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Density and dispersion characteristics of species
are important for the classification of range sites
and conditions. Cover characteristics are com-
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monly sampled for this classification, but a method
using quadrat frequency to indicate density and
dispersion offers advantages in speed and objec-
tivity if appropriate and efficient techniques are
developed.

Recent literature documents a method to achieve
the speed and objectivity of frequency sampling
while retaining the concept of plant cover for
evaluating range conditions (Parker and Harris
1958). This approach has resulted in extensive
use of a ¥ -inch-diameter loop for frequency sam-
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pling. These frequency data have been called
“cover indexes,” but cover bias among species has
detracted from the fechnique. The point method
(Levy and Madden 1933) is a frequency tech-
nique used widely. Point data generally are in-
terpreted quantitatively as plant cover even though
the pins have cross-sectional arcas that introduce
a little bias. Increasing the sample-unit size to
a4 ¥-inch loop or larger increases cover bias.
Whereas point data can be described as either

frequency or cover, present or absent data using |

loops or quadrats should be described only as fre-
quency. Quadrat-frequency data are difficult to
interpret as plant cover because they represent
most directly an abstraction or blend of density
and dispersion characteristics (Curtis and MeIn-
tosh 1950, Aberdeen 1958).

Range sites and conditions are sampled to pro-
vide numerical evaluations that classify the asso-
ciations for subsequent contrasts in space or time.
This classification depends on selecting and sam-
pling vegetation characteristics that remain rela-
tively stable from season to season. Consequently,
plant cover and density characteristics have re-
ceived most attention. The characteristics of plant
density and dispersion, as blended in frequency
data, might be more appropriate for range-site-
and-condition classification than plant cover. This
possibility justifies objective development of fre-
quency-sampling techniques.

This paper reviews theoretical considerations
important to frequency sampling, and reports the
results of a study designed to determine appropri-
ate quadrat sizes and efficient allocations of sam-
pling units for frequency sampling of the Arte-
misia arbuscula/Festuca idahoensis association in
southeastern Oregon (Fig. 1).

THEORETICAL CONSIDERATIONS
Appropriate guadrat sizes

Techniques for determining appropriate quadrat
sizes for frequency sampling are less objective
than one might desire because ecological interests
'1?)()111 a community generally include all the spe-

5. Sampling-efficiency evaluations ean deter-
mine the most appropriate quadrat size needed to
sample a single species in various stands. But the
problem is more complicated both statistically and
ecologically when all species in a community or
a layer thereof are to be sampled with a single
quadrat size. Some concessions then must be
made because any quadrat size will samnle som=
species more adequately than others. One desires
satisfactory sample precision for a maximum num-
ber of species while retaining precision and nor-
mality in the frequency data for the most common
species,
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'l he

Eig. 1.
association in southeastern Oregon.

/thmm.ﬂa arbuscula/ Festuca idaloensis

The number of species encountered in a sample
has been found fo increase as the log of the sample
area increases (Cain and Castro 1959, p. 175).
Asstiming that an area has been sampled with
several quadrat sizes and an equal number of quad-
rats per transect, the relation between mean num-
ber of species encountered per transect (V) and
quadrat area (X) approximates the form

YV —a —+ b logX (1)
When the values are plotted on linear grid, the
relation is described as a species-area curve. A
tangent drawn to the curve at a point representing
a 1:1 ratio between the rates of percentage in-
crease in number of species and quadrat area can
be used to designate a minimal quadrat area (Cain
and Castro 1959, p. 172).

Considering the problem of appropriate quadrat
sizes, Curtis and McIntosh (1950) concluded that
a quadrat should be one to two times as large as
the mean area per individual of the most common
species.  All randomly distributed species would
have quadrat frequencies of 63 and 86% for quad-
rat sizes one and two times the mean area per
individual, respectively.

These guides will be used to estimate appro-
priate quadrat sizes from quadrat-frequency data
obtained on an Artemisia arbuscula/Festuca ida-
hoensis association. The calculations needed in-
volve density-frequency relations.

If the individuals are distributed randomly, a
species density per quadrat (d) is given by

d = —1log, (1 — »/100). (2)
Also, where py is the frequency percentage using
quadrat size @y, and p» the frequency using quadrat
size @y, the relation between two quadrat areas
and species frequencies is given by
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logie (100 — p1 /100 — pu) = 04343 D (a2 — a1).
(3)

[) represents species density using a standard unit
of measure, as density per square foot, and the
constant (.4343 permits the use of logy, rather
than log,. These relations are given in detail by
Greig-Smith (1957, p. 15), but his final equation
omitted density D.

The rarity of random distributions of individual
plants restricts direct application of equations 2
and 3 for estimating densities. But equation 3
will be used to estimate quadrat sizes giving fre-
(uencies of 63 and 86% from data of preliminary
frequency samples.

. N.

Efficient allocation of sampling units

The first problem to be considered is appropriate
quadrat sizes and the second one is efficient allo-
cations of sampling units. Our considerations
about unit allocations are drawn from subsampling
theory presented by Cochran (1953, Chapter 10).

Sampling efficiency is determined by both cost
and variance components. The most effective sam-
pling, considering variance alone, requires random
placement of each quadrat. Thus, the variance of
the frequency percentage is given by

Ve=pg/n—1, (4)

where p is the frequency percentage, g is its com-
plement (100 — p), and » is the total number of
quadrats (subplots). When cost is also considered,
subsampling theory becomes particularly applicable
to frequency sampling because recording the spe-
cies present in quadrats involyves less time than
randomizing individual locations. Consequently,
quadrats (subplots) are often located within tran-
sects (plots).

IT transects and quadrats within transects are
located randomly, the analysis of variance of fre-
(uency data is given by

J % A &fi’:cfﬂd
Sourck of variation mean square
Among transects 6> -+ ka2

Among quadrats within transects g2

where o is the component of variance due to
quadrats; ¢,” is the component of variance due to
transects; and %k (the number of quadrats per
transect) is assumed to be constant. The mean

squares reduce to £
X -tlft:d
Etzbn:r:n' mean square

Source of variation

RIZp* — (Zp)?/n]

Among n transects — (5)
E n—1
Among k quadrats
within n transects = k(2pq) /n(k — 1) (6)
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where p is the percentage of quadrats in any tran-
sect containing the species, and ¢ is its complement
(100 — p). Equations 5 and 6 are required in the
computation of variance compornents for quadrats
(ss*) and transects (s;:2).

If n transects are a small fraction (less than
3% ) of all possible transects, the variance of the
sample-mean-frequency percentage is given by

Vo= (a2/kn) + (oi2/m),
and its computation is abbreviated to
Vo= [2p* — (Zp)*/n]/m(n —1). (7)

[Equations 5, 6, and 7 can be modified to handle
samples that cover more than 5% of the total sam-
ple area.

A given variance can result from different allo-
cations of % and #n, but the optimum allocation
gives a specified variance for the lowest cost or the
lowest variance for a specified cost. The cost per
quadrat (¢;) and the cost per transect independent
of the number of quadrats (¢;) are needed with
variance components to calculate the optimum
number of quadrats per transect (kqp), as follows :

‘r"ont = -\/U«Z ff/ﬂ'g2 Ca = (S)

This equation shows that more quadrats should be
taken on each transect when the variability among
quadrats is high relative to that among transects
ar when the cost per quadrat is low relative to that
among transects.

Variance and cost components from a prelimi-
nary frequency sample will provide a substantial
guide for an efficient quadrat-transect allocation
of sampling units. But this review of subsampling
theory implies the application of normal-theory
statistics to populations that are often assembled
non-randomly, and requires some restrictions.

Normality of frequency data

Non-random dispersion of individuals does not
preclude the application of normal-theory statistics
to frequency data accumulated by random sam-
pling. According to the central limit theorem,
“As the size of the sample increases, the distribu-
tion of the means of all possible samples of the
same size drawn from the same population be-
comes more and more like a normal distribution
provided that the population has a finite variance.”
(See Li 1957, p. 33.) Frequency data generally
appear normal about intermediate mean percent-
ages and skewed about low and high means. The
sample size must be extra large for only the spe-
cies with high or low frequencies, for example,
below 5% or above 95%. This requirement di-
rects attention to quadrat size because we want
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one that will give intermediate mean frequencies
for a maximum number of species. The outcome
can be the determination of two or more quadrat
sizes for sampling all species of interest at inter-
mediate frequencies. Otherwise, the requirement
for extra large samples can apply to some species
of interest.

Ground rules for frequency sampling

Quadrat-frequency techniques are considered to
be objective because they involve only a recording
of the species present in quadrats. Species must
be promptly and accurately identified and the indi-
viduals of each species recognized.

To be present in a given quadrat, the center
of an individual plant or half of its area must be
within the quadrat. This ground rule is the same
as would apply for counting densities. The pres-
ence of single-stemmed plants taken at ground
level is relatively easy to observe, but the occur-
rence of multiple-stemmed plants requires uniform
ground rules regarding the recognition of indi-
viduals. Distinet units or clumps of multiple-
stemmed plants, such as bunchgrasses, can be
recognized as individuals, but indistinet clumps
resulting from vegetative reproduction can require
that each stem taken at ground level be recognized
as an individual. Uniform rules have not been
established and each sampling situation requires
attention fo this problem.

PROCEDURE

A macroplot 100 by 50 feet, representing the
Artemisia arbuscula/Festuca idahoensis associa-
tion classified by Ickert (1957, p. 37), was se-
lected on the Squaw Butte Experimental Range in
southeastern Oregon., Frequency sampling was
undertaken in July 1961, to determine (a) appro-
priate quadrat sizes and (b) cost and variance
components needed for estimating optimim alloca-
tions of sampling units. At least half of the areas
of individuals (clumps of bunchgrasses and indi-
vidual stems of all other species) viewed at ground
level were required to be inside a quadrat to indi-
cate presence.

Systematic sampling with 50 quadrats per tran-
sect and 10 transects per macroplot was completed
using quadrat sizes of 3 by 3, 6 by 6, 9 by 9, 12
by 12, 18 by 18, and 24 by 24 inches. The macro-
plot base line was extended to 200 feet and indi-
vidual transects to 100 feet to permit sampling
with the two largest quadrat sizes. Quadrat-
frequency percentages by transects and number of
species encountered were analyzed to determine an
appropriate quadrat size.

To estimate the cost per quadrat, the time re-
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quired to record species presences for 500 12-inch
quadrats placed systematically was measured. An
observer named the species present and a recorder
tabulated the occurrences.

To estimate the cost per transect, the time re-
quired to establish twenty 50-foot transects was
measured. The macroplot was located perma-
nently by iron stakes at the corners and 100-foot
tapes were stretched along the sides to facilitate
transect location across the macroplot. Relative
costs (time requirements) for quadrats and tran-
sects were computed.

Variance components were computed from the
frequency data obtained with quadrats of an ap-
propriate size, and optimum numbers of quadrats
per transect (ko) were calculated. The calcula-
tion of variance components was based on the
assumption of randomness in the selection of
sampling units, whereas systematic sampling was
conducted. The authors assume that the variance
components under systematic sampling are the
same [or the purposes of this study as would have
resulted from random sampling because variance
within a sample, rather than among samples, is
under consideration.

To estimate the total sample size needed at an
assumed level of precision two restricted-random
samples (preferred to systematic ones for com-
parative work) were obtained with 9-inch quad-
rats. TFach sample included 20 transects placed
by restricted randomization—one in each 5-foot
section of the 100-foot base line. In the first sam-
ple, each transect included 20 quadrats placed
2.5 feet apart along the 50-foot transect after the
first quadrat had been placed randomly at Y4, 1,
114, 2, or 24 feet from the base line. Tn the
second sample, each transect included 10 quadrats
placed 5 feet apart after the first quadrat had been
placed randomly at 1, 2, 3, 4, or 3 feet from the
base line. Appropriate numbers of transects were
computed for several species to estimate the total
sample size required.

RESULTS AND DISCUSSION

Appropriate quadrat size
Thirty-one species were found on the 100- by
50-foot macroplot. Only 14 of them were encoun-
tered with 500 3-inch quadrats and 29 were en-
countered with 500 24-inch quadrats. The num-
hers of species encountered per transect of 30
quadrats of different sizes are plotted in Iig. 2
and ftted by least squares analysis according to
the semi-log relation of equation 1. A tangent
with a 1:1 slope between the percentage rate of
increase in number of species and percentage in-
crease in quadrat area was drawn fo the species-
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area curve. The tangent point on the curve indi-
cates an appropriate quadrat area of about 100
square inches, a 10-inch quadrat size.

Poa secunda was the most common species and
is considered in further evaluations of appropriate
quadrat sizes (Table I). The initial calculation

‘Tante 1. Frequency percentages of species encountered
on 300 quadrats® of various sizes

Quardat size (inches)

S pecies 183 |Ux6 | Bx8[12x1E[18x B[24x24
Poie secunda Presl. .0 = 41 73 84 g2 a7 18
Festuen idahoensts Elmer o0 oo 21 a0 A6 (i8 Afi ' 45
Portuls muraiis (L.) Hedw. i T 28 43 iR B0 | 5
Artemisie arbussiele Nutt. 5 3 11 | 23 32 38 | dl
Phlox diffusa Benth.. ... ... g |1z | s | s | B
Agrropuron apieafim { Pursh) Seribn & | |
Smith, ., ....... Rkt g 8 S 3 b 9 17 25
Astragalus mizer Dot |ﬂl oo czprasl 0.2 | 1 ] 10 14
Stip thurlberianag Piper. . ] 1 1 2 2 7 12
Astrugalus stenophyllus T, & {r‘ 1 1 B i 7 1]
Phior longtfolie Nutt.. % 2 1' 4 7 14 | 7 5
Sitanion hysiriz (Nutt, ) <| (i, hmllh | a7 7o 1 i5 I
Chrysothamnus visendiforus (Hook.). | | |
MUt fshse s - 1 ] 3 fi | ff
Agoseriz r;.frm ] {l‘urvhj D, Dwtr | 02 0.4 1 2 2 ,l 5
Eriyeron fnearis {Heokl) Pip ro oo — 0.2 0.2[ 0.5 281
Ereigeron fidfolies Nutte. ..o 1 .4 1| 0.3 2 3
Antennaria dimeorpha (Nuti.) T. & G — 0.4 0.2 | 1 2
Arenaia fronkiant Dovplo oo oo | | 1 il
Altium acuminatum Hock. o = == |1 2
Astragatus purshit Dougl., ... — | =l = (I I 2
) I

WThe species with frequencies lest than 297 in 24« 24-inch guadrats are

omitted.

for estimating Poae secunda density (number per
square foot) involves equation 3

D = (log q1 — log g2) /0.4343 (az — a1)
where ¢, is the frequency-percentage comiplemertt

using 3-inch quadrats (59%), g2 is the frequency-
percentage complement using 6-inch  quadrats
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(37%), ay is the area of a 3-inch quadrat (0.062
square feet), and a» is the area of a 6-inch quadrat
(0.250 square feet).

This calculated density D can be called “effec-
tive” density because it is determined by an ob-
served difference in frequency percentage with a
given change in quadrat area. If plant dispersion
is non-random, the “effective’” density ([2) can
be different from the expected density (d) calcu-
lated from a single frequency percentage by equa-
tion 2 but expressed in number per square foot.

Poa secunda “effective” density (IJ), estimated

t 2.48 per square foot, enters equation 3 for the
calculation of appropriate quadrat areas, as fol-
lows :

a> = [ (log g1 — log g2) + 0.4343 D a,]1/0.4343 D

where gy is the frequency-percentage complement
using G-inch quadrats (37%), gz is the comple-
ment of the frequency 63% or 86%, a; is the area
of a 6-inch quadrat (0.250 square feet), and as is
the quadrat area estimated to give a Poa secunda
frequency of 63% or 86%, respectively. This cal-
culation estimates appropriate quadrat sizes of 6.0
and 9.6 inches square, respectively, for Poa se-
cunda frequencies of 63% and 86%. Thus, a
quadrat size of 6 to 10 inches square would be
appropriate for frequency sampling of the Arfe-
misia arbuscula/Festuca idahoensis association in
southeastern Oregon.

Relative costs (time requirements) for
quadrats and transects

The reading and recording of species frequen-
cies on 500 12-inch quadrats required 122 man-
minutes, an average of 0.24 man-minute per quad-
rat.

The establishment of twenty 50-foot transects
required 14 man-minutes, an average of 0.7 man-
minute per transect. Relative costs (time require-
ments) were 1 to 3, respectively, for quadrats (¢y)
and transects (c¢;). This ratio indicates a slight
cost advantage when the number of quadrats (%)
is increased relative to the number of transects

(n).

ariance components for quadrats and lransects
and the estimation of kop

Variance components and estimations of kqpe
were calculated from frequency percentages of six
most frequent species found in 9-inch quadrats
(Table IT). The time requirement per 9-inch
quadrat was not determiried but is assumed to be
the same as determined for 12-inch quadrats.

Variance components for quadrats (s*) were
always larger than those for quadrats (s;?). This
rariance comparison indicates advantage when %
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Tapee II. TFrequency percentages, variance components,
and estimations of k. for six species as sampled with
500 9-inch quadrats allocated 50 per transect

Variance eomponents .
- Cptimum
number of
quadrate per
Frequeney for for iransect
. percent (p} quadrats transects (ko
Species (8% (%)
Poa secunda. .. ....... 83.6 1,147 a7 10
Faostuen ifahoensis, .. .. 5.8 2,305 85 !
Tortule muralis, ... .. 42.0 2,311 174 li
Artemisia arbusenla. . 2.8 | 1 186 —26 infin‘te
Phiox diffusa. ... ..., .. 17.4 1,408 35 11
Sttendon hystriz ... T2 i45 27 L

is increased relative to #. Considering both costs
and variances, kop ranged from six per transect
for Tortula wmuralis to an infinite number for
Artemisia arbuscula. Among herbaceous species,
approximately 10 quadrats per transect can pro-
vide optimum sampling efficiency. Similar calcu-
lations of data from 12-inch quadrats estimated a
kopt of 18, 10, and 22, and with data of 6-inch
quadrats of 8, 12, and 13, for sampling Poa se-
cinda, Festuca idahoensis, and Phlox diffusa, re-
spectively. Apparently, 10 to 20 quadrats per
transect would be appropriate and efficient for
sampling this vegetation,

Total sample size
An appropriate quadrat size of 9 by 9 inches
was employed in restricted-random sampling with
allocations of 10 and 20 per transect. Twenty
transects were sampled with each allocation. Table
ITT includes mean frequencies, confidence inter-

vals, and estimations of the numbers of transects
(N =4V,/(eci.)?) needed at desired levels of

TasLe 111, Statistics of restricted-random frequency sam-
ples using a 9-inch quadrat placed to obtain 10 or 20
quadrats in each of 20 transects

Number of quadrats per 5% Number

transeet and species Frequency | Confdence | eed, from | of transecis
percent (p) | inferval (=) |Table 1V (£ needed (N)

20 quadrats /transect
Pou eeeunda. ..., 81.2 ki 7.8 Lo
Festura idahoensis. . .. 48.5 5.0 10.0 ]
Phior diffuse. ..., .. 11.2 3.1 .3 4
Arfemisia arbuseula . | 8.8 3.7 5.7 8
Agropyron spicatum 4.8 2.3 4.4 ]

10 quadrats/transect
Poa secunda. .. ...... 81.5 Feh T 1n
Fostuen tdahoensis. .. 49.0 T2 10.0 11T
Phlox diffusa. ....... 9.0 4.8 5.7 | 13
Artemisin arbuscula . . 4D 3.4 5.4 7
Agropyron spicatum . . 3.5 2.3 3.9 6

precision. These desired levels of precision were
taken from a table of expected-confidence-half in-
tervals (e.c.i.) computed from variance functions
given in equation 4, as follows:
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eci. = = 2\/pg/n — 1.

Since variances are correlated with frequency per-
centages, a complete set of e.c.i. values (Table TV)
is needed to evaluate the precision of frequency
data.

TasLe IV. Expected-confidence-half intervals (e.c.i.), as
derived from e.cd. = = 2v/pg/n —1 where n— 1=
1002, for judging the precision of frequency data (ex-
pressed as percentage)

Trequency Added increment of p
percentage |—m—— ———— —— —— ——— —— ———
() 0 1 OO (P | 2 i ] | 9

0.. 0.0 | 2.0 2.8 (3.43.9)4.4|4.7|5.1 |54 (5.7
10. . ¢ 8.0 | 6.3 | 6.5 | 6.7 | 6.8 | TOL | T3 [ Toh | 7778
) R e 8.0 [ B.1 | B.3 [ B.4 | 8.5 | 8.7 8.8 |89 9.0|0.1
G0 ey @020 0.2 |3 | pad | 8s | D5 8.0 0T 08T | DLB
U A A A 9.8 | 0.8 | 0.0 [ 9.9 | 9.9 | 9.9 [10.0 [10.0 {100 (10,0
B e e 10,0 {10.0 |10.0 (10.0 |10.0 | 0.9 | 9.0 | 0.0 | &.9 | 8.8
W 9.8 | 9.8 9.7 (9.7 |9.6|98.5)|9.5|9.4|93|0.2
0 T $.21 0,1 9.0 B9 | 88|87 |856|84|R83|81
80, . irrnres 8.0 | 7.8 | 7.7 |7.5| 7.3 | 7.1 | 6.8 6.7 | 6.5 | 0.3
e . 6.0 6.7 5.4 6.1 |57 | 44|3.0)3.4]2.8|2.0
TOSEE T 0.0 |

aThe value n-1=100 was selected to give expected-confidence-hall intervals af
109 at a frequency of 509%. Higher cr lower half-intervals ean be computed with
awer or higher values for .

For the five species included in Table I1I, N is
1% times as much with 10 as with 20 quadrats
per transect. Thus, 10 transects of 20 quadrats
or 15 transects of 10 quadrats are appropriate and
efficient.  Of these two allocations of sampling
units, that of 15 transects with 10 quadrats each
cost a little less time and is recommended for fur-
ther frequency sampling of the Artemisia arbus-
citla/Festuca idahoensis association.

SuMMARY AND CONCLUSIONS

Appropriate quadrat sizes and efficient alloca-
tions of sampling units were determined for fre-
quency sampling of the Artemisia arbuscula/Fes-
tuca idahoensis association in southeastern Oregon.
The theoretical considerations pertinent to these
determinations were reviewed.

A quadrat 6 to 10 inches square is appropriate
for frequency sampling of the common species, and
an allocation of 10 to 20 quadrats per transect at-
tained optimum efficiency.

A sample of 15 transects, each including ten
9-inch quadrats, was convenient, appropriate, and
efficient. This allocation of sampling units is rec-
ommended for subsequent frequency sampling of
this association,
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