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populations, the procedure specified by Morisita (i.e., D1 
formula, Appendix) gave estimates that were 33% to 52% 
higher than true density. When the average of the D1 and D2 
formulas was used, the estimate was within 20% of the actual 
density of all three populations. 

When the angle-order method is used, the density computed 
for each point and the total averaged for the entire area is the 
same as density computed for the whole area. Therefore, 
individual point densities, obtained from the average of the D1 
and Dz estimates, were used as single observations for 
computation of variance (Table 3). 

Corrected-Point-Distance Estimate 

This method (Batcheler, 1973) consistently gave estimates 
within 20% of actual population densities in all experiments. 
Three different methods were used that were designed to cope 
with differing patterns of dispersion and to explore some 
obvious possibilities of variations on the basic idea. The first 
technique, which measured distance from point to nearest 
plant and from there to nearest neighbor (rp and rn, 
Appendix), is evidently quite adequate for fescue tussock 
populations in which there is a negligible degree of clumping 
of plants within a primary pattern of aggregation. Further, 
when the density calculated by the rprn method is multiplied 
by the mean number of plants per clump, as was the case with 
Celmisia in the poor area, the estimate is good. Such estimates 
suggest that this variation is a suitable method of estimating 
populations comprised of an aggregated pattern (clumps of 
clumps), in which clumps are easy to delineate and members 
of each clump are easy to count. Otherwise, the method 
involving three measurements, point to nearest plant, from 
that to its neighbor, and from that neighbor to its nearest 
neighbor (rp, r,,, rm), must be employed. The estimate of 
Celmisia obtained in this way was 101% of true density. These 
results indicate that where the pattern is unknown before 
distance observations are made, rp, rn, and rm generally should 
be recorded.The correction based on Zr, (A*, Appendix) can 
be disregarded if it is about equal to Zr, (Batcheler, 1973). 

Time Required for Each Method 

Times required for the distance techniques tested and to 
count all plants in the 6 ft x 6 ft plots are summarized in 

Table 2. Density (number per square 
determined by complete counts. 

foot) of the populations as determined by the four distance techniques, compared with true density 

Table 3. On the average, the angle-order method required most 
time per point (1.8 min). The plot counts and 
point-centered-quarter necessitated 1.4 min, 
corrected-point-distance, 0.8 min, and the closest individual 
method, 0.6 min. More time was needed for each distance 
technique as population aggregations increased. Overall, the 
average time taken per point in the uniform fescue population 
was 0.7 min. In the Celmisia population, measurements to 
individual rosettes averaged 1.1 min per point. Results suggest 
that a large proportion of time spent in distance measurements 
is taken up in determining relative positions of individuals 
within clumps. Of corrected-point-distance variations, the 
slowest general procedure involved measuring the first two 
distances and then counting rosettes in each clump. 

The reverse pattern was true of plot counts. Progressively 
less time was required to count all individuals in more 
aggregated populations. The difference probably reflects the 
relative difficulty of defining fescue tussocks compared with 
defining Celmisia rosettes; but, since dispersion and ease of 
defining entities are fortuitously coupled in these populations, 
data are not adequate to settle the point. 

Discussion 

Usefulness of density as a parameter of plant populations 
depends largely on whether individuals can be defined and 
identified. In the present study, Celmisiu rosettes were easily 
identified as plants. Generally, Celmisia clumps were also easy 
to define, but some error was possible either by lumping or by 
splitting ill-defined clumps. Similarly, fescue plants were 
usually easy to define, although, in some cases, definition was 
undoubtedly influenced by the care with which an observer 
probed at ground level. The effects of handling were clearly 
demonstrated in this study by the different estimates obtained 
from the last series of fescue measurements made in the poor 
area (Table 2). During the original observations of 1969-70, a 
count of 0.469 per square foot was obtained in the 
chain-square plot. In- September, 1973, a second count was 
made in which the number of tussocks within 100 28.3-ft2 
plots were counted and the distances measured immediately 
after each count to ensure that no changes in definition 
occurred. On this occasion, the plot count was reduced to 
0.301 + .038/ft2 (P = 0.95). Similar errors of definition were 

Good area 
Poor area 

Celmisia 

Method 

Closest- 
individual 

Point-centered- 
quarter 

Corrected-point- 
distance 

Fescue Fescue 

% of % of 
true true 

Type of calculation’ Density density Density density 

Using r .928 113 .227 48 
Using Cr2 .916 111 .170 36 
Using f 1.043 127 .232 49 
Using Xr2 1.060 129 .177 38 

D1* .926 112 .558 119 

Each rosette 
% of 
true 

Density density 
.063 13 
.050 10 
.057 12 
.044 9 

- - 

Clumps X rosettes 
% of 
true 

Density density 
.21c, 44 
.173 36 
.199 41 
.155 32 

- - 

Angle-order 

D, X No/clump 
(D, + D,)/2 
D = D, 
D = (D1 + D,)/2 

- - - - - .488 102 
- - - 

- 
.482 101 - - 

- - ,622 133 .715 150 .733 153 
.890 108 .5422 116 .460 96 .574 120 

Total count .823 100 .469 100 .478 100 .478 
-*A second check was made of fescue in the poor area in 1973 with the D, calculation. 
1 See Appendices. 

Density was .280, 93% of true density. 
100 
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Table 3. The coefficients of variation, number of points or plots required to sample population density within 20% of the 
population mean 95% of the time, the average time required per point or plot, and the total time required to sample at the 
desired precision for the 6 X 6 foot plots and the angle-order method. For comparison purposes, times required for other 
methods used are also shown. 

Poor area 

Met hod 

Counts on 6- by 6-ft plots 

Angle-order 

Closest-individual 

Point-centered-quarter 

Corrected-point-distance estimate 

Variables 

Coef, of var. (%) 
No. plots needed 
Time plot (min) per 
Total time (min) 

Coef. of var. (%) 
No. points needed 
Time point (min) per 
Total time (min) 

Time point (min) per 

Time per point (min) 

Time per point (min) 

Good area 

Fescue 

14 
4 
2 
8 

29 
11 

1.1 
12 

0.4 

0.9 

0.5 

Fescue 

58 
35 

2 
70 

70 
50 

1.5 
75 

0.4 

1.0 

0.5 

Celmisia 

Rosettes Clumps 

145 115 
210 130 

1 .5 
210 65 

234 137 
482 183 

2 2.5 
964 458 

0.7 0.8 

1.5 2.0 

1.0 1.2 

found when Agropyron spicatum, a North American 
bunchgrass, was sampled by plots and by 
distance-measurement methods (Laycock, 1965). 

Another limitation of distance-measurement techniques is 
that present computational methods necessitate that each 
species be sampled separately if accurate density data on 
individual species and species composition are desired. 
Sampling all plants as a single population and determining 
composition from the proportion of times each species occurs 
in the total measurements result in biased composition 
estimates. 

Bias was shown in our experiments by comparing the two 
sets of fescue and Cdmisia measurements in the poor area, 
extracting the smallest measurement for each point or 
quadrant, and identifying the species. The combined density 
computed by closest individual and point-centered-quarter 
methods was almost as biased (30% of actual density) as the 
sum of the densities determined separately. 

the correction constants in the estimating formulas 
(Appendix) may need to be changed slightly in the light of 
more sophisticated developments. Present indications are that 
any changes will be of slight, if any, practical importance. 

Another problem is that error is estimated from an 
empirical formula. The second author has shown2 that a -- 
reasonable confidence limit for an estimate is D f t l A D/@ 
where t is Student’s value for N-I, x is the arithmetic mean of 
Al and A2, D is the appropriate estimate of density, and N is 
the number of samples, exceeding at least 30 (Batcheler, 
1973). Errors estimated in this way have been found to 
embrace the difference between true density and D at about 
the probability implied by choice of Student’s t. Using this 
formula, the confidence limits (pO.95) were calculated to be 
54% for the Celrnisziz rosette population, *39% for the fescue 
population in the poor area, and +17% for the fescue 
population in the good area. 

Similarly, the estimate of proportions of the two species in 
the combined populations was badly biased. Although they 
were of almost equal true density (Table 2), closest individual 
and point-centered-quarter sampling indicated a population 
composed of 73% fescue and 27% Celmisia. Thus, as shown by 
James (1971) and Batcheler (1973), the extent of bias is 
correlated with the degree of departure from randomness; 
uniform or random species will be encountered more 
frequently and highly aggregated species less frequently than 
would follow from their actual densities in the community. 
Therefore, use of distance measurements to determine 
composition, such as those described for the 
point-centered-quarter method by Dix (1961) and Heyting 
(1968), are invalid and misleading. 

Additional theoretical work is also needed on the 
angle-order method, if only because very short distances have 
an extraordinarily large effect on the D1 formula. For 
example, in the Celmisia rosette population, the two shortest 
measurements (3 inches each) contributed almost 30% to the 
total density value. The remaining 398 measurements 
contributed the remaining 70%. Addition of 2 inches to each 
of these two small measurements reduced the density estimate 
to within 22% of actual density. Therefore, in extremely 
aggregated populations, where distances to the third nearest 
plant can be short, a general risk of biased, high estimates 
exists. Apparently, some additional work is also needed to 
define the choice of equations, or some correction in the D1 
formula is needed to reduce the extreme influence that small 
measurements have on final results. 

The corrected-point-distance estimate method seems to be 
the most promising of these tested for sampling tussock 
grassland species. In other work, the technique has resulted in 
good estimates of over 40 simulated and natural populations 
(Batcheler, 1973). In this study, CPD sampling resulted in 
estimates within 12% of true density for all tested populations, 
which ranged from significantly uniform to extremely 
aggregated. The method is quick and easy to use in the field. 
Computation is easy with a machine that can sum squares and 
extract square roots. However, the sampling distribution of the 
joint distances has as yet only been derived empirically, and 
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Appendix 

Definitions of Symbols 

D= 

r = 

r = 

N= 

k = 

h= 

Average number of plants per square foot 

Distance (in feet) from sampling point to center of one 
plant selected according to appropriate procedure 

Average of all measurements of “r” = 2 r/N 

Total number of sample points 

Number of’equiangular sectors around sampling point 

Order of plant to which measurements are taken (for the 
nearest plant, h = 1; for the third nearest, h = 3; etc.) 

N 

i=l 

Closest-Individual Method 

Where measurements are made to the nearest population 
number (r) at each of N sample points, then: 

.25 
D = 6)” 

N-l 
or D= 

N 
7rX Z ri2 

i=l 

are alternate formulae used to compute density. 

Point-Centered-Quarter Method 

Where measurements are made to the nearest population 
member (r) in each quadrant (k=4) around each of N sample 
points, then: 

1 -- 
D - (Yj’ 

or D= 
k(kN- 1) 

N k 
7T X E Z rij2 

i=l j=l 

are alternate formulae used to compute density. 

Corrected-Point-Distance Estimate 

Where measurements are made at each of N sample points 
to the nearest population member (rp), to that member’s 
nearest neighbor (rn) and in turn to that member’s nearest 
neighbor (r,, exclusive of the member nearest to the sample 
point), then 

N 
d = N/n Z rp2 

p=l 

is the uncorrected estimate that is biased as a function of 
nonrandomness of the population. 

is an index of dispersion-dependent bias of d with regard to 
the first order of aggregation (i.e., an index of the intensity of 
clumping), and 

A2 =& ddrn 
is an index of dispersion-dependent bias of d with regard to 
the second order of aggregation (i.e., an index of the intensity 
of clumping within the clumps). 

Empirically, a robust estimate of density (D) is given by 

D = (DI + D2)/2, 

where D1 = d/3.473 X 3.717-*1 

and D2 = d/13.473 X 3.717-“2. 

A general account of the method and its development were 
reported Batcheler and Bell (1970) and Batcheler (1973). 

Angle-Order Method 

Where measurements are made to the third nearest (h=3) 
population member (r) in each quadrant (k=4) around each of 
N sample points then: 

D1 = 
(h-l) x N k 1 

7lN Z: Z r2 
i=l j=l ij 

1 
D2 = 

k(hk- 1) x ; - 

?lN i=l 
k 
z1 rj2 

j=l 

are different estimates of density, and the appropriate estimate 
to use is: 

D = D1 when D1 > Dz 

and, 
D = (D1 + D2)/2 when D1 < D2 
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