half mile of 
strip as a. plot, the next() chains for a plot in the second sample, and 
so on to the seventh sample which was made \tp of plots 4 ch!Uns in 
length. The average of these seven sample estimates of variation was 
applied to the mean of all {>lots in calculating sampling error. Wright 
stated that the m!Un reqmrement in the use of statistical methods in 
examining the accuracy of an estimate was to have a. reliable figure for 
standard deviation. Robertson (8) favored small plots evenly dis
tributed over the area. as ng!Unst a. few hand-picked large plots, with 
analysis of data. from time to time during tho survey to insure the 
taking of sufficient plots to give an accuracy within the required limits 
for any given factor. The line-plot arrangement he formd to be more 
accurate than the strip. Since in strip survey the plots are contiguous 
in one direction, he suggested that they represented conditions in 
that direction beyond their duo proportion. Candy {1) stated that 
any method of survey for which it is possible to calculate the accuracy 
of the estimate obtllllled, is very much superior to methods in which 
the accuracy of estimate is doubtful and not at all calculable. He 
used both systematic strip and lino plot, and concluded that only with 
line plots could adequacy of sampling be determined. 

In the present study the true mean volume nnd the true va.riation 
between plots are known for an area of 5,760 acres. 'l'he distribution 
of plot volumes is known to ltppron.ch that of the normal frequency 
distribution. Th,us all of tho ossentinl stntistical informatiop regard
ing the population is at hand. The expected range of sample means 
from the true mean is co.l.culntod, taking into account the effect of 
such factors as size, ·shape, arrangement of plots, and intensity of 
sampling. From samples taken according to the specifications set 
up, the observed range of means from tbe true is compared with the 
expected range. Checks of theoretical with actual efficiency of 
sampling methods 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 topography mapped. The usual 
assmnption that systematic;iliy 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 
~~plingerror, the precision ofsample estimates of population variance 
IS g1ven. 

MATERIAL A.ND METHODS 

The 5,760 acres of virgin timber on which the analyses are based is 
located in northeastern California, within trhe Lassen National Forest. 
The timber type is classed as pure pine, with more thnn 90 percent of 
the volmne in ponderosa pine (Pinus ponderosa Doug!.) and Jeffrey 
pine (P. jejJre'IJt Oreg. Com.). The other timber species are white fir 
(Abies concolor Lindley and Gordon) and incense cedar (Libocedrus 
decurren.s Torr.). The stand is all-aged, with yormg and overmature 
n.ge 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, tt~e stand ov~r the entire area app~a.TI? unifor":l to the eye 
nnd not stratified nccordmg to. any of the cntena used m mapping 
such st1~nds. In other words, It appears to be a f8.lrly homogeneous 
POJ.>ulatlOn. 

fhe 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 tile nine sections. These plots, rectangular in shape (2.5 by 
10 chains), are designated ns basic plots. In nddition, because their 

t'IO UIU: 1.-Conl~ur lines and section numbers of area selected for analysis from 
the Blacks Mountain Experimen~l Forest. 

locations are mapped, adjacent plots may be combined into totals of 
I ,152 5-ncre plots (5 by 10 chains), 576 10-acre plots (10 by 10 ch!Uns), 
or other shapes und sizes in multiples of the basic plot size and 
dimensions. 

Some irregularity in si7,e nnd shnpe of bnsic plots along section 
lines wos tmavoiduble owing to variation of sections from exact mile 
squares. For these plots the volumes were proportionately reduced 
or incrensed to the 2.ii-ucro bnsis. The adjustments needed amounted 
to a negligible percent of the toto!. All basic plots were taken with 
tho Ion~ axis in un east-west direction. 

Subdivisions lttrgcr tha.n plots o.re termed blocks, and are usually 
taken as regular Lnnd Office subdivisions such as forties, quarter 
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sections, hnlf sections, or sections. Figure 2 shows the size and shape 
of plots and blocks mainly used. Wl1en a plot making up part of a 
sample is selected independently a.nd at ra.ndom 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 line
plot combination is the sampling unit. Likewise, where plots are 
contiguous end to end forming strips !md the strips are selected inde
pendently and at random, the strip constitutes the sampling unit. 
The resulting arrangements may be t-ermed random line plot and 
random strip, respectively. When the sampling units are taken at 

s 

Q 

40 

10 
5 2.5 

FIGURE 2.-Size and shape of plots and blocks: S, Section (640 acres); Q. quarter 
section (160 IJ.Cres); smaller units designated by area in a<Jres. 

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 is termed "random, within blocks." Systematic 
strip and line-plot anangemeots 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 segregat-ed by the analysis of variance method of Fisher. De
scriptions of tllis method and others used in the study are given by 
Fisher (2, 3) and Snedecor (10), and an instructive applica.ti<>n of the 
method by Immer (5). 
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RESULTS 
SIZE AND SHAPE OF PLOT 

The essential information concerning stand variability is ~iven 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 is heterogeneous. In general, variation between plot 

TABLE l.- Analy$is of va-riance 

Sum or orr: Fat Souroo or variation sQuares or Meansquaro F• 0.011 a om 

Sections rrom general mean .....•................ 109, 693. U26 8 13,711. 6691 6. 39 3.26 
Quarter sections witbln sections ... ....... .... ... 67,937. f032 ?:1 2, 1<5.8297 3.48 1.98 
Ji'orties within quarter sections .•.. . . •..•.......• 66,009. 5344 108 616.3846 1. 65 1.11 
Tens witbin forties . ... ......... ... _ ....... ...... 161, 109. 7722 132 372.9393 I. 76 1.08 
Fivee witbfn teos·--· ········-- -··-···--- ········ 121, 9{(). 8201 576 211.7028 ).83 I. 04 
Basic plots wltblu fives .•. ______ . ____ ---- __ . __ --- 133,337. 7395 ! , 152 115. 7«3 ••••*••• ......... 

Total, baste plot.\ from general moon. ... ... MO, 688. 6220 2,300 , 282.4961 ----·-·· ·· ··--·-

1 F- larger roooo square 
smaUer mean square. 

• All given by Snedecor (soo rexl). Values equal to or exooodlug these iodlca~ thai dlfreren001 are highly 
significant statistically. 

3..J282.4~1 = 16.81 =standard deviation of a basic pJot rrom the population moon or 40.83 thoac;and teet board 
rc:easure. 

volumes tends to increase as the distance between plots is increased. 
For .this reason, si~e and shape of plot will. be an ~por~n~ factor in 
effi.Clency of sampling. Two plots taken side by side will m general 
include less 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 apa.rt along a line. Likewise, owing to correla
tion between adjacent plots, va.nation between 5-acre plo.ts, expressed 
in terms of single 2.5-acre plots taken as par ts of 5's, will ~e grea.ter 
than variation between 2.5-acre plots as random samplmg uruts. 
Less stand variation per unit of area is included within 5-acre plots as 
sampling units than within 2.5-acre sampling units. 

The. 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 plots. 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 ra.ndomlyselected 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: 

in which 

,r 
q 

· - "'-n (1) 

qM2= the varia,nce of a sample mean, or the standard error squared 
q 2=the varia,nce, or mean square, of the basic plots 
n= the number of basic plots. 
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F'or a given standard error, n will need to be 449.3926/282.4961 = 1.59 
times as great with 5-acre plots as with 2.5-acre plots. In random 
samplin~; from an unlimited population, 1.59 times as much land is 
needed m sample area with 5-Mre plots as with 2.5-acre plots to 
assure the samo precision. 

S~atod in another way, 282.4961/449.3926= 62.86 percent, the 
e!fie~ency of 5-acre plots as compared to 2.5-acre. To equal in pre
Cision the estimate of volume based on sampling with 5-acrc plots an 
area only 62.86 percent as large would bo needed with the sm~er 
plots. The advantage of 2.5-acre plots over 10-acre plots is still 
greater. 

WheJ?. plo~ and sam~ling units larger than tho basic plots a.re used, 
the vananco 1s then we1ghted Mcordmg to the number of basic plots 
in the l~er plot. Likewise n is in tenns of basic plots. Obviously 
the resultmg standard error obtained is not affected. To keep me~ 
squares directly comparable regardless of size, shape, or arrangement 
of plo~ us~, they are expressed in terms of single basic plots through
out this art1cle. 

It is evident from table 2 that, anJong the 10-Mre 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 b;r 10 and 
5 by 20 plots contained little or no volume and consequently mcreased 
the average variation. The effect of placing of plots with respect 

T.<llLI'l 2.-Rtlative eiJU;it:nev of plots of vanJing site and •hape ir1the use of land 

Rclativa site 

P iolsirJ> and shapo Moon squaro E.fficJoncy 
ot sample tor 
a given pre.-

cision of 
estimate 

2.~: 2..1 by 10 chains> ................................... 
Per MOl 

282. 4GGi 100.00 1.00 
~= 6 by 10 cbalDs ... .................................... 449.8920 62.511 1. 5 
IC~..,_: 

9 

2.6 b,.., ebalos.. .......................... _ ....................... >50$.01102 49.110 2.00 
5 by 20 cbalDI- ................................. ................... • 711.8211 39.68 2.52 
JO by10 d>aioa. ....... .................... ..... ......... 1187. 40118 41.09 2.43 

II chalo•N loot. 
, Obtained by eepanue calculatloo or poPUlation varfaace. .All other mean I<LU&rt!O obteioed (rom table 1 

directly by I>OOiloc de.,... or lroedom and sums or squ.,... 

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

It should be emphasized that the results in table 2 are based on 
random sampling from a. theoretically infini te 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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eli ';Dina ted, these relative efficiencies will not be exactly true, although 
qUJte close. 

RANDOM PLOT AND RANOOM-WITillN-BLOCK CRUISES 

As previously stated, in sampling a heterogeneous population it is 
nec_cssnry to select the sampling units independently and at random 
to msure that the heterogeneous elements are represented in about 
their true proportion. Using 2.5-acre plots as sampling units, ran
dom sample estimates of vnria.nce will tend to approach 282.4961, 
the true variance. As the number of sample estimates is increased, 
their twerage will appronch more closely to the true, and likewise, 
estimates from larger samples will be grouped closely about t ho true 
variance and closely in accord with tho normal law of frequency of 
error. A valid sample estimate of vttriance may be substituted in 
formula (1), in which n is known and tho standard error calculated. 
This tolls us the range from the sample mean within which the chances 
are 2 in 3 that the truo or population mean lies. By doubling the 
standard error obtained we have the range for which tloo chances are 
19 in 20. 

With intensive sampling, formula (1) gives appreciable overesti
mates of sampling error because it estimates the range from tho 
theoretical infinite parent-population mean whlle here we aro inter
ested in range from n parent population limited to 2,304 2.5-ncre 
plots. By substituting 2,304 as n in the formula we can got the esti
mated range of the population mean l'rom the limited population 
!llCILD. This is the irrevelnnt portion of total variance of sample 

' means and is represented by N in the following formula: 

in which 

(2) 

N=the number of 2.5-acre plots in the limit.ed population 
(a constant=2,304). 

In practice a single estimate of variance together with the sample 
mean nrc 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 calculated for difl'erent intensities of sampling. 
Since u2 changes with varying size and shape of plot, the effect of these 
factors is also reflected l.n the expected grouping of sample means. 
The appropriate mean squares for substitution as u2 in formula (2) 
are given in table 3, the values for which are derived from table 1. 
The expected standard errors for random sanJples of varying inten
sity, made up of plots of varying size, a re given in table 4. In nil, 
the expected standard errors based on true variance are shown for 
seven surh cruises by the random arrangement of plots. For each 
cruise, four independent samples were drawn 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 T ippett's (11) random sampling numbers. The sample 
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estimates of standard error and deviations from the true mean a.re 
shown in table 4 along with the corresponding true standa.rd error. 

TABLE 3.- Variance of pwts from the general mean and from bwck mean$ 

Plot sl.z6 alld so11rce or variation Sum or l:>egrees or Mean Va.rianoe Standard or plot. squares fre<!dOm square 1 llleMIS t <hwiatiou 

-
z.~cre: 

!+Tom general meanu ... . ..... . . . . ..•.. GW. 5SS. 62W 2, 303 282.4961 282. <961 16.81 
\\ritbjn sectiOU.'I~ . ..•••• .. .•..• . . . .•• . •• 5<0. 895. 2694 2. 21!5 235. 6842 235.6842 15. 35 
Withm quart(U' se<ttion.'i • . .... ~- ....••.. ~'12, 9;7. 8662 2, 2038 212.. 04«4 212. 9444_ 14.59 
\\riUtlo forties ... .. . . . ........ . ..... . .. 416,388. 3318 2, 100 192.7724 192.7724 13.88 

s-aere: 
}!Tom general mean ....... .... . . ..... .. 617, 250. 8825 1, J6l 449.3926 224.6963 14.99 
Within sections .. ............ ......... .. 407, 657. 5299 1, 143 358. 561!3 178. 28(2 13.35 
W itbi.n Quarter sections . _ . ...... .. .. ... 349, 620. 1267 1, 116 313. 2797 166. 6'198 12.52 

U)·acre: 
From generaJ mean . .... . . . . . . . ....... .. 395, 310. 0024 575 687.4958 171. 8739 13.11 
\Vi thin sections ............... . . . . ...... 28&, 616.7098 567 503. 7332 125. 9333 11. 22 
Within quart.er secUons .............. .. 227, 671l.3068 540 421.6283 105.4071 10.27 

t Ve.rlauce or a slngla bculc (2.5 MrJ) plot. 
t VariAnce of thD mean or ba31c plots mal:Ciog up IBtger plots. 

TARJ,I'l 4.-&pechd and observed deuiatwns of sample mean$ from the true mean 
volume 1 

--
Random .sampling from t.oht.l 

t)OJ)Ulation Random sampling within blocks t 

Plot aud sampto size Row Standard Standard Observed StandArd Standard Observe(! 
No. arror based error based deqtation error basOd error bastd deviat ion 

on sample or sampto on sample or sample on popu· estimate of mean from on popu- estimate of mean rrom latlon population t.be true Jalior' population the true \"aria nee variance mean ,riU'la.noo 
,~ariance m.,.n 

-
Percent of Percem of Ptrctnt of Percent of Ptretnt of Perctnt of 

2.~acre: .j0.$.1 40.~ ;I!.IIS .j0.$.1 40.83 .j0.$.1 

3li-porcent . ••• •.•.. 1 
I I 4 77 1 

4.85 - us 

l 
4.36 + 9. 18 

2 •• 95 +1. 811 •. 1-t 4.26 - . 12 
3 4.. 87 + UO 4. 36 -3. 58 • 4. 92 -3. 11 4. 38 + L86 

GJ.(·porcent •• •.••••• 1 fl 3.32 { 

3. 11 
+4.161 

2. M - .83 
3. 16 - .81 2.88 2.82 +. 37 
3.31 - 1.03 3. 60 +3. 87 
:!.40 -1.47 2.91 +3.08 

12li-!)l)rOOOI.. •••••. 1 ,g I 2. 27 1 

2. 28 
+1861 

1 

I. 62 - 2.08 
2.38 + 1. 79 1. 87 1. 69 + 2.91 

II 2. 23 - 2.89 1. 66 - l.OS 
12 2. 20 -.42 1. 69 - 1.40 

5-a.~: 

6J.(.poroont •••••.• •• { 13 1 
4.18 { 

3. 99 - 3. 16 1 

uo1 

• . 14 +3.80 
14 4.19 +9.S8 3.92 -3. 9'l 
15 3.63 + LOS 3.82 -3. 70 
16 4.61 -1.49 3. 13 -1.10 

12)!-poroout... . . ... . { 17 I 2 86 1 

2.86 +2. 47 1 
2.39 { 

2.60 +.86 
IS 2.89 +L 74 2. 57 +. 44 
19 2.77 -5.86 2.~ -. 17 
20 2.86 - 2. 60 2.67 H .M 

IO·acre: 

1 ~~ 5. 18 { 

6. 29 - 1.10 } 
4.43 { 

3. 60 - 3.38 
6~{~pet00Ilt .. ..... .. 5. 12 -6.81 4.38 +1.47 

5. 31 +.61 4.14 + 1.05 
24 4. 41 +3.23 5.93 + J. 79 

12li-r,.reont •••••••• { ~~ 3M { 

3.37 + 1. 59 } 
2. 71 { 

2.62 + 2. 28 
3. 39 - . 39 2. 67 - 1.09 
3.67 + <.58 2.st + 3.43 
3.62 +. 34 2. 1)1 -uo 

1 The true mean volume of 2.5 ·a.~ plots is 40.83 thousand teet board measure. 
2 Equa.J numbers of plots se.looted at random from eaeb block. Blocks are taken here as tha sma.Jlest 

square unit ot arM, samp1ed·equa.lly and wltb a minimum of 2 plot$. 
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By means of the analysis of varia.ncc, however, it may be possible 
to reduce these standard errors by changing the a.rrangement of plots 
to permit the breakin~ up of total s11m 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 
equalt.y with the plots selected at random. To estimate the within 
mean square, a minimum of two plots to the block is required. For 
the present, blocks will be considered 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 a.rea, 
the latter 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 is 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 ta ble 3 
with the necessary additional computations. 

TABLE 5.- Analysis of variance for quarter-section bwcks and 2.5-acre plots 

Source or varJa.Uon SWD or SQWU08 Degraes of 
troodom Mean square F 

Between quarter ~ions ....................... . ...... 167, 030. 71558 3~ 4, 789. 4002 22.49 
Within Quarter sect·ioos . . ................ ............. ... ~. 967. 8662 2,2038 212.mt ····------

1'otaL .... .......................................... .... . ..... 650, 588. 6220 2,303 282. 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 particula.r 
bloc.k, 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 th.e random a.rrangement 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 m figure 4 and table 5; error va.riance will be 
212.9444; and the standard error will be reduced to 2.88 percent. All 
of the reductions in expected standard error·s 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
population heterogeneity having been successfully overcome either 
by rn.ndomization alone, or by partial elimination followed by ran
domization- the deviatiOns of sample mea.ns frorn the true mean 
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Ji'JGURE a.- Arrangement of 2.5-acre plots in a 6){-pcrcent random cruise of nine 
sections. Plot.s selected at random from tbe 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 
est.imates of standard error, should likewise agree with expectation 
of normal grouping. That observed results agree with expected 
resul ts is shown in table 6. The observed frequencies are within 
the range expected in 95 percent of such trials. 
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FwuRI'J 4.-Arraogement of 2.5-acre plots in a 6!4-percent random-within-block 
cruise of nine sections. Quarter section (40 by 40 chains) taken as the block 
unit. 

'fABLE 6.-Expecl~d a>1d observed grouping of sample mea118 about tlui true mean 

Random, observed Rmdom-within4 block, 
frequlUlCY ob$erved frequency 

Range from zero difteNnce in $t9.Udl\rd :Expected 
W)lts or the normal eurve frec1t.tenoy Based on Bosed oo Based on Based on 

true stRild· estimated true stand· estimated 
ard error standard a.rd error standard 

error .error 

Loss than 0.21>3 ____ _______ ____ ______ _____ ,, 6.6 7 6 5 4 
0.21>3 LO .521 ••• _ -- ---------- ·-- -. ··- ·--· , -· · 5.6 6 7 6 7 
.su to .S\2 . .. . ~ ..•••. - ........ . ... . . . . .. .... 5.6 6 6 5 4 .812 1.0 t.m _______ ________ _________ ________ 56 5 • 7 8 
J.282·S.Ild 0\'et . . . ..... . ... 4 04 0 0 + 0 0 00 4 00 0 0000 0 5.6 4 5 5 5 ------------- ---

~·ot9J . . . . ... . ........ ........... . ..... 28.0 2S 21! 28 28 

STRIP CRUISES 

Thus far the most efficient method of sampling indicated is the use 
of the randotrHvithjn-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 present.c; 
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 runnin~ additional line for that purpose alone. The 
irregularity of line runmng to locate plots may be partially overcome 
by use of the strips taken at rnndom within blocks, as shown in figtu·e 

• • • 
= 9 = 

' -- - - -----~---1--- -- - - - -~----
• 
' = • = • = 
' ------ - -------~--- - ------- ---
' A ' ' = ~ = 
' ------- - --- ----~---- -----------• • 

= • = = • • 
STRIP LINE PLOT 

= = = 
= = = 

- .... c:::=:J- .... "c:::::::J- - - t:::::J --
' 

B 

= = = 

STRIP LINE PLOT 

FoGURE 5.- Typical arrangements of plots in 6~-pereent strip and li ne-plot 
surveys: A, Systematic cruises: B, random-within-block cruisos. Broken 
li nes indicate block boundaries within sections. 

5. Here the sampling unit is the strip, 2.5 by 80 chains, 2 or which 
are taken from the 32 possible in a section, the block unit. T he 
mean square (in terms of a single 2.5-acre plot) between 28 such 
cruises is 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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TAULE 7.- Analysia of variance based on strip cruises of 6Y,-percent inte1t!ity 

RANDOM·WITHIN'·BLOCK STRIP' 

Sowoo of VIU'ifltlon Sumorsqu~ Degrees of 
freedom 

JJetlveen crtUses __________________ __ ___ 10,400.0088 27 

Sections within cruises .............. . . . 277. 891. 8M2 224 
Scrips withiD sections. . . . . ... .......... 107, 149. 6481 252 - - -

Subtotal_ ... _·-·.·- .... --·. ·--··- 38/l, ()1.1, !023 476 -Tott\1, between stl'ips .. .............. 396,453. 5711 l503 

POPULATION VARIANCE• 

llet~eencrudsos ............. ....... ............ ---------------- ------------
Sect.ions ............... ................................... 109, 693. 352$ 8 
Strips within sections ............................ 106, 381. 3677 m ----Total, OOtweQn striPS---· -······ 216,074. '1203 287 

SYBTEMATIO STRIP ' 
• 

D&tween cruises ..... .. ............................... 2. 835. 2734 15 

Sections wltbtn cru.lses: .. .... .. .......... ........ 1153,411. 73-16 128 
Strips witbln :;.e.eLfons .............. ..... ....... 60, 101. 5909 144 -

Subtotal ... ................ ............... 213, 516. 32!S5 m 
Total, between strips ....... ........ 216,351.5991 287 

1 Mean volume of 28 c:ruises-40.i9. 
t n. s .- nonsignificant; values in italics exceed Fat 0.01. 
' True moan=40.83. 
t Moon voJume or 10 crufscs=-40.83. 

Merua square F' 
Vtviance 

a.'ISOclatOO 
with blocks 

38/l. 5211 n. s. ·-----------
1, 240. 6020 t .91 <401.10 

425. 1970 . ......... .... ................ . 
808.9170 ---- ------ ------------
786. 11100 ----------------------

;jgl. 2952 ..... .. . -........ ---- ·---·-·· 
13, 711.15691 $5.96 428. { 

381.2952 ---------· ------------
752.8736 --............ .. .................. 

189.0182 2. 21 ................. 
I. 196. 5292 2.87 3110.57 

{17. 3930 .............. .... .. ......... 

7&1. 9865 ········-- -----·· ··-·-
7153.8383 ...... . ··-· · . ............ . .. 

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: 

(3) Chi 
Sum of squares 

square= 2 
(f 

For 252 degrees of freedom chi square is 209.5104 at P=0.975, and 
is 297.4360 at P = 0.025. Substituting 381.2952 for u2, 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 ob tained are 317.0052 and 450.0433. There is therefore no 
reason to suspect the sample estima.te. 

Since variation between sections is significantly greater than varia
tion \vithin 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 is about one-half that between the 
random-within-blocks. This advantage in favor of the systematic · 



J 

Nov. l~. 1938 Sampling Error in Timber Surveys 727 

cruise is surprisingly large, even considering that such a cruise is more 
representative in that each half section is sampled equally, whereas 
in the random the smallest block is the section. 

The variation between cruises is less than would be expected in 95 
percent of such trials if the sampling were random. The use of the 
F test is not legitimate, however, because the strips are equidistant. 
The analysis of population variance is made to flnd 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 cruise estimates. The component parts do 
differ. Variation associated with sections is less by systematic than 
by random, and variation of strips within sections ls correspondingly 
greater. Systematic sample estimates of mean squares do not tend 
to the same values as do random, and the basis for segregatin~ error 
mean squa.re is not known. In a single cruise the information for 
doing this is 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, and a single cruise will provide this. 

With intensive cruising of fairly uniform stands of timber, such as 
tllis, the sacrifice in precision of volume estimate by use of random 
strip as compared to systematic strip is considerable. In some cases 
it ~ht be feasible to cruise scattered blocks by random strip until 
suffiCient degrees 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. The advantage gained in mn.J.>ping is also a consideration 
favoring this. While for some areas smtable maps are available prior 
to the cruise, map making in connection with sampling is still an 
important consideration in most cruising. 

L!NE·PLOT CRUISES 

In the random line-plot arrangement in figure 5
1 

the random 
sampling unit consists of four 2.5-acre plots spaced eqmdistant across 
the section. T\vo such units are taken at random from the 32 possible 
in a 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 a.re within a range attribu
table to random sampling error, and do not differ significantly from 
each other. 
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TABLE 8.-Analysis of variance in line-plot cruises of 6~{-percent i~mity 

RANDOM-WIT.Bll\"·BLOCK LINE PI.O'l' 1 

Souroe o( \':uiation Sum or squarM: Degrees of 
rroedmn Mean square F l 

-
Ue.t.wcen erui~ . ••.. ..••..• ••••• 00o' M0 10. J09. 08110 ;.; 183. 8016 D. ~ •. - ·-· 
Half !'&etlous within cru ise:L -- · ••••••. flf(l, :240. 1175 952 09.1.529.'1 

Line p )(IW; w ithin half set-1.ions • .. .•••.. :128,976.3700 1,008 227. IS9J - -Subtotal. ..••••••••. •. __ •••.•. _._ SSil. 216. 4875 l,~ 453.0819 --1'otal, hetweeo Hoe t•lots.. • ••.. ••. 899.325. 5765 2, 015 446. 31~ 

POPU I.ATION VARIANCE • 

Between cruises . . . .................. .. . ---·· -········ -· -· ------ ---- 221.8812 

rratr sections. 0 0 0 0 0 o 0 4o 0 M 0 ' 0 0 0 0 0 0 0 0 0 0 0 o 0 128, i74. 5115 17 1, 574.9713 

Line tJIOts within h nU ooctlon!L ••.• •. •• 123,800.7229 558 221.8812 -
T otal, bet ween line. plots . • •••••.• 2$2. :184. 2344 57S H9. 2769 

SYSTI'MATH' LINE PLOT • 

Uetwcen eruJses .. ... .. ......... . .... . . 3, 106. 6848 15 207. 1152 

Hair SIP.et.ions wltbln cruises . • . .. ..•. ••• 177, 375. 0742 272 652. JJ42 
Line plot.<~ whbln halt sections . ..... ... 72, 102. -lli04 288 250.3568 -

SubtotnL .......... ..... . . ...... . 249, 4n.;.;46 060 «:>.49!56 

Total, between line Jllots .• .•. • • . 2.52, 584.. 2394 57:> 439.2769 

Det wooo cruises . . •••••. ......... -. -.. 3. 100. 684S J/j 207. 1152 
- - -20 by 40 within eruises ........... ..... 394. 003.3468 1.136 347. 4413 

"Bet weco plots wUbio 20 by 40 .. .. M • ••• 252. t\68. 0700 I. 152 219. 2344 

Sub,otaL .... . . ........... . ... ... 647. 2.5UI6S 2.288 282.8S\l6 - - - = 
T otal, between plots_ . •••••••..•• aso, ass. tOt6 2,303 282.3960 

POPULATION VARIANCE I 

Between cruises ..... ...... .. ......... . ... ...•. . ...... . ...... . . . . .. 
==== 

20 by 10 . ••••• •· · ···--········ · · · · · ··-· 202, 289. 936.'1 

Plots within 20 bY 40 .. ------ ..••••• ••. 448.29S.685G - · 1"ot.al beh\·een ploLs • •.•. ~ .. ...... 600, 588. 0221 

' Mean volume of S6 eruires = 40. 70. 
! n. s.. • nat ~ignificanL; values in Italics e.tcood Fat o.OJ. 
11'rtr& mea.n • 40.83. 
• Moon volume of 16 eru1ses=40.83. 
~ Troe mean=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 tmit, 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 cruise supplying the total 
data. there is no way to determine by which means the most useful 
info;mation will be obtained. With a population of 16 such cruises, 
it is possible to determine this for this pa,rticula~ area, but the results 
will not apply genera.lly. When sampling umts a.re selected mde
pendently and at random there is never any doubt as to the one valid 
basis for estirna.tin~ 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 tb.nn 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 souree 
is balanced by an underestimate from another source. This is still 
more pronounced when the 20 by 40 unit is taken as the block. T he 
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 est.imate 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 variance as error variance. 

RELATIVE EFFICIENCY OF CRUISES 

For a standard by which to meastu·e relative efficiency of different 
cruise.~ we may set up a range of 8.00 percent of the mean at P=0.05 
for 3~-percent ~ruises. By doubling the intensity to 6}\ .percen~, we 
expect a reduction of error to 5.33 percent, and by doubhng agam to 
12M percent, an error of 4.00 percent. This follows from formula (1). 
The error mean square necessary to assure this preciSion is I 99.9584 
on a single 2.5-acre plot basi~. Were the correction to,limited popu
lation mean made, the effiCiency would be greater, s.IDce the error 
mean square would then be reduced by multiplying by the propor tion 
of population not in the sample-as is done by use . of formula (2). 
T his correction is not made in ta.ble 9 men.n squares, smce the rela.tlVe 
efficiencies would not be changed greatly. As they are given, the 
effect of decrease of block Size with increased intensity of cruise is 
segregatr..d completely. The reciprocal of 199.9584, or invariance 
= 0.00500 is taken as a unit of mformation per 2.5 acres and the 
different ~ruises 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 m the samples, use of the former method would 
double the cost. 

109360-38--2 
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TAIJLE 9.- Relative amounts of information by crui8es 

3H·PERCENT SAMPLING 

Sampling unit and armnt=:emeut Mean square 

2.5-acre, 2 plots within quarter section . .. . . . __________________ 212. 9«.i 
2.S by 80-clJaiu strips, random . . ... ... . . ...... .. ---. ....... .. . . . . 762. 8TJ6 
i 2..5-acre plots eQuidis-tant along 80-<:bain Una. 2 linee; wttbin 

2S2.012l section ........ ....... .... . ........ . . ...... . ... .... . ....... . .. 

-
6J4·PERCENT SAMPLING 

200.8.107 
381.2%2 

221.8812 
313.2797 
477. 6623 

12)+PERCENT SAMPLING 

2.5 acre. 2 plots within forty_ . . ........... ---- .. -- - .... - - - ... . 
2.5 by 80-cbnin strips, 2 wtthln halt soctlon ____ _________ ___ ----
4 2.5-acre plots equidJst!Wt along SO..cbaio line, 2 Hoes w1thln 

20 by 80 .•••. •••.•••••••••••. •• •••••••• •••••••• •• ••••••• ••••• 
5--acro. 2 plots within 20 b)' 4.0.~-M-MM· ~·- --··-·- ---~------· ---
lO..aeru, 2t.llots within quarter seeclon .•• u·-·················· 

192.1721 
323. 3341 

189. 3106 
291.6305 
421. ~28:! 

In variance 1 

0.00470 
.00133 

• 00397 

0. 00498 
. 00262 

• 00451 
.00319 
.00209 

0. 00st9 
.00300 

. Oll.\28 

.00343 
• OO'l37 
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Units of in~ 
form-ation 

per 2.~ ac~s t 

0. 94 
. ZI 

• 79 

LOO 
. 62 

.90 

.64 

. (2 

1. 04 
. 62 

1. 00 
.69 
. 41 

1 lnvarianoe= mean !Quare" Value or 0.00500= 1 unit or information. . 
, Based on L unit ror S.OO.percont error at 0.05 level with 3}$-pcrcent cruises, 5.06-percent error wttb ~

porecnt. cruiOOs, and 4.00.r.w.roont error wiLh 12~pereQnt erutses. Corr&etion for Hmlted popuJation not 
mcludeU. 

The random-within-block 2.5-acre plot cruises meet the standard of 
precision set up for each of the three different intensities. T he 
random-within-block line-plot cntises are not far behind in the lower 
intensities and are slightly the more efficient in the 12}~-percent 
inten!jity. Because of advantages in locating plots on the ground 
!tlong with st\tisfn.ctory sampling efficiency, the random-withiri-b~ock 
line-plot arrangement of 2.5-acre plots apJ?ears to be the best selectiOn. 

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

The 100-percent inventory of the population in. this ~ase ~akes it 
possible to compare t.he range of error of systematic crwses With that 
of similar random cruises. T he systematic cruises cnnnot be treated 
as were the random in table 9, but for 6X-percent cruises, both strip 
and line plot, the true variation between means bas 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 disc11rded simp~y b~cause sin.gle 
samples do not provide the information needed for estlmatmg samplmg 
error. There are good possibilities that their sampling error can be 
closely approximated. Where maps are not needed, or are already 
available, a random cruise can be made in the same time as a com
pa.rable systema.tic 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 ra.ndom-withln-block sampling in which square 
blocks are used. If a number of such blocks in a population were 
selected at random a.nd cruised by a random a.rrangement, the pooled 
estimat~ of error variance so obtained wottld then be considered as 
satisfactorily applicable to the entire population sampled. The 
remaining blocks could then be cruised by a systematic arrangement, 
in whlch 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 e!I:St-west dimensions) are suitable in the 
present study for a systematic strip a.rra.ngement as shown in figure 
5. Random variation within such units tends to 195.5448. Thls 
compares very well with the mean square between cruises, 189.0182 
in table 7. Obviously, however, thls proposed method of approxi
mating error variance could e!l:Si!y be carried beyond a reasonable 
point by the use of very short strip segments !1:8 plots and long, narrow 
blocks. 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 crui'ses is 207.1152. The justifica
tion for this approach to sampling error is apparent from inspection 
of the diagrams in figure 5. The systematic 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 may fall so thM some 20 by 20's are not sampled at aU and some 
are sa)]}pled with two plots. 

F. Yates, chief statistician, Rothamsted Experimental Station, 
England, has suggested that the sampling error of systematic cruises 
in whlch a single sampling unit w!I:S 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 cruises of equal intensity. With the 
6~-percent systemn.tic strip cruise the mean square between the 
16 cruises is 189.0182. The mean squn.re between random strips 
within ha.Jf sections is shown in the reP.ort previously cited as 323.3341. 
With only 15 degrees of freedom available for estimate, the difference 
is within a range n.ttributa.ble to error of samplin~ in an unlimited 
population. The value 189.0182 is true for the hmited population 
only. The estimates from such cruises in other similar areas might 
well tend to somethlng like 323.3341. There is no reason, for example, 
to expect thn.t the strip arrangement should consistently give as 

.S liASBLbA. A. ANAL\'SJ.S OF S.UIPLING liETllODS FOR VOLUlaE 1>~1BRl1JNA1'10N IN A P0ND.£R0SA I'I.NT. 
roRBST. all!. Foresland Range Expl. Sta. Prog. Rcpt. June 1937. tMultililbed.) 
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close or closer estimates of volume than the line plot, where the spa.cing 
apart of plots would appear to sample a block better than by a single 
strip of contiguous plots. Also the advantage over random strip 
sbo_uld not b~ much gren.ter. than can be attributed to more represen
tatiVe samphng alone. It rs suggested that this method of approxi
mating error of systematic strip survey be used in preference to the 
ones previously suggested in which strip segments were considered as 
plots. 

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 withln 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 sampling enor of 8.00 percent to one of 5.66 
percent. Extremely close estimation of sampling error and small 
changes in intensity based on estimates of error variance a.re not 
important, unless it is realized at the same time that biased error 
from various sourc-es may contribute much the greater part of total 
error of cruise estimate. Time saved by lowering intensity can be 
very profitably sper1t on reduction of biased error. 

PRECISION OF ESTIMATES OF ERROR VARIANCE 

The mean squares taken as error variance have been bttsed upon true 
values for the population dealt with. They are the values to whlch 
sample estimates tend. The range withln which sample estimates 
group themselves about the true ls dependent solely upon the number 
of degrees of freedom available for their estimate. The rn.nge of 95 
percent of such estimates is given for the va.rious random cruises in 
table 10, derived by use of formuh1. (3). Where the estimate is based 
on !1:8 few as 8 or 9 degrees of freedom a single sample may easily give 
a very coarse basis for error calcula.tion-not close enough for mucb 
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 
sma.ller and probably more efficient size of plot than 2.5 acres, how
ever, the ordinary intensity of cruise in a few sections will give an 
adequate bn.<;;is for estimate. Such tests as are given in table 10 
should be made the basis for decision as to the number of blocks that 
should be cruised by n random a.rmngement before continuing with 
the systematic as suggested previously. 
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TABLE 10.- Range of 8Gtnpk e&limJJl<B of Mriona: 
3li· PERCI!NT SA~IPUSO 
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Samplfn< uolt aod arrao«e-menl or Mean Rao,e ot OS J!Ut'f'nt or sample 
SQUIII"e estim&lOS freedom 

2.5-acre. 2 ~lot:~ wUhlo quarter sect.ion .. ._ ___ 4 ••••• • 36 21~. QHf 
Pneul 

123. ROOD- 31g. 2763 <-<2H+ ro 
2 .. ~ by 80-<: afn atrlpa, rondom .• u•••• • ···- -··· -· · 8 752.8T.W 2(XJ. 8t~lll48. 7002 ( -73)-(+119) 
t 2.~acre r.1otl equldlata.ot Along 80-chaio Ji.oe, 

2 hnes"' l·hln teeLion ... . . .............. . •. ._ ... Q ~2. 0121 74. t276- 532. J375 (-70) - (+111) 

) 

-
6~·PERCENT SAMPJ.TNO 

2.[..oero, 2 clots wUblo 20 bt 40 . ... ...... . . .. ..... 72 200.M07 J3U. 4796- 270. 2647 !- 3ll-(+ 31 2.Sby80-c alnatrlps, ~wU In section ............ 9 as1. 2u~2 ll2.(i()D2.. 805.12t;O -;Q)-(+Jll 
4 2.~ ~lota ~uldfsl.ant Rklng Sl.khl'lin line, 

2hnesw lhln hn flteetlon . ..... . -................ 18 221.8812 100. <1136- 3811. 2.V'll <-ssr<+ 75 ~- 2 pl~t!l wll.hln QUilrter aection .. ... . .... ... 36 313.%7117 182. 1408- <e9. 7107 (-<2 -(+ 50 
01aere, 2 p ou within bAIIteetloo .. - ·-- -------·. 18 477.0023 2111. I rn- 830. II(KJ() (-SS -(+ 75 

l 
) 

l 
12lf·PERCENT SAMPLL'IO 

2.k<ft, 2 g1ocs wflhln 40 ............... .... ... _ .. 144 102.17ZC 150. 2018- 239.01180 (-22)-(+ :U) 
2.6 by 8().c aiD olrlpo. 2 wllbln ball section .. .. ... 18 323.3341 1411.32116- M.\.8347 (-56) - (+ 75) 
t 2.~acre ptou equldlstaot alon1 80-cba.iD line. 

2JlDCII Within 20 by i0 ........... . . ............ . 36 189. 31005 110. OM2• 283.8334 (-42)-(+ 50) 
5-ocre, 2 plolll within 20 by 40 ........ .... ........ 7'1 2111. G.106 ~l. 62:12- m. 41 i2 !-3tH + :~t> 
IO.scze, 2 plots wlchln QUJU'ter aection ............ 36 42LG283 24&. 134 i - 1132. H73 (-42)-(+ t.O) 

APPLICATION OF RESULTS 

In c1:uising it is necessary to make compromises between what is 
the~ret1colly correct and ":'hat is _Practically possible. Experienced 
crutsers would never consider usmg tlte mudom arrangement ex
clu~ively because it does not len.d itseU to mnJ> making, and the volume 
estimates nre not as close as w1th the systematic arrauGement. It is 
important, however, to have a valid nod adequate est1mate of error 
variance, and tltis is possible without n great •nitia l sacrifice in Lime 
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 l~ter checks of estimate against actual cut to segr~gate error due 
to b1ased measurements, and direct effort.'! toward its reduction which 
are commensurate with its importance. 

A till!bored are1~ to be cruised usually consists of several sepn.rate 
populatiOilS, which are segregated according to criterii~ used in map
ping. I u working out the method of cruise for a population, even 
t!tough the stand appears uniform to the eye, heterogeneity or varia
tiOn should be assumed. It follows then that size and shape of plot 
is an important consideration and tests shouJd be made to find the 
kind of plot or samfling unit which includes tho maximum of stand 
yuria.tion per unit o area. Obviously the minimum size of plot used 
m the _present study is too large to give an indication of what minimum 
inf:enslty ?f cruise is possible for a given ranj;e of error. As a rough 
gwde unttl further studies are made, the mmimum size with which 
plot volumes approach the normal type distribution is suggested 
although . th~ an!llysis of. variance method does apply to definitely 
skewed d1stnbut1ons, wh1ch are not normal. At any rate the mim-
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m~ size tes~ should n~t often contain zero volume. The time 
reqUired to crUISe these bns1c plots and mulLiJ?les of basic plots should 
be recorded, as well as travel and mapping tune per unit of distance 
betw~en plots. It may prove more econoiDJcal in practice to use more 
area m rewer large plots than tho theoretical minimum indicated with 
more and ~J?aller plots. By selecting the plots at random within 
~loc~s nddit10nal needed inrormation on initial intensity or sampling 
IS gamed. .Plot arrai_J.geme.nt 1md intensi~y wil\ require further tests 
unless preVIous e>.1>er1ence m such stands JS available. A more inten
sive cruise than !s believed necessRry s~ou).d be made by use of the 
r~ndom pl<?t or hne-J?lot arrungomen t w1 t~m blocks of the minimum 
s~zo that will be considered. If the stand 1s not patchy it will be pos
stble to combine adjacent block units into larger blocks and by pool
ing within and between sums of squares and degrees ~f freedom to 
estimate variance within blocks of different sizes. ' 
. .A.dvant~e s~ould be taken of the usual proced~e of running cruise 

!IDes an~ or1~ntmg plots for tho.p~rpose of sampling more intensively 
1n the d1rect10n of greatest vnrutt1on. The Land Office subdivisions 
are convenient block units, and within sections the cruise lines arc ~on
erally r!ID north-south or eas~west depending on direction of variation. 
By takmg blocks of such size and shape that variation within is keyt 
l?w, .and that between .correspo~di~gl;r high, the maximum of varia
tiOn Irrelevant to samplin.g error IS ehrn.mated: When suffi~ient d~e~s 
of freedom have been built up to provide estimates of var.ance WJtbm 
a predetermined allowable range, tho units of information supplied 
per basic plot may be calculated for varying arrangements and block 
siz~s. By knowing the average man-hours required to travel to and 
crmse a plot by each method, the cost per unit of information will 
give the most efficient method or sampling by a random arrangement. 
If the cruise is continued with a systematic arrangement of the same 
!ntcD:sity of cruise, the estimat~ of error will be high. A closer approx
unntJon can be made by reducmg 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 work the variance of random sampling 
within blocks or this size, this estimate of within variance, when divided 
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 1s 
obtained. 

The above-suggested procedure for starting a cruise would not need 
to be repeated in similar stands, except to check on or improve error
variance estimates by cruising ro.ndomly selected blocks by the ran
dom arrangement. It is intended to apply to intensive cruising of 
stands which appear uniform within blocks of 40 acres or more, os in 
the pure ponderosa pine type. A procedure for random sampling 
withm types occurring in small irregular patches is difficult to work 
out, particularly if a typo map is not available beforehand. The same 
is true of extensive cruising, Bs in the Forest Survey in parts of tho 
country where types change often. II these sca ttered small type areas 
were brought together, however, there is little doubt that analysis or 
variance would show that they too ore heterogeneous populations and 
that total variance hosed 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 sttre 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, eiTorts to determine efficient methods of 
getti~1g adequate samp.les in maj~r timber types and_ for various st~nd 
conditions would be hkely to YJclcl results of constclerable prnctlcnl 
importance. E1dsting 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 heterogeneous nature of stand varia.tion within a 5,760-acro 
tract of the Blacks Mountain Experimental Forest is evidence that 
timber ~tands, even though they a.ppoa.r 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 valid estimate of sampling error is 
possible only whcn_t~o.sompliog unit;s arc selected ind~penden_tly and 
at random. By div1dtng the area wto blocks of umform SlZe and 
shape, and selecting equal numbers tmd at least two random sampling 
units in each, a significa,nt reduction in error variance is possible by 
Fisher's method of analysis of va.rionce. The customary use of total 
varia.ncc as error variance und 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 clements contributing to heterogeneity 
are most likely to be reJ?resen ted in tbe sample in their true proportion. 

Systematic cruises gtvo closer estimates of volume than do similar 
random cruises and lend themselves better to map making. Since 
va.riation within separate blocks in a population var1es within a range 
attributable to sampling error alone1 and independently of the block 
means, only sufficient random cruising is suggested to assure an 
adequate estimate or error variance. If the remainder of the popula
tion is cruised by systematic spacing of snmpling units, the estimate 
of error tends to be a little high. A closer approximation t{) sampling 
error is suggested if random variation within blocks of such size 
that they contain but one systematically placed sampling unit is 
used for error variance. In this way tho gain in added represl!llta
tiveness of systematic samplin~, ns compared to random, is taken into 
account. 
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