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are relatively long-lived and which will form part
of the mature associations.

In practically every case, the character of the
new stand was apparent within only two growing
seasons of the hurricane. The absence of later
successful invasion of seedlings is attributable in
part to competition from growth already estab-
lished, and in part to unfavorable environment in
the blowdown areas.
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THE USE OF DISTANCE MEASURES IN PHYTOSOCIOLOGICAL SAMPLING!

GraNT CortaM AND J. T. Curtis
Department of Botany, University of Wisconsin, Madison, Wisconsin

INTRODUCTION

A number of methods have been described in
recent years which utilize spacing distances in-
stead of fixed-area plots for the sampling of plant
communities in compositional studies. All of these
methods possess certain obvious advantages when
compared to the standard plot techniques, since
they all are more efficient in terms of results ob-
tained per man-hour expended. They are faster,
require less equipment and fewer workers, and
are much more flexible, in that there is no need to
adjust the sample size for the particular density
of the vegetation type under study. The advant-
age in speed is particularly great, with savings of
90% or more commonly obtained. Currently, the
main disadvantage of these distance methods lies
in their unfamiliarity, which raises doubts as to
their precision and limitations. The purpose of
the present paper is to compare some of the

*This work was supported in part by a contract be-

tween the Office of Naval Research, Department of the
Navy and the University of Wisconsin (ONR 164-056).

methods, as used on three natural forests and an
artificial random population, with respect to their
relative accuracy and other characteristics.

In a stand of any plant community, the com-
ponent individuls exist in a certain number, dis-
tributed over a certain area. This characteristic,
called density, may be determined for each species
separately, or for each life form (e.g., trees) in-
dependently of species. In fixed-area plot sam-
pling, a relatively small portion of the total area
is examined, usually by means of a number of
separate subsamples. In each of these subsamples,
the density is determined directly by counting
and the result expanded to total density per
stand (or per acre) by use of the ratio between
sample size and stand size. Instead of this idea
of the number of plants per unit area, a more use-
ful concept is the amount of area per plant, the
mean area (M), which is the reciprocal of the
density. When plant abundance is given as mean
area, the way is immediately opened for the use
of distance between plants as a measure of that
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abundance, since the \/ M is a direct indication of
the spacing of the plants. It follows that a meas-
urement of the actual spacing in the field can
lead to an accurate estimate of the mean area and
the density. All of the distance methods so far
proposed are based on this simple relation. They
differ primarily in their choice of the distances
to be measured so as to arrive at a correct de-
termination of the actual spacing.

The actual number of individuals per unit area
is only one of the characteristics of a plant com-
munity that may be measured and is frequently
of lesser importance than certain other character-
istics, especially when different stands of the same
formation or type are being studied, all of which
are relatively similar in absolute density. The
same is true for measures of total dominance, such
as the basal area of all trees per acre. This in-
formation may be of value in a timber cruise, or
in other economic estimates, but is frequently of
limited utility in basic phytosociological investiga-
tions. The use of extensive studies of many
stands of related community types in a given re-
gion is coming to- be recognized as the best ap-
proach to an understanding of regional vegetation,
as opposed to the older procedure where an in-
tensive study was made of one or a few “char-
acteristic” stands. In such extensive studies, the
use of a number of analytical characters on a rela-
tive basis, such as relative frequency, relative
density and relative dominance, provides more
useful information than that derived from the same
characters on an absolute basis. Any sampling
method, therefore, should be able to accurately
provide such relative information in addition to
the absolute values.

The distance measuring methods of community
study have all appeared since 1947, when Cottam
described the random pairs method for sampling
forest trees. Subsequent investigations have been
concerned with the use of distance either for the
determination of density or for the study of the
randomness of dispersion of the population. Skel-
lam, in 1952, suggested that the distance between
each individual in the population and its nearest
neighbor might be used to study randomness,
through a comparison of the observed distribution
of such distances with those expected from theory.
Cottam, Curtis, and Hale (1953) used the point-
centered quarter method for measurement of den-
sity and a number of relative characteristics. They
also reported certain properties of the distances
between random points and closest individuals
(point to plant) and of the distances between
nearest neighbors (plant to plant). Hopkins
(1954) compared the average distance between
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nearest neighbors with the average distance be-
tween random points and closest individuals as
a means of measuring aggregation. This had been
suggested independently by Moore (1954) who
also used these measurements to determine densi-
ties. Clark and Evans (1954) also used the
nearest neighbor distances in a study of aggrega-
tion. All of the methods have thus been used
for density determination and some of them in
addition have been used for the study of random-
ness. In view of the wide interest, it has seemed
desirable to compare the characteristics of the
methods under comparable conditions.

METHODS

Three forest communities and an artificial ran-
dom population were each sampled by five
methods—the closest individual, the nearest
neighbor, the random pairs, the point centered
quarter, and the quadrat. The three natural com-
munities were first mapped by plane table and
transit procedures so that each tree was accurately
located and its species and basal area indicated on
a map drawn to ¥ g2 scale (%44 inch equals one
foot). The three forest communities were chosen
to represent a wide range in species complexity,
tree size, and tree density. Peavey Falls Woods
is located on the Menominee Indian Reservation
in Shawano County, eastern Wisconsin. Jack
Pine Woods is in Bayfield County, northern
Wisconsin. Wingra Woods is located on the
University of Wisconsin Arboretum in Dane
County, southern Wisconsin. Details about spe-
cies composition, density, and dominance of these
stands are given in the tables. The Peavey Falls
Woods map covered an area of 1.63 acres which
contained 600 individuals. The Jack Pine Woods
map covered an area of 0.48 acres containing 330
individuals. The Wingra Woods map covered an
area of 5.37 acres which contained 543 individuals.
A rectangular area was drawn in the center of
the map large enough to include most of the
mapped individuals, but with a border at least
two trees wide between the edge of the rectangle
and the edge of the map. This rectangular area
was then divided by a 10 x 10 place grid into 100
equal sub-units. Within each sub-unit, 100 per-
manent sampling points were located by means of
a random numbers table. The same sampling
points were used for each method, and all data
are based on a total of 100 sampling points for
each method for each stand. No method of mutual
exclusion was used in the location of the sampling
points so that any tree could be, and in many
cases was, sampled more than once with the same
method. The populations on the maps were con-
sidered to be infinite.
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o
Fic. 1. Point to Plant Methods.
tween points.
closest to it, regardless of direction (Q,).
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X’s are sampling points.
For the closest individual method, distance is measured from the sampling point to the plant
For the quarter method, the area around the point is divided
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Dotted lines are paced compass lines be-

into four 90° quarters (dashed lines) and distance is measured from the point to the closest tree in each

quarter.

The artificial random population of 1,000 indi-
viduals was the same as that used by Cottam, et
al. (1953). No basal areas were available, since
each individual was considered as a point in space.
Sampling followed a stratified random system like
that used on the natural communities.

Closest individual wmethod. (Figure 1).—This
is the simplest of the point to plant methods. The
distance from the sampling point to the closest
tree is measured, and the species and basal area
of the tree are recorded. The mean of the dis-
tances from the sampling point to the closest in-
dividual has been found to equal 50 per cent of
the square root of the mean area. This was
demonstrated empirically by Cottam, et al. (1953)
and theoretically by Morisita (1954). The aver-
age point to closest individual distance is there-
fore multiplied by a correction factor of 2.00 to
convert it to square root of the mean area.

Nearest neighbor method. (Figure 2).—As
used by Cottam, et al. (1953), the nearest neigh-
bor distance is the average distance from each in-
dividual in the population to its closest neighbor.
Many of the values are duplicates, since paired
neighbors (which have each other as nearest
neighbors) make up a significant portion of the
total population. Hamming and Gilbert (1954)

Solid lines on the figure represent measured distances.

showed that 62% of the total number of indi-
viduals in a random population are in these iso-
lated pairs. Clark and Evans (1955) confirmed
this relationship for both artificial and natural
populations. Morisita (1954) demonstrated that,
in a randomly distributed population, the distance
between nearest neighbors is equal to one-half the
square root of the mean area. Using other sym-
bols and terms, Clark and Evans (1954) inde-
pendently arrived at the same conclusion. The
latter investigators state that a random sample of
the individuals in the population will also yield a
mean distance equal to one-half the square root
of the mean area. This is undoubtedly correct,
but requires an additional explanation in connec-
tion with the present problem. Clark and Evans
point out that in order to obtain a truly random
selection of the individuals in the population, it
is necessary to number all the individuals in the
population and select the individuals to be sampled
by lot. As an approximation, they recommend
establishment of quadrats at random and meas-
urement of the nearest neighbors of the individ-
uals within the quadrats. Neither of these
methods is satisfactory for the present purpose,
since both of them are so time consuming that
their use would destroy any advantage this
method may have. '
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With both of the plant methods, the plant closest to the sampling
Nearest neighbor distance is measured between the bracketed plants at each point. For

the random pairs method, an angle of exclusion of 180° (shaded area) is erected with its vertex at the
sampling point and its bisector extending through the closest plant. Distance is measured from the closest
plant to the plant closest to it that is outside the angle of exclusion (solid line).

The method for tree selection used in the pres-
ent study was to choose the individual closest to
each sampling point (the same tree to which dis-
tance was measured in the closest individual
method) and to use this tree as the tree from
which distance to its nearest neighbor was meas-
ured. This does not provide the truly random
sample called for by Clark and Evans, and does
not yield the same results. In a series of arti-
ficial random populations, which were examined
by a 100 per cent sample, it was found that the
average distance between paired individuals was
37 per cent of the square root of the mean area
while the average distance between non-paired
neighbors was 66 per cent. A stratified sample,
by the method outlined above, of one of these arti-
ficial populations showed that only 50 per cent of
the distances measured were between paired neigh-
bors, as opposed to the 62 per cent expected from
a truly random sample of the individuals. Also, the
distances between these paired individuals which
were sampled was 47 per cent of \/M as opposed
to the 37 per cent figure for all the paired neigh-
bors on the population. The nearest neighbor
method, as described, not only samples fewer of
the paired neighbors than occur proportionately
in the population, but tends to sample those paired
neighbors that are far apart more often than those
that are very close together. As a result, the
average distance between individuals with the
nearest neighbor method, as here used, is approx-
imately 60 per cent of \/M instead of 50 per
cent as in a 100 per cent sample. The use of a

set of individuals chosen in this manner and their
nearest neighbor distances involves multiplication
of observed distances by a correction factor of
1.67 instead of the theoretical 2.0, to obtain the
correct \/ M. The nearest neighbor method gave
a sample of 100 distances and 200 trees for 100
sampling’ points.

Random pairs method. (Figure 2).—Consid-
erable confusion appears to exist about the ran-
dom pairs method and its uses and limitations.
Some investigators have used it with success
(Dimit and Russell 1954) but other workers have
reported difficulties (Shanks 1954, Rice and Pen-
found 1955). The method is based on the use of
an angle of exclusion to denote a series of pairs
of plant individuals for further sampling of spe-
cies, size and spacing distance. As originally de-
scribed (Cottam and Curtis 1949) an exclusion
angle of 160° was recommended but it was later
shown (Cottam, et al. 1953) that the average dis-
tance between pairs was a linear function of the
angle of exclusion for 0° to 260°. Since a 180°
angle is most convenient in the field, its use is
recommended. The actual distances obtained with
the 180° angle should be multiplied by a factor
of 0.80 to obtain the correct distance (Cottam
and Curtis 1955).

As used here, the random pairs method involves
the choice of the closest tree to each of the strati-
fied sampling points, the erection of a 90° ex-
clusion angle on either side of the line between
the sampling point and the closest tree, and the
selection of a second tree, outside of this total
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180° angle, which is closest to the first individual.
Basal areas and intertree distances are recorded,
thus giving a sample of 100 distances and 200
trees for 100 sampling points.

Point-centered quarter method. (Figure 1).—
This method is a very old one, having been used
by the Federal surveyors making the original
survey of government lands in the middle of
the last century (Stearns 1949). As adapted for
ecological use (Curtis 1950), each sampling point
is considered the center of the four quarters
(quadrants), with orientation given by the com-
pass line of traverse. At each point, the closest
tree to the point in each of the four quarters
around the point is chosen as the sample. Dis-
tances are measured from the point to each of
the four trees, and their species and basal areas
recorded. The average of the four distances is
equal to /M, as demonstrated empirically by
Cottam, ef al. (1953) and theoretically by Morisita
(1954). Additional information of interest can
be obtained by arranging the distances about each
point in order, from the shortest (Q;) to the

THE USE OF DISTANCE MEASURES IN PHYTOSOCIOLOGICAL SAMPLING
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for each species, considering each point as anal-
ogous to a quadrat for frequency determination.
Relative densities and relative dominances were
calculated in the usual way. It is important to
realize that these importance values (the sum of
relative values of frequency, density, and dom-
inance) are independent of distances or absolute
densities per unit area. For certain comparative
studies where they may be of considerable in-
terest, it is unnecessary to measure the distances
at all, but such a practice is not recommended
for most investigations.

REesuLTs

Computation of density and dominance with
the distance methods requires the determination
of the following:

1. Mean distance. This is determined by add-
ing all the distances in the sample and dividing
this figure by the total number of distances.

2. Relative density and relative dominance.
These are determined from the following equa-
tions:

Relative density =

100

Number of individuals of all species

Total basal area of the species

Relative dominance —

longest (Q4). It has been shown (Morisita 1954)
that the Q, distance, which is the distance from
any point to the individual nearest to that point, is
equal to 0.5 \/M and is thus the same, on the
average, as the distance between any individual
and its closest neighbor. The Q; distance is
identical to the closest individual distance as given
above. The Q, distance is equal to 0.80 \/M, the

Qs to 1.12 VM, and the Q4 to 1.57 VM, while
Qm, which is the average of Q; Qa, Qs, and Qy,
exactly equals VM. As used here, the point-
centered quarter method gives 100 Q,, distances
and 400 trees for every 100 sampling points.

Quadrat  method—The standard quadrat
method involved the placement of a quadrat cen-
tered directly over each sampling point. The
quadrats were equal to 4 times the population
mean area in size, so they could be expected to
contain 4 individuals on the average in a random
population (Curtis and McIntosh 1950). For each
quadrat, the species and basal area of each tree
were recorded as well as the total number of trees.
A sample of 100 points thus gave a variable num-
ber (approximately 400) of individuals.

For the natural populations, the importance
value (Curtis and MclIntosh 1951) was calctilated

Total basal area of all species X

3. Basal area per tree. This is determined by
dividing the total basal area by the number of
trees.

The mean distances are used to determine mean
area and density per unit area. All other absolute
measures are computed from the density per unit
area figure. As has been stated in the section
on methods, the mean distances obtained with
each method, except the quarter method, must be
multiplied by a correction factor, which is constant
for the method, in order to arrive at the correct
square root of the mean area. The quarter
method gives the correct square root of the mean
area directly. After correction, the distances are
squared to give mean area, and the mean areas
are divided into the unit area to give number of
trees per unit area.

A comparison of the results obtained with the
four distance methods and the quadrat method on
the mapped stands and the artificial population is
presented in Table I. After correction, the dis-
tances are all within 5 per cent of the actual
square root of the mean area, and trees per acre
are within 10 per cent of the actual values.

Total basal area per acre is obtained by multi-
plying number of trees per acre by the mean basal
area per tree. Absolute values for number of
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TasLe I. Comparison of results from the various methods with each other and with the population parameters
Closest Nearest Random
Method individual neighbor pairs Quarter Quadrat Actual
ARTIFICIAL POPULATION
Distance. .. ............. 16.19 mm. 18.85 mm. 40.18 mm. 32.05 mm. 32.26 mm. 31.65 mm.
Corrected distance........ 32.38 31.48 32.14 32.05 32.26 31.65
Mean area............... 1048.46 990.99 1032.98 1027.20 1040.71 1001.72
Wingra Woobs
Distance*. .. ............ 10.75 13.05 26.91 21.02 20.17 20.75
Corrected distance........ 21.50 21.79 21.53 21.02 20.17 20.75
Meanarea............... 467.25 474.80 463.54 441.84 406.83 430.56
Trees/acre............... 93 92 94 99 107 101
Basal area per treet. .. ... 179.2 180.5 189.4 200.1 179.0 188.6
Basal area per acrel...... 115.7 115.3 123.7 137.6 133.0 132.3
Peavey Fains Woobs
Distance. . .............. 5.21 6.80 13.68 10.58 11.07 10.89
Corrected distance. ... .... 10.42 11.46 10.94 10.58 11.07 10.89
Meanarea............... 108.58 129.05 119.68 111.94 122.54 118.69
Trees/acre............... 401 338 364 389 373 367
Basal area per tree....... 119.7 118.4 105.9 107.0 103.5 102.2
Basal area per acre. ...... 333.3 277.9 276.8 289.0 268.1 260.5
Jack PINE Woobps
Distance. . .............. 3.93 4.80 10.52 7.77 8.22 8.00
Corrected distance........ 7.86 8.02 8.42 7.77 8.22 8.00
Mean area............... 61.78 64.32 70.90 60.37 67.57 64.00
Trees/acre............... 705 677 614 722 645 681
Basal area per tree. .. .... 23.1 22.0 22.7 22.8 21.4 21.6
Basal area per acre. ...... 113.1 103.6 97.0 114.5 ‘ 96.1 102.2

*Distances for the natural populations have been converted to feet.
1Basal areas per tree are in square inches.
1Basal areas per acre are in square feet.

trees per unit area of any species, and basal area
per unit area of any species are determined by
muitiplying the relative figures for density and
dominance by total trees per acre to determine
density, and by total basal area per acre to de-
termine dominance. An alternative computation
for basal area per acre for.a species is to multiply
number of trees per acre of the species by the basal
area of the average tree of the species. Basal
area of the average tree of the species is de-
termined by :

Total basal area of the species

Total number of trees of the species

Either computation will produce the same result.

Since basal area per-acre is determined by mul-
tiplying basal area per tree by number of trees
per acre, and all absolute density values are de-
termined from the figure for trees per acre, it is
apparent that the accuracy of all absolute values
is dependent in part upon an accurate figure for
number of trees per acre. It follows that care
should be taken to insure that the sample of dis-
tances is adequate, and that the measurements are
made with accuracy.

The number of distances required to produce an
adequate sample varies with the method employed.
Table II shows coefficients of variation for the
four methods on each of the populations. In all
cases, except the nearest neighbor method for the
Jack Pine stand, the coefficients of variation are
similar for each method for all populations. Co-
efficients of variation are highest with the closest
individual method and lowest with the quarter
method. The fact that the quarter method gives
the lowest coffiecient of variation is not surprising
in view of the fact that each recorded distance
is actually the mean of the four distances Qi, Q2,
Qs, and Q4 for each point, and any large devia-
tion of one of these distances at any point is likely
to be compensated by an opposite deviation of the
others.

A standard error of less than 10 per cent of
the mean is considered satisfactory for most bi-
ological work. A more stringent requirement was
placed on the distance measurements because these
distances must be squared before density may be
determined. It was desired that the standard
error of the distance measurements be such that,
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TasLE II. Variability of distances. Figures in bold-

taced type are coeffiicients of variation. Figures in

italics are number of distances required to yield a stand-
ard error of less than 4.65 per cent of the mean

Closest
indi- | Nearest | Random
vidual |neighbor| pairs | Quarter
Artificial population. .| 49.5%,| 46.99| 32.9%| 23.7%
114 102 50 26
Peavey Falls Woods. .| 56.1 45.0 39.1 23.6
146 94 71 26
Wingra Woods. . ..... 54.3 46.3 36.2 28.8
136 99 61 38
Jack Pine Woods. . . .. 51.2 35.6 36.4 25.6
121 59 61 30

when they were converted to densities, the plus
or minus figures be within 10 per cent of the
mean density. This condition is met with stand-
ard errors of the distances of 4.65 per cent or
less. The figures in italics on Table II show the
number of distances required to bring the standard
error of the distances to 4.65 per cent of the mean
distance. Less than 40 quarter distances are re-
quired, but more than 100 closest individual dis-
tances.

The adequacy of sampling of basal areas is de-
termined by two factors: the number of trees en-
countered in the sample and the range and distri-
bution of the sizes of the trees. Neither of these
factors is greatly influenced by the method of
sampling, except that the methods encounter a
different number of trees per point, and those
methods which measure the basal areas of only
one or two trees per point will require four or
' two times as many points for the same adequacy
of sample as is obtained with the quarter method,
which measures four trees at each point.

The differences that may be encountered in
sampling forests of this region are shown by a

comparison of the two stands which differ most

widely in basal area characteristics: Peavey Falls
Woods and Jack Pine Woods. Peavey Falls
Woods has many small hemlocks (Tsuga cana-
densis) which average 40 square inches in basal
area. The next most common species is white
pine (Pinus strobus), ranging in size from 50 to
1169 square inches basal area, with an average of
about 200 square inches. Jack Pine Woods, on
the other hand, is an even-aged stand of small
jack pines (Pinus banksiana) in which the basal
areas range from 12 (the lower limit mapped) to
45 square inches. Coefficients of variation for the
basal areas per tree of these two stands were com-
puted. The data were transformed by a square
root transformation. Coefficients of variation
range between 58 per cent and 66 per cent for

THE USE OF DISTANCE MEASURES IN PHYTOSOCIOLOGICAL SAMPLING
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the different methods in Peavey Falls Woods and
between 17 and 18 per cent in Jack Pine Woods.
The number of trees required to produce a stand-
ard error of the transformed data of less than 10
per cent of the mean is very uniform for the
different methods in either stand, but approxi-
mately 10 times as many trees must be sampled in
Peavey Falls Woods as in Jack Pine Woods. The
number of points required in either case is less
than that required for an adequate sample of dis-
tances. In almost all cases, a sample of sufficient
size to give an adequate sample of distances will
produce an adequate sample of basal areas as well.

It has been stated in the section on methods
that, in some cases, relative values for frequency,
density, and dominance as used in the calculation
of importance values are adequate, and in such
cases, distances need not be measured. Impor-
tance values for the three mapped stands are
shown in Table III as computed for the four
distance methods and the quadrat method. It
can be seen that the five methods result in very
similar importance values for all species. The
only trend is a slight lowering of the importance
value for the most common species in the methods
having the largest number of trees per sample
(quarter and quadrat methods). This is due to
the fact that relative frequency for the common
species drops as number of trees per sample is
increased, with a corresponding rise in relative
frequency for the species of medium occurrence.

TapLe III. Importance values (sum of relative fre-
quency, density, and dominance) obtained for the natural
populations
Closest Nearest | Random
Species individual | neighbor pairs Quarter Quadrat
Peavey FaLts Woobs
Tsuga canadensis. .. . 128 120 126 116 116
Pinus strobus. . ..... 99 96 96 84 94
Acer rubrum. . ...... 34 43 39 57 50
Acer saccharum . . . .. 28 21 26 31 26
Betula lutea..... .. .. 4 9 5 6 9
Betula papyrifera.... — 2 2 1 2
Quercus borealis. . ... 5 2 2 2 1
Ostyra virginiana.. . . 2 2 2 2 2
Abies balsamea. .. . . . — — 1 — 1
Winera Woobs
Quercus borealis. . . . . 218 213 212 207 209
Quercus alba........ 55 61 64 63 61
Quercus velutina... .. 14 15 16 19 19
Carya otata. ........ 13 11 8 10 12
Jack Ping Woobs
Pinus banksiana. . .. 300 299 300 294 297
Betula papyrifera. ... — 2 —_ 6 3
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The rare species are unaffected, but fluctuate due
to the inadequacy of the sample of these species.

Discussion

Since all the distance methods here discussed
are based on the same general principle, it is to
be expected that they would all yield similar re-
sults if an adequate sample is used. The data
presented indicate that this is the case, and the
problems concerned with selection of method are
not concerned with relative accuracy. All are
equally accurate if an adequate sample is used.
As regards personnel and equipment, the methods
are also about equal. The basic requirements
are a tape for measuring distances and basal
areas, and a compass. All of the methods can be
used by a single individual without undue loss
of efficiency, but a team of two in which one man
acts as recorder is probably more efficient as well
as more accurate, since a single individual finds
that the chief limitation to his speed is the neces-
sity for stopping and recording the data. An
additional instrument that greatly increases speed
is a good optical range-finder. Such an instru-
ment is available which has a 6 inch base and is
accurate to within half a foot at 40 feet. The ac-
curacy of the instrument probably exceeds the
accuracy of a tape in many forest stands, where
the presence of underbrush makes the measure-
ment of distances between trees with a tape diffi-
cult at times.

Evaluation of the merits of the methods must
be based on other criteria than accuracy or per-
sonnel. Probably the most important factor is
the time required to obtain an adequate sample.
It is obvious that the method requiring the meas-
urement of a single tree and a single distance at
a point requires less time per point than the
quarter method, which requires the measnrement
of four distances and four basal areas at a point.
The greater amount of time required per point
with the quarter method is, however, more than
balanced by the smaller variability of the results
with this method, which results in the necessity for
fewer points. No single answer can be given to
the question of how many points are required to
give an adequate sample with the different
methods. This depends on the data to be taken
and the nature of the stand. The number of
points required to yield adequate figures may be
different for each phytosociological character to be
determined. The characteristics of the methods
will therefore be considered in relation to their
ability to measure density and basal areas.

Absolute density is based on the distance meas-
urements, and the results indicate that the quarter
method requires the fewest points. The variability
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in the case of distance measurements is a char-
acteristic of the method, when populations with
an approximately random dispersion are used. Of
the two methods measuring two trees at a point
but only one distance, the random pairs method
with a 180° angle requires fewer points and is
preferable for that reason. The closest individual
method is the most variable of all and is not
recommended for distance determinations, al-
though it has uses, in conjunction with some of
the other distance methods, is measuring ran-
domness or aggregation.

The above discussion is based on theoretical
considerations and presupposes a random, or at
least an objective, location of the sampling points
and a population of individuals that has a spatial
distribution approaching randomness. There are
also some subjective considerations that become
important in the field. The usual method of lo-
cating the points at which samples are taken is to
pace a compass line. Subjective bias enters in the
process of walking the compass line. Repeated
sampling of the same stands with different in-
vestigators indicates that some individuals have
a tendency to subconsciously place the sampling
points so that large or unusual trees occur in the
sample more commonly than they occur in the
stand. This may be the case in spite of the fact
that a pre-determined compass line and a prede-
termined number of paces between points were
used. This bias is relatively unimportant with
most workers and is probably never deliberate, but
it does exist. It is mentioned here because it has a
bearing on the choice of method. Bias of this sort
will influence the data obtained by the closest
individual method more than the others, since
only one tree at a point is measured, and sub-
conscious deviation form the compass line toward
a single tree is relatively easy. It is much more
difficult to place a point, consciously or otherwise,
so that two trees or four trees at a point can be
predetermined. Distances are even more subject
to the influence of this bias than are tree species
when the closest individual method is used, but
the mean distance from the point to trees in four
quarters is affected very little if at all.

BAsArL ARreas

The adequacy of the sample of basal areas ap-
pears to be dependent almost entirely on the num-
ber of trees sampled, and the number of trees
required to give an adequate sample is a char-
acter of the population, not of the method. Num-
ber of trees required will depend on the nature of
the stand, with those stands having trees of fairly
uniform size requiring fewer points than stands
in which trees of all sizes occur. Here the choice
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of method is primarily a matter of deciding
whether it is more economical of time and effort
to measure many points with one or two trees,
or fewer points with four trees per point. The
subjective bias mentioned above is an argument
in favor of the quarter method, and the possibility
that the presence of a species may influence the
species or size, or both, of the tree nearest it is an
argument opposed to the use of the nearest neigh-
bor method.

This discussion has so far concerned itself with
a comparison of the four distance methods and
the quadrat method. There remain several im-
portant considerations that are common with all
distance methods, and many of them apply to the
quadrat method as well. Perhaps most important
is the necessity for using the mean distance and
mean basal area of the data from all the points
to determine absolute density and dominance. The
distance methods should be considered as consist-
ing of two samples, a sample of distances and a
sample of tree species and basal areas. This point
has led to some confusion in the literature. When
density per acre and basal area per acre are com-
puted independently for each point, the results, as
Shanks (1954) has pointed out, may be greatly
in error.

Two different errors are introduced by this
procedure. The first is due to the fact that dis-
tances must be squared before density may be
computed. The methods used in this paper are
based on squaring the mean distance, and the
correction factors given apply only when this pro-
cedure is followed. Squaring the individual dis-
tances and then computing the mean of these
squared distances will always result in a higher
figure than the square of the mean of the same
distances, unless all the original distances are
equal.

The second source of possible error is the ex-
treme variability introduced by multiplying the
number of trees per acre by basal area per tree
at each point. An attempt to correlate basal area
per point with mean distance per point for the
quarter method showed that distance and basal
area at each point are independent of each other
in the range of forest types studied, as would
be expected from biological considerations. The
chance combination of a short distance and large
basal area at a single point will result in a wide
range of basal areas per acre, if the points are con-
sidered one by one. For example, treatment of the
Peavey Falls quarter data as separate samples
results in a range of basal areas per acre from 29
square feet to 4384 square feet.

It must be pointed out, however, that the values
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for basal area per tree and density per acre are
independent and are multiplied by one another to
obtain basal area per acre for the stands. This
means that basal areas per acre are less reliable
than either of the two components when considered
separately. In some cases, errors in the two com-
pensate for one another, as in the case with the
180° random pairs data for Jack Pine Woods
(Table I). Here the number of trees per acre
is low, and the basal area per tree is high, with the
result that the two combined produce an answer
for basal area per acre that has a smaller per-
centage error than either of the original figures.
On the other hand, the quarter data for the same
stand show too many trees per acre and too large
a basal area per tree with the result that, although
the two components are within 10 per cent of the
actual values, the basal area per acre value is in
error by approximately 12 per cent.

A second consideration that is important with
all methods, including the quadrat method, is the
necessity for objectivity in the selection of the
sampling points. This is best accomplished by the
introduction of some randomization technique.
The method of point selection recommended for
use with the distance methods is one of paced
compass lines, and an element of randomness may
be introduced by varying either the number of
paces or the direction of the compass line accord-
ing to a pre-determined system involving the use
of random numbers. Other more rigorous tech-
niques for randomization are available, but they
are so time consuming that their use would nulli-
fy one of the principal advantages of the distance
methods—speed. It is important that whatever
technique for the selection of sampling points is
used, it must be followed with extreme care.
Any relaxation of the controls on point selection
allows the possibility of subjective bias.

A final consideration in connection with the
distance methods is their behavior when popula-
tions with a considerable degree of aggregation
are sampled. Aggregation of total trees in forest
stands is usually so slight that it does not present
a serious problem, although individual species are
frequently non-random. A complete treatment of
the problem of aggregation is beyond the scope of
this paper, but it should be mentioned that when
trees are noticeably clumped, with open spaces
between the clumps, none of the distance methods
as here described will give an accurate density.

Aggregation tends to increase distances ob-
tained with the closest individual, random pairs,
and quarter methods, and tends to decrease the
distances obtained with the nearest neighbor
method. Several methods for measuring aggre-
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gation have been published, but no methods that
give accurate densities for such populations are
available. Quadrat data in aggregated stands are
so variable that the number of quadrats required
is almost impossible to attain. At the moment
it must be said that we know of no good method
for measuring the density of aggregated popula-
tions.

SuMMARY AND CONCLUSIONS

Four distance methods, including two point-to-
plant and two plant-to-plant methods, were used
on three mapped stands and artificial population.
The data were compared with results obtained
with the quadrat method, and with the known
population parameters. It was found that all the
distance methods were capable of yielding accurate
results when an adequate sample was used, but
that the size of an adequate sample varied with
the method.

The closest individual method has the advan-
tage of simplicity. Only one tree and one distance
are measured at each point. An additional ad-
vantage is that the mathematical characteristics of
the method have been worked out, and the ob-
served distance need only be multiplied by a
factor of 2.0 to give square root of mean area.
The disadvantages of the method are the extreme
variability of the results, which necessitates the
sampling of many points before an adequate
sample is obtained, and the susceptibility of the
method to subjective bias.

The nearest neighbor method gives less variable
results than the closest individual method, but
still requires a larger number of sampling points
than either of the other methods. It, too, is
simple, requiring only the location of the tree
nearest the sampling point, and the measurement
of the distance from that tree to its nearest neigh-
bor. The results obtained with this method do
not agree with the results based on mathematical
theory, largely due to the fact that the method of
sampling does not provide a random sample of
the trees, but rather tends to under-sample trees
that are close to one another. This results in a
correction factor of 1.67 rather than the theoretical
2.00. The method does, however, yield con-
sistent results in all stands in which it has been
used.

The random pairs method with an 180° angle of
exclusion is less variable than the two previously
discussed. It has been more widely used than
the other methods. One disadvantage is that the
mathematical theory behind the method has not
been worked out.

The quarter method gives the least variable re-
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sults for distance determinations, provides more
data on tree species per sampling point, and is
least susceptible to subjective bias. The math-
ematical characteristics are known. It requires
no correction factor, the mean of the distances
equalling the square root of the mean area. The
apparent disadvantage of requiring more time
per point is compensated for by the necessity for
sampling fewer points.

It is the opinion of the authors that the quarter
method is, in most respects, superior to the other
distance methods studied, and its use is recom-
mended.
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