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ABSTRALT

The weight estimate method of determining standing crop by species is
reviewed and applied to data from the Pawnee Site of the IBP Grassland Biome.
The procedure is evaluated as a double sampl ing technique for reducing the
variance for a fixed cost of the estimate of aboveground plant biomass by
species, over the standard plot-clipping procedure. Two statistical estimators
(regression and ratio) are used. |In addition, a computer simulation model of
the estimation procedure is developed in order to study the distributional
properties of the two double sampling estimators. Double sampling is effective

in reducing the variance of the estimate in a majority of the cases tested.



1. INTRODUCTION

It is readily apparent from a review of the literature (Kelly et al, 1969,
Hughes 1959) that there is a need for precise estimates of species biomass
composition in native plant communities., Since plant species vary with regard
to their palatibility, digestibility, toxicity, and nutrient value to grazing
animals, it is important to be able to precisely estimate the way in which
species biomass densities vary over time in order that proper grassland
management may be implemented.

In the U.S. IBP Grassland Biome, three methods of determining botanical
composition have been used: <clipping and hand separation, dry weight rank, and
weight estimation. The latter two are double sampling procedures which require
calibration to reach an '"accurate' estimate of botanical composition., Thus,
clipping and hand separation have been used as the '"standard'" for these two
double sampling procedures.

Based upon field studies reported by Hughes (1969), the dry weight rank
method was tried at several Grassiand Biome field sites during the 1970 season.
The data were received and processed in a routine manner., However, doubts
concerning the validity of the estimates arose due to the lack of any uncer-
lying statistical theory to the estimation technique. These lead to a critical
examination of the dry weight rank estimation procedure throtgh the use of
computer simulation, by Bledsoe et al. (1971). It was determined that the dry
weight rank method was relatively useless as a double sampling technique. This
leads to the rational for this paper, the objectives of which are: (i) a complete
mathematical formulation of the weight estimation double sampling technique;

and (ii)} a thorough examination of the technique, under field and simulated
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conditions, in order to determine its usefulness in the U.S. IBP Grassland

Biome research project,

2. PAST APPLICATIONS OF WEIGHT ESTIMATION

Grasslands researchers have used a variety of techniques as the ''rapid
method' in doubie sampling procedures. The most commonly employed techniques
have been to estimate the percentage composition of the vegetation by species
or groups in ;he field or else to estimate the actual weight of the species
or groups in the vegetation. The latter method was used by Pechanec and
Pickford (1937) in early range research studies and has been the basis of
several studies which followed {(Burton 194k4; Wilm, Costello, and Klipple 194k;
Ragsdale 1956; Blair 1959; Hilmon 1959; Hughes 1959; and several others).

The vegetation sampled in these studies has varied widely, including
sagebrush grassland in southeastern ldaho (Pechanec and Pickford 1937),
mountain grassltand-herbland in western Colorado (Wilm, Costello, and Klipple
1944), saw palmetto-wiregrass type in Florida (Hilmon 1959), mixed prairie~
sandhill grassland in eastern Colorado (Ragsdale 1956), and browse vegetation
stands under longleaf pine in central Louisiana (Blair 1959). The technique
has been used on plots varying from 4.8 up to 100 ftz, and mean herbage yields
in these plots has been from about 40 up to about 550 g/mz, respectively.
Typical ratios of time to clip, only separating a few species, relative
to time to estimate are from 5 to 10 to 1. There is a high correlation
between predicted values of weight and actual weight as clipped in the
field. Coefficients of determination vary from around 80% to 96% in the

studies mentioned above. Estimation in the field has generally been done to
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the nearest 5 to 10 grams per plot, although some workers have attempted to
estimate to the nearest gram for minor species on small plots.

Estimates generally are within 10% of the actual weight over a fairly
wide range of weights, although estimators appear to overestimate actual
weights for lower weights and underestimate actual weights for higher weights.
Overall, there is an underestimation of weight. Error in estimation seems
to be a personal factor rather than a mechanical factor, and experience
through the season improves estimation, Training and concentration are
needed at each sampling period, and with such efforts, estimates are improved,
Estimation appears easiest where the vegetation is most uniform, and it
appears easier for bunchgrasses than for sod-forming plants, Percent moisture
in the vegetation appears to have little influence, i.e., for a given species
over a season, Optimum sample size ratios for such double sampling procedures
vary widely from study to study but generally are in the range of L to 1 up
to 11 to 1.

Various authors have used a regression through the origin, or a linear
regression not through the origin, for converting estimated weights to actual
green weights; Essentially, the regression through the origin is a ratio
estimator. When the amount of herbage in the plot is very small, the use
of the ratio estimator avoids the anomaly of predicting a positive or
negative dry weight for a guadrat having no plants of the species in
question. The regression estimator assumes approximately equal variances
about the regression line for all values of estimated weight. This may or
may not be true in any given study. |f the variance about the regression
line is proportionate to the estimated green weight, then the ratio estimator

may be the better one to use,
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Although a number of scientists have examined equations for calculated
optimum ratios between two estimation procedures in a double sampling context,

none seem to have thoroughly examined the statistical problem.

3. WEIGHT ESTIMATION AS A DOUBLE SAMPLING TECHNIQUE

The material developed in this section Is fully referenced by Cochran
(1963). Further reference can be obtained in Schumacher and Chapman (1948).

The objective of any sampling design is to minimize the variance of
an estimate for a fixed cost. In this case, one is trying to estimate
the mean aboveground biomass density of a particular plant species. Two
methods of estimating this density are considered: (i) clipping, and
(ii) weight estimation.

For any given plot {sample), %, let

) biomass density determined by clipping

biomass denslty determined by weight estimation

X,
T
The possibility of using double sampling as a means of reducing the
vartance of a biomass density estimate comes into play if y can be monitored
more precisely than x, but x is less expensive to monitor than vy.
The method of double sampling is applied as follows:
(i} Monitor both y and x on a fixed number, n, of plots.

(ii) Derive a mathematical relationship between y and x based upon

those n plots (i.e., calibrate the double sampling estimator).

y = F(x) (3.1)
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(iii) Monitor x alone on a fixed number, n' - n, of plots (i.e., n' =
total number of plots upon which x is monitored).

(iv) Determine the mean value of x for all of the n' plots sampled.

(v) Estimate the value of y that one would expect to correspond to
x' (i.e., the value of y that one would expect to obtain if vy

was observed on all n' plots).
y = F(x')

Then, double sampling 1s said to be an effective technique if the variance
of y is less than the variance of the estimate that one would expect to obtain

if vy alone was measured for the same total cost as that of the double sampling

procedure.
Let ¢, = cost of obtaining one y-value
¢, = cost of obtaining one x-value
n = number of y-values obtained in sample
n' = number of x-values obtained in sample
Then C = total cost of double sampling
=nc_ + n'cn,
{]s ns = number of y-values that could be obtained for a fixed cost
C (cost of double sampling)
= %—,(rounded down to the nearest integer)
n
Let s2 = sample variance of y based upon the n samples taken
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Then, if y was sampled alone for the same total cost as double sampling

both y and x,

2 2
S cC S5
Var () = =¥ = %Y
S

Thus, in order for double sampling to be effective for a fixed cost, C,

Var (y) _ € Var (y)
ar (y) _ ar2 Y 4 (3.2)

Var (y) €Sy

Suppose that the varlance of the double sampling estimate can be expressed

in the following form:

=

v
" n n'
= ———
Var (y) . U
where Vn and Vn' are functions of the first n measurements on y and x.
Then, according to Cochran (1963), for a fixed cost, C, optimum allocation

{(minimum variance) of the double sampling technique is obtained when

or

(3.3
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It should be noted that iIf the mathematical relationship between y and x

is represented by a linear regressicon of y on x, i.e.,

y = F(x) = a + bx

then the optimum sampling ratio Is given by the familiar expression

i (1 - rz)

2
c r
n

3

?|
!

where r is the sample correlation coefficient between y and x,
The variance of the double sampling estimate, under optimum allocation

for a fixed cost, C, is given by

({ Vncn + ’ Vn,cn,)2
- C

opt

|f double sampling is used, it is obvious that optimum allocation

c 1

should be employed. Thus, given Eﬂ— , Vn’ and Vn,, double sampling will be
n

an effective technique if

i
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And, if double sampling is employed, n and n' will be chosen according
to (3.1).
Two mathematical procedures are used in order to express the relationship
between y and x:
(i) Linear regression, and
(i1) Ratio estimation,

Based upon the sample of size, n, for which both y and x are measured,

let

_ 1 M - 1 "
Y=g I ¥y » x=g 2 X
=1 i=1
n n
2 _ 1 -2 2 1 o2
Sy T on-l E (yi Y& st T .E (Xi x)
=1 =1
1 7 - - Sy
Syx P (yi - v) (xi -x) ryx = —%_
=1 s
X
Linear Regression Estimation
Yp = @+ bx' (3.4)
where s
s X




52 a - rZ ) ( 2 52
" - X n' - n) yx "y
Var (yLR) - [I + T + -
52 a - r2 ) r2 2
-y y . o yxy
n n!
Thus Vv = 52 (1 - rz )
n y yx
v, = r2 s2
n ¥x Y

Thus, in this case, a linear relationship between y and x is assumed,

In addition, no assumptions are made about the line passing through the

origin,

of y is constant over the range of x (homoscedasticity).

The only restriction on the linear relationship is that the variance

Note that by

substituting Vn and Vn, in the expression for the optimum ratio, %—', the

formulation (3.1) is obtained.

Ratio Estimation

;R = RX! (3.5)
where R =_E
x
- S?X - 2Rstyx + stzx 2Rsyx - 252x
Var (yp) = - + — (3.6)
Thus VvV = 52 - 2Rs + R252
n yX X
v = 2Rs - R252
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It should be noted that this is not a linear regression estimator,
and thus, assumptions of homoscedasticity need not be made. However, it is,
in many ways, analogous to fitting a linear relationship between y and x
which passes through the origin,

L, EVALUATION OF 1970 HERBAGE DYNAMICS DATA

4,1 Estimation of Sample Sizes Needed if Clipping Alone Were Used
An analysis of the 1970 Comprehensive Site and Pawnee Site aboveground
biomass estimates, based upon clipping alone, is now performed.

In order to determine for which plant species more precise information
is required than can be obtained from clipping alone, some measure of species
The statistic used here as an estimate of year-

Importance must be defined.

long importance, YI, is:

d
L PC.. WT.,.
=1 ¥ W
Y, = x 100
J n d
b £ PC. '
J=1 =1 ¥ W
where Pcij = percent composition of species j on date 1
i = biomass of species j on date %
d = number of dates that treatment was sampled on that site
n = number of species encountered on that treatment/site in 1970
Thus, Y! is a mean of percent composition weighted by biomass on each date,

normal ized over species,

Table 1 summarizes the Yt's on each comprehensive site and on the Pawnee

Site for those species having a yearly importance of .01 or greater.

For each
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site, a breakdown is given in the table between those species having Yl > 10%
and 1% < Y1 < 10%. In most cases, the first two letters of the species code
refer to the first two letters of the genus, and the last two letters of the
species code refer to the first two letters of the species. A complete
listing of the code is given in Appendix IV,

In most cases, no more than thfee species have a Y| greater than 10%;
the Bridger $ite has four on treatment 7 (9 ft snowfence) but one of these,
MIFB, is actually a miscellaneous forb category.

For each species with a yearty importance (Y1) of .10 or more, the sample
size {number of quadrats) needed to estimate its mean within 20% of its true
value 80% of the time was computed, based on the 1970 clipped plot data. The

sample size required was computed as (Soka! and Rohlf 1969):

2 2
L Sig tleo (f)
b2,
g
where Sij = sample variance of the j species on date i
t 90 (dfi) = point on the Student-t distribution (with df, = # plots
clipped on date ¢ minus 1) above which 10% of the probability
lies
Dij = 0.20 times the mean of species j on date 7, i.,e., the square

of 20% of the mean

Table 2 gives the results of these calculations by site and treatment on
each date sampled in 1970. Blanks indicate the treatment was not sampled,
dashes that that species did not occur.

in general, many of these important species were estimated to the

precision specified {within 20% of the mean B0% of the time). Notable
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exceptions were those species which are difficult to estimate because

of pattern and size, such as cactus, yucca, and brush species, and those
species which are rare or nonexistant in the standing live biomass early
and/or late in the year,

several conclusions can be reached as to the precision of clipping

alone on these sites, from inspection of Table 2:

(i) In general, the most important species in a treatment on a site
can be estimated with a sampling of 10 or fewer plots. The only
exceptions to this conclusion are at Hays throughout the year, at
Jornada throughout the year, and in treatment 5 at Osage.

(ii) Those species which require extremely large sample sizes in order
to estimate precisely are, in general, cactus, yucca, and brush
species (OPPO at Pawnee and Pantex, YUEL and GUSA at Jornada).
Because of their plant sizes and/or their non-random distributions
within the sites, these specles are difficult to estimate by
clipping, and as will be seen later, are the ones in which the
weight estimation double sampling procedure becomes an extremely

useful technique.

4.2 Evaluation of 1970 Pawnee Site Weight Estimation Application

The weight estimation technique was used on the Pawnee Site during the
1970 field season., On each of 11 sampling dates in each of the eight
watersheds, eight 0,25 m2 plots were both clipped and estimated. It should
be noted that periodic training of the individual estimator was not employed,

The watersheds refer to grazing treatments as follows:
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Watershed Grazing Treatment

Heavy
None
Heavy
Light
Light
Moderate

Moderate

O~ WV W N -

None

Fig. 1 gives 16 plots of y (clipped value) against x (weight estimated

value) for four selected plant species,

Plant Species Code
i Western wheatgrass AGSM
Blue grama BOGR
Plains prickly pear CPPO
Scarlet globemallow SPCO

All values obtained over the 11 sampling days are plotted separately
for each grazing treatment and plant species.

From inspection of the graphs in Fig. 1, one can ascertain twc important
things:

(i) The variance of y is relatively constant over the range of x. It
seems that the variance of x could be an increasing function of vy,
but this has no bearing on the assumption of the ratio or on linear
regression estimation techniques. Thus, the homoscedasticity
assumption necessary to implement the linear regression estimation

technique appears to hold for the 1970 Pawnee Site data.
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{ii) The weight estimates are fairly consistent underestimates of the
associated clipped values, especially for OPPO and BOGR. In this
context, underestimation does not affect the precision or accuracy
of the double sampling estimator as long as the underestimation
is consistent. This is the basis for a reduction In variance
through the use of double sampling.

The 1970 Pawnee Site data was thus analyzed in order to determine whether
the weight estimation double sampling procedure could significantly reduce the
variance of the watershed aboveground biomass estimates for the four selected
plant speciles.

For each date, watershed, and species, the following statistics were

computed for both the ratio and the regression estimators and for cost ratios

f Cht 1 d cn! 1
T B W

(i) Sampling ratio (2) under optimum allocation; and
(ii) Variance ratio (1) under optimum allocation.
C.s

The reason for employing %6 S %g-was that it was estimated (Uresk,
n

personal communication) that in the 1370 field season on the Pawnee Site, one
field worker doing weight estimation could sample from 5 to 10 times as many
plots as three field workers doing clipping.

The results are given in detail in Appendix I. A blank indicates that
a double sampling technique does not provide interpretable results, and thus,
its applicability is assumed to be invalid. In most cases, this |s due to the
fact that the species of concern has appeared in one or less of the eight plots

measured for that date and watershed.
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| f one examines the results closely, it becomes readily apparent that
if either ratio or regression estimation works under optimum allocation,

v
Ly,
var(y)

the regression technique always produces the smaller variance ratio (

This implies that the linear relationship between y and x does not pass
through the origin.

Table 3 gives a breakdown on the number of replicates in the various
categories outlined where the regression estimator, under optimum allecation
reduced the variance of the estimate of aboveground biomass by at least 10%
of that which would be obtained by clipping alone for the same cost. This
is indicated in the ''yes'' column of the table,

Several things are apparent:

(i) Weight estimation double sampling becomes more effective on the
Pawnee Site as grazing intensity is reduced. This is especially true for

BOGR and SPCO. If Table 3 is collapsed over species, the following results:

(]

St 1 nt .1
Grazing o " " N Tota)
Treatment Yes No Yes No
Heavy 45 (51%) 43 (49%) 50 (51%) 38 (43%) 176
Moderate 49 (56%) 39 (44%) 51 (58%) 37 (42%) 176
Light 53 (60%) 35 (40%) 57 (65%) 3t (35%) 176
None 69 (78%) 19 (22%) 70 (80%) 18 (20%) 176

216 (61%) 136 (39%) 228 (65%) 124 (35%) 704
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(ii) Weight estimation with double sampling is an extremely effective

procedure for increasing the precision of the estimate of the aboveground

biomass of OPPO and SPCO,

It has questionable value in increasing the

precision of the estimate of the aboveground biomass of BOGR, especially in

heavily grazed treatments.

And, it is quite ineffective, except in the

non-grazed treatment, in increasing the precision of the estimate of the

aboveground biomass of AGSM.

following results:

1f Table 3 is collapsed over treatments, the

! 1

c 15 c 30
Plant " i Total

Species Yes No Yes No
AGSM 18 (20%) 70 (80%) 18 (20%) 70 (80%) 176
BOGR 48 (55%) 4o (45%) 57 {65%) 31 (35%) 176
0PPO 81 (92%) 7 (8%) 81 (92%) 7 (8%) 176
SPCO 69 (78%) 19 (22%) 72 (80%) 16 (20%) 176
216 (61%) 136 (39%) 228 (65%) 124 (35%) 704
(iii) Although, in the above tables, there appears to be little difference

c

15

c
. n 1 . n
between a cost ratio of E--= — and a cost ratio of T

1

= 'j"o—, one can surmise,

v
from inspection of Appendix I, a significant reduction in variance ratio (—2BL

c
]
. \ n
with a cost ratio of - =
n

L

€

\ n
as opposed to a cost ratio of =

n

Var (y)
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5. COMPUTER SIMULATION OF THE WEIGHT ESTIMATION DOUBLE SAMPLING PROCEDURE

5.1 Description of the Simulation Model

It was decided that the only reallistic way to evaluate the weight
estimation double sampling procedure was through the use of a_Monte Carlo
simulation model.

Suppose that, at a particular field station, one wishes to investigate
the possibility of using the weight estimation double sampling procedure
to estimate the aboveground biomass of k plant species at a point in time.
Further, suppose that one can estimate the mean vector (u) and element
variance-covariance matrix (¥} that will fesult from such a sample if
clipping alone is employed. |In order toc make one run of the simulation
model, let n'max = maximum humber of plots that will be weight estimated.

(i) Select n'max random vectors, y, from the multivarlate normal distri-
bution N{u, 2}, the multivariate normal random variable generator of Bledsoe
(1971). If any v; >0, 2=1, ..., %k, delete that random vector and

numbers used, select another such that y; 2 0, =1, ..., k.
Y={qv, «.. )

Thus, one is really selecting from a truncated multivariate normal distribution.
(ii) Assuming that a weight estimate (xi) will lie within C% of the
clipped value (yi) 1-a of the time, i.e.,

Cy.,

- —r) = 1-
Pr(|xi v.l < 56 1-a ,

T

and that the weight estimated values are normally distributed about the clipped

values, select X for a given Yo from the distribution
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- 2
X, N(Yi’ Oi)

1
where C 2
2 A RE
% S Tz .
ke 1~a/2

2y /2 = 1-a/2, cumulative probability point on the standard normal

distribution

Thus, for the ith plant species (¢ =1, . . ., k) n' o Pairs of the form
(xi, yi) are simulated.

Suppose that one wishes to test the double sampling procedure for fixed
values of n and n' (< n' ). Then the following data points are used for
the Zth plant species.

(i) The first n pairs of observations (xi, Yi) are used for calibration

of the double sampling estimators (both regression and ratio). The following

computations are made at this stage:

2 2

(a) General Statistics: x, y, s x* Sy

(b) Regression Estimation: b, a, VLR, ytR

(c) Ratio Estimation: R, V:, Vi,

{(ii) The first n' observations on x are used in order to make the double
sampling estimates and to compute their theoretical variances. Thus, the
following computations are made at this stage:

(a) General Statistics: x!

{b) Regression Estimation:



Yip =2+ bx"
. vk
Var {y ) =+ v
(c) Ratio Estimation:
Yg = Rx"
\ VAR
Var (yp) = =+ <

(iii) Assuming that it costs | unit to sample x once and <. units to sample

c ]

. n
y once (i.e., — =
n n

n|~

), the first Nen values of y are used in order to make

clipping only estimates for the same cost as double sampling (C). Thus,

[a]
n

() (c,) + (n) (D)

n +nt
Cn

>

0'0

n
€n c
n n

rounded down to the nearest integer.

n
c
n
Ve = —
Ch n .
€n {=1

g}

Vi
Suppose r runs of the total simulation are made in order to obtain the sampling
distributions of the statistics being evaluated. The objectives of the Monte

Carlo simulations are:
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(i) To compare the sample variances of Y|R and yp with their average

theoretical variances, Var (yLR) and Var (yR), over the r simulation runs.

Let
QLR(i) = QLR from the ith simulation run; i = 1,
Var (§LR(i)) = theoretical variance of §LR(i); i =
- 1 .
Yir =7 Loyl
i=1
QR(i) = ;R from the Zth simulation run; 7 = 1,
Var (QR(i)) = theoretical variance of §R(i); =1,
— 1 o
yR(i) =- I yR(i).
1=1
Then
2,0 o =2
7 (y g _"_;Tii1 SAARETYY

—_—
Var (yLR) =< I

=1
2 .~ 1 o
5 (YR) = =7 ££1 (VR(ﬁ) - YR)
——————— 1 r ~
Var (yp) = - = Var (y(2))

1, ey P

.y I
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It is hoped that

(6) s* (yp) = Var (yp)

if (a) and (b) hold, it would imply that the theoretical variance formulae
could be relied upon when making double sampling estimates.
(ii) To compare the sample variances under double sampling with the sample

variances of clipping only estimates for the same cost as double sampling and

c ]
. " n

under a fixed cost ratio et let
n

]
it

e, (£) = Ye, » from the ith simulation; <

- 1 o
Yeq, © F'.z 'ycn(t)
7=1
Then
n
2,." 1 ~ . _— 2
s (ye,) = =1 By, (2) = ve)

=1

The relationship of SZ(YLR) to sz(yR) to sz(ycn) will determine if weight
estimation double sampling does reduce the variance of the estimate of the
aboveground biomass of a particular simulated plant species over clipping

for a fixed total cost and cost ratio.

5.2 Description of the Conditions Simulated
The initial runs of the model were made in order to duplicate the

clipped values of aboveground biomass that were reported during the month of

June 1970 for the four most prevalent plant species on the US IBP Grass!and

Biome Osage Site, located In northeastern Okiahoma. r = 50 runs of the model
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were made for each simulation. Several simulations were made with r = 150 runs
of the model. From the results of these it was quite apparent that the sample
variances converge to thelr assymptote values in 50 runs. For each of the

four variables, regression and ratio estimators were evaluated against

c ]

- . . n' 1 1 1 1
clipping only estimators for cost ratios of E;_ =5 530’ and TF
All possible combinations of n and n' were evaluated where n = 5, 10, 15
and n' = 50, 100, 150, 250, Thus n'max = 250. For all of the simulations,

the clipped values were drawn from the distribution N(E.’ 7}, where

339.70
27.75
]__l. =
23.34
10.63
9243,97 -878.34 -2622.28 74.05 |
1892 .02 -354,07 -27.07
I = ‘
2235.39  -128.04
L 381.85
T, .
R = LV = (r..)
0.0, ij
i
1.00 -0.21 -0.58 0.0k
1.00 -0.17 -0.32
1.00 -0.14
1.00
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Eight separate sets of simulations were made, The simulations differed
in the way that Xip 0 the weight estimate value for a given Yo% for species
k, was selected. In general,

x., = N[f(y..), o%,]
ik ik ik

The simulations differed in the following way:

Run F(yik) o

(0.10) (yik)

1 Yik 9%
(0.20) (Vik)
2 Yik 7,96
Yk (0.10) (y )
3 7 T.9%
. Zz&_ (0.20) (yik)
2 .50
(0.10) (1)
> Yik T
(0.20) (“k)
6 Yik — 1.96
Yix (0.10) (uk)
7 7 T
. Yik (0.20) (Mk)
8 =2 B DT S

W T value for species k in the input mean vector .
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In the cases of runs 1, 2, 5, and 6, a weight estimate (x) Is assumed to
be an unbiased estimate of a clipped value (y}, whereas in runs 3, 4, 7, and 8,
a weight estimate ié assumed to be a consistent underestimate of a clipped
estimate by one-half of the clipped value,.

In runs 1 to 4, the precision of a weight estimate is assumed to be
proportional to the magnitude of the associated clipped value (l.e., in run
1, X, will lie within 10% of Yig 95% of the time). In runs 5 to 8,
the precision of a weight estimate is constant over the range of the clipped
values (i.e., in run 5, X2 will lie within 10% of My (a constant for species
k) 95% of the time).

For any simulation, the random vectors y will never be drawn from the
distribution N(E.' I} due to the fact that none of the entries In a random
vector can take on a negative value. Thus, due to truncation, the clipped
vector y was actually drawn from a distribution N(Ef , 7'}, where, in the

case of Run 1,

([ 301.30
- 44,57
u' o=
42,27
| 20.45 |
7571.75  -h406.15  -1182.57  -49.47
. 752.88 -130.27 7.36
AR

1078.79 -61.62

209.81
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1.00 -0.17 -0.41
1.00 -0.14
1.00

5.3 Results of the Monte Carlo Simulations

The results of runs 1 through 8 are presented in Appendix II.

-0.

0.

-0.

.00

0h )
02

13

For

any run and set {(n, n'), the following computer coding is used in the

margins, and associated values are printed in the body of the appendix.

Mean Variance Coding
Y - R YBAR
= XBAR
X

A 2 ~
R 5" (yg) R-EST

Var (yR) var (R-EST)

. 9

Y10 s"lyyo) NTO
. 5 -

Y15 5 (y15) M15
. 5

Y10 5" {y30) N30
. 2 .~

Y50 s (YSO) N50
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Mean Variance Coding

b B

a A

~ 2 ~

YLR s ly ) LR

r RHQ

yX

Var (yLR) VAR (LR)

In Fig. 2 through 9, plots of the following variances are given for n = 5,
10, 15 and n* = 50, 100, 150, 250 for each of runs 1 through 6, respectively.
() s (yy)
(1) sy, )
(1) s7(y9)
52(930) is equal to the variance of the egtimate from clipping only for

the same cost as double sampling where

LRI

0

L]
)

Several things become apparent from the close study of these figures.
(i) The variances of both double sampling estimators decrease significantly

as n (number of plots clipped) increases. However, the general shapes of the
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curves (plots of the three variances against n' = 50, 100, 150, and 250) are
approximately the same for n = 5, 10, and 15 for any given species and run.

{ii) 1In Fig. 2 through 5, the variances decrease between n' = 50 and
n' = 100 and then remain fairly constant for n' > 100. In these cases, the
variance of x is proportional to the value of y in the simulation. |In Fig. &
through 9, there is more of a constant decrease in the variances as n' increases.
In these cases, the variance of x is constant over the range of y in the
simulation,

(iii) For species 1, the dominant species (74% of the simulated biomass),
the ratio estimator always has a significantly larger variance than the clipped
only and regression estimators. The variances of the latter two estimators are
always very close together, with the clipped only always slightly smaller than the
regression estimator. It is interesting to note that the variances of both the
clipped only and the linear regression estimators do not change significantly
as n' increases.

(iv) For species 2, 3, and 4 (11%, 10%, and 5% of the simulated biomass,
respectively) the general patterns are the same

{a) If the simulated variance of x is an increasing function of y
(Fig. 2 through 5), the variances of the estimators are quite
unstable functions of n', In addition, the regression estimator
consistently has the minimum variance of the three.

(b) If the simulated variance of x is constant over the range of y
(Fig. 6 through 9), the variances of the estimators are rather
consistently decreasing functions of n', In addition, the
variances of the ratio and regression estimators are almost
identical, and both are significantly smaller than the variance

of the clipping only estimator.
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(v) The only difference between runs 1 and 3, 2 and 4, 5 and 7, 6 and 8
is that, in the first of each pair, the simulated value of x is centrally
distributed about the value of y, whereas in the second of each pair the
simulated value of x is centrally distributed about a linearly decreasing
function of y (i.e., a constantly increasing underestimate of y). Note that,
particularly in the case of the variance of x being constant over the range
of y, the consistent underestimate has little effect on the relative perform-
ances of the estimators or on the magnitudes of their variances. This is the
crux of double sampling. As long as one is consistent in determining the
relation of x to y, one can be consistently biased and not effect the precision
of the double sampling estimate.

Finally, in Fig. 10 plots were made of the mean value of the theoretical
variance (Var (;R)) against the sample variance of the ratio estimate
(52(;R)) for all runs on species 1 through &, respectively. In Fig. 11
the same plots were made for the regression estimates for all runs on species
1 through 4, |In the eight figures, the squares refer to n = 5, circles to
n =10, and triangles to n = 15, Since both theoretical variance formulae
are approximations, it is of interest to rate their behavior against the
sample variances over many simulations,

Species 1 and 3 appear to adhere to the one-to-one relation between the
theoretical and sample variances of both the ratic and regression estimator
quite consistently, However, with species 2 and 4, the theoretical variance
becomes an increasing underestimate of the sample variance as that value
increases for both the ratio and regression estimates. The trend is not as

pronounced for the regression estimator as for the ratio estimator. However,
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one should be cognizant of the fact that the approximate theoretical variance
of a ratio or regression estimate might possibly be a slight underestimate
of the true variance of that estimate.
In summary, the following seems to hold for the double sampling estimators:
(i) The regression estimate is almost universally the minimum variance
estimation technique of the three employed in the simulations.
© 1

(ii) {f one uses the clipped only estimate for a cost ratio of Eﬂ— =15
nl

as the true value of the aboveground biomass for a particular run, one can see
from examination of Tables 5 through 12 that, if bias does enter into the
estimation process, it is more pronounced when the ratio estimate is used than
when the regression estimate is used.

(iii) 1f the variance of the weight estimate is constant over the range
of the clipped (trua).values for a particular species, double sampling will
significantly reduce the variance of the estimate over clipping only for
the same cost., For a dominant species, the regression estimate should be
used., For a species of relatively low biomass, either the regression or

ratio technique may be employed.

6. APPLICATIONS
The results of the pervious sections of this paper are now being used
in order to arrive at a uniform sampling plan for the estimation of aboveground
plant biomass, by species, for the 1971 field season. Our philosophy is to
attempt to formulate our current year's sampling plan, based upon the informa-

tion on hand from previous years' sampling as well as our better judgement.
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Thus, our sampling procedures are never really static, but are in a continuous
state of evolution.

The sampling plan for 1971 on the network and intensive sites will be
employed as follows:

(i) Uniform plot sizes and shapes will be used at all sites. A 0.5 m’
square plot will be used for the major species (the three or four most
prevalent species, each of which must make up at least 10% of the total live
herbage biomass) and a 2.0 m square plot for the minor species (those non-
major species, each of which make up at least 5% of the total live herbage
biomass). The smaller plots will be imbedded within the larger plots.

(ii) A uniform field training procedure will be used across sites
for the personnel performing the weight estimation. The estimator will be
trained on wet weight clipped values. Training plots will be systematically
selected so that a wide range of sizes and species of plants will be
encountered during the training period.

(11i) The actual field estimates will then be made of wet weights. The
clipped values to which the calibration is made will be oven«dry weights,
Thus, the mathematical relationship derived will relate estimated wet weights
to oven-dried weights by species. A linear regression calibration will be
used (non-linear calibration was considered, but no particular form is
indicated by the inspection of the 1970 Pawnee Site data).

(iv) Any negative predictions will be corrected to zero.

(v} Separate regression (calibration) equations will be computed
for each treatment, species, and sampling date.

(vi) For a given site and treatment, the number of plots to be both
clipped and estimated {n) on the first sampling date of the year will be that

sample size, based upon last years results at that time of the year, needed
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to estimate the mean of the most prevalent plant species on the site within

20% of its true value B0% of the time. These values are given in Table 2.
Then, ten times that number of plots will be estimated alone (n' - n = 10n).
The sample sizes {(n, n') on successive sampling dates will be determined from
the estimates of optimum ratios (ELJ from the previous sampling pericds. Thus,

for a particular plant species, treatment, and site, let

n'i = number of plots estimated in sampling period €.
]

%—-= ki = optimum ratio computed from sampling period 7,

¢, = cost of one clipping estimate,

¢, = cost of one weight estimate.

il = number of plots that will be clipped and estimated during

sampling period i+1.
n'?:+1 = total number of plots that will be estimated during sampling

period 1+1.

t 90(,j) = point on the Student-t distribution, with j degrees of freedom,

above which 10% of the probability lies.

D. = 20% of the estimated biomass of that species during sampling
period %.
V ({) = the value of Vn for linear regression obtained in sampling

period €,

vV ,{Z) = the value of V,: for linear regression obtained in sampling

period 7.
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Then

N 2 2
LJEnVn[L} +‘-Jcn'vn'(i) [t.90 (n'i - 1)]

(kscnr * ) [021:]

n. =
i+1

| =
N i+ LI

A complete formulation is given in Appendix III.

(vii) The question of computing weight estimates for groups of plant
species (shortgrass, sod-forming, bunchgrass, single stem, etc.) has arisen.
We would recommend that new calibration equations be computed directly from
the raw data for the pooled groups as opposed to pooling the original species
estimates. The reasoning is that if the species estimates were pocled in
order to make the group estimates, the covariances between the species estimates
(within each group} would have to be computed in order to properly represent
the variances of the pooled estimates. This would be a more difficult task
than simply doing the weight estimation directly on the pooled individual
observations. |In addition, the estimated variance would be more precise

in the former case.
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Table V. Yearly Importance (Y)) of species on the Comprehens ive and Pawnee
Sites, 1970 fleld scason,

Specles (Yearly Importance)

Slte Treatment
Code Y1 > 103 12 < ¥1 < 103
Bison 1 FESC {93) LUSE {5}
2 AGSP (36) LUSE (9)
FEID (35) Misc 2 (2)
FESC (2)
ASFA (1)
Bridger 1 FEID (46) LUAR (9)
HIFB (20) MIGR (4)
AGSU (18)
2 FEID (54) MIGR (9)
MiF8 (17) LUAR (8)
DAIN (5)
AGSU (&)
6 MIFB (43) MIGR (4)
LUAR (24) AGSU (3)
FEID (21) ACHI (2)
DAIK {2)
ARCO (1)
7 MIFB (34) MIGR (3}
LUAR (30}
AGSY (15)
FEiD {13)
Dickinsgn 1 STCO (62) AGSM (8)
ARLYD (21} BOGR (&)
CaLo (2)
ASER {1)
2 SEDE (43) CAMO (9)
BOGR (27) CAEL (2)
STCO (13) AGSH (2)
LAFD (1)
LAFO & (1)
Hays I ANGE {62) PSTE (4)
ANSC {24) BOCY (4)
S0NU (3)
SCUN 1)
2 BOCU {47) BOGR {4}
PSTE (21) ARLG (3)
ANGE  (20) BUPA (3)
BRJA (1)
Jornada 1 BOER {71) GUSA (3)
YUEL (13) . SPFL (4)
5 GUSA (53) SPFL (6)
SAKA (28) BOER {2)
YUEL (10}
Osage 1 ANSC (93) SONU (3)
SPAS (1)
5 ANSC (32) BRJA (9)
sPas (29) PAVL (5)
HISC A (21) Sonu (1)
Pantex 1 oPy {h1)
BOGR (37)
BOBU + (22)
3 oPPS (81) BOBU + (6)
BOGR {13)
5 0PPO (97) BOGR {3}
Pawnee 1 BOGR (77) ARLD (b)
oPPO {16)
2 BOGR (61) ARFR (7)
OPPO (15)
ARLO (13}
k] 8OGR (65) MUTO (9}
oPPO (20) ARLD (2)
4 BOGR (55)
DPPO {43}

1/ Treatment Code: 1 = Ungrazed

2 = Light

3 = Hoderate

4 = Heavy

5 = Grazed 1969, Ungrazed 1970

6 = Bridger only = & ft. snog fence
7 = Bridger only - 9 fr. snow fence
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Table 2. Sample sizes (quadrats) nceded to estimate standing
0.80 for those species with Y| > 10%,

crop within 20% of Its true value with a probability of

Site Treatment Species Sampling Perlod
Code Code
1 2 k| & 5 é 7 8 9 10 11 12
Bison 1 FESC 2 2 2 3 3 3 4 4 3
2 FEID g 3 3 2 4 [3 6 6 i
AGSP 18 7 7 7 15 7 " 1z 25
Bridger t FEID 5 5 b ] 6 3 3
AGSU ] 7 23 10 24 18
MiFB 2 8 2 7 8 1
3 FEID 4 5 3 ] 3 3
HIFB 3 3 6 6 5 (L]
6 FEID 12 L] 2 2 2 s
LUAR 9 8 29 8 36 24
MiFe ] s 13 1 114 9
7 FEID 32 15 8 7 [
LUAR 15 5 8 10 2
AGSU " 13 8 7 5
HIFB 8 g 12 3 7
Dickinson t STCO h 2 s 5 3 2 2
ARLU 106 12 28 56 25 15 43
[ sTCO 14 6 2 5 7 10 27
BOGR i 9 3 3 5 b 24
SEDE 5 6 13 9 16 n n
Hays 1 ANSC -- - - - 17 5 22 33 25
ANGE -- .- - 193 7 20 n 4 5
5 ANGE -- -- - 189 12 1 17 32 20
80CU “— -- -- - 4 9 L] 3 12
PSTE -- .- “- - 1 22 10 7 i
Jornada 1 BOER 18 15 8 12 19 54 16 -
YUEL 164 262 202 370 162 52 3s7 -
5 SAKA 9 19 8 8 1o 13 o 20
GUSA 87 53 70 25 183 4 5t 25
YUEL 363 262 263 370 3o 167 368 n
Osage 1 ANSE -- 13 i 2 3 ] 4 2 2 3 -
5 ANSC -- 18 21 65 24 9 9 12 18 15 155
SPAS -- 194 22 22 35 22 14 107 1" 1h 166
HISC A - - 7 2 12 19 W 59 57 St 58
Pantex 1 BOGR 9 5 3 6 2 3 4 -- ==
OPPO 256 229 tho 229 47 62 229 229 232
BOBY + 2 -- - -- - -- -- -- -
3 BOGR 9 3 h 17 4 3 6 .- -
OPPO 208 142 153 11 139 58 228 192 124
5 OPPD 65 7 85 199 62 to3 25 184 36
Pawnee 1 BOGR 7 5 5 s 17 3 T 3 & 2 4
OPPO 90 46 77 34 2 s7 58 52 77 94 59
F BOGR 2 2 2 [ 2 1 1 1 2 3 2
OFPO 62 2N 100 108 179 80 m 98 32 203 141
ARLO 39 59 15 65 38 28 50 67 126 81 3t
3 BOGR 1 4 2 3 4 2 iy 2 2 2 1
oPPO 73 Bo 152 67 153 81 72 81 107 163 1né
b BOGR 3 i 2 2 2 1 1 t 2 1 2
orpPY 11 1} i1 93 90 33 156 93 72 33 51

[
s/ Samplling dates {day/menth) for cach slte

for 1970,
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Table 7. (-t lnued)
Sampling Perlod
Site
1 2 3 L 5 3 7 8 9 10 H 12
Bison 2/5  18/5  30/5  17/6 2/1T 167 48 /8 2679
Bridger 30/6 877 2077 3/8 17/8 31/8
Dickinson  25/5  10/6  24/6 T 2141 18/8 13/ 9
Hays 1621 15/2 15/3 2073 16/4 1545 16/ 6 1/ 7 16/ 7 2447 b/ 8
Jornada /7 30/7  10/8 20/8 Y9 26/9 /10 12
Osage 27173 1A /s 1/6 17/6 /7 16/ 7 /8 17/ 8 26/9 18/10 1/
Pantex 15/6  29/6 13/7  21/7 W/ 2u/8 5/ 9 2/10 31710
Pawnee 1/h S 19/ 176 18/6 Wi 16/ 7 28/7 12/ 8 2508 B/ 9




Table 3. Results of regression estimation double sampling on Pawnee Site,

1970.

Cl"l'

-

O
3

U

cn 15 Cn 30
Yes?/ No~ Yes No
AGSM 0 22 0 22
Heavy (WS 1, 3) BOGR 8 14 ' !
0PPQ 21 1 21 !
SPCO 16 6 18 4
AGSM 2 20 2 20
BOGR 10 12 12 10
Moderate (WS 6, 7) 0PPO 20 2 20 2
SPCO 17 5 17 5
AGSM 2 20 2 20
BOGR 14 8 17
Light (WS &, 5) OPPO 20 2 20
SPCO 17 5 18 4
AGSM 14 8 14 8
BOGR 16 6 17 5
None (WS 3, 8) OPPO 20 2 20 2
SPCO 19 3 19 3

/ v
i Yes -+ -—.E.E.t_ < _90
Var(y)

v
b/ No ->_._°&2 .90
Var (y)
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Fig. 2a. Results of weight estimation simulation run 1, for n = 5,
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Fig. 5b. Results of weight estimation simulation run 4, for n = 10.
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Fig. 8b. Results of weight estimation simulation run 7, for n = 10.
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APPENDIX I

Results of 1970 Pawnee Site Estimation
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Results of 1970 Pawnee Site estimation.

i C 1

DS SR15 = %_ for optimum allocation under ratio estimate with -C-n-* =1
n
n' nt 1
DS SR30 = — for optimum allocation under ratio estimate with T "3
n
Vo t “ht
DS VR15 = —2P°__ for ratio estimate under optimum allocation with T
var () n
Vo t “nt
DS VR3I0 = —~LP-___ for ratio estimate under optimum allocation with P
var (y) n
n! : Cn,
RG SR15 = — for optimum allocation under regression estimate with P
n
n' ot
RG SR30 = = for optimum allocation under regression estimate with o =
n
VO t
RG VRIS = —OPt  for regression estimate under optimum allocation with
var (y)
Tl L
<, 15
Vo t
RG VR3O = —OPt  for regression estimate under optimum allocation with
Var (7)
S
c 30

W —
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APPENDIX II

Results of Monte Carlo Simulation Runs 1 Through 8
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APPENDIX III
Estimation of Weight Estimation Sample Sizes Necessary to be Within
100P Percent of the True Value of the Mean 1-8 of the Time Under

Optimum Allocation

For a given plant species, let

4 = true value of the biomass density
7' = weight estimate of the biomass density
]
k = optimum sampling ratio (%—J for weight estimation double sampling

~

In order that y' lie within 100P percent of u with probability 1-8, let

number of plots that must be clipped and estimated

3
]

B
né = total number of plots that must be estimated

= knB

¢ = total cost of the double sampling procedure
= 1
Nen + NaCp

= ngcy + knBCn'
= nB[cn + kcn.]

variance of the weight estimate under optimum allocation

ey * Fanl
c
B

L}

[Jvncn + J n'cn'] :

nB[cn + kcn,]

In order to attain our sampling goal, we want
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Pr(ly' - ul < pu) = 1-38

~

> pr(lY' - ul < By - oy -p

Vopt ) ~ ;opt

Under the distributional assumption that

YoM i - 1)

Then
L o (n* - 1)
V ‘opt -z
where t 8 (n' - 1) = point on the Student-t distribution, with n' - 1
12
2 degrees of freedom above which ;-of the probability lies
Letting D = py

= o
t t:l_E (n 1)
2

Then in order to attain the sampling objective

D

Vopt Tt
RO
opt t2
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(Ve *+ el 2 1t%)
[cn + kcn|] [Di_]
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APPENDIX 1v

Plant Species Code

Species Scientific Name Common Name
Code
ACMI Achtlleqa millefolium Common yarrow
AGSM Agropyron smithii Western wheatgrass
AGSP Agropyron spicatum Bluebunch wheatgrass
AGSU Agropyron subsecundum Bearded wheatgrass
ANGE Andropogon gerardi Big bluestem
ANSC Andropogon scoparius Little bluestem
ARCO Arenaria congesta Ballhead sandwort
ARLO Aristida longiseta Red three-awn
ARLY Artemisia ludovieiana Cudweed sagewort
ASER Aster ericoides Many-flowered aster
ASFA Aster faleatus Sickle-shaped aster
BCBU+ BOGR + BUDA Blue grama + buffalo grass
BOCU Bouteloua curtipendula Side oats grama
BOER Bouteloua eriopoda Black grama
BOGR Bouteloua gracilie Blue grama
BRJA Bromus japonicus Japanese brome
BUDA Buchloe dactyloides Buffalo grass
CAEL Carex eleocharis Needleleaf sedge
CALO Calamovilfa longifolia Prairie sand reed
CAMO Calamagrostis montanensis Plains reed grass
DAIN Danthonia intermedia Timber oat grass
FEID Festuca idahoensis ldaho fescue
FESC Festuca scabrella Rough fescue
GUSA Gutierrezia sarothrae Broom snakeweed
LAFO Late annual forb (Dickinson)
LAFD-6 Late annual forb (Dickinson)
LUAR Lupinus argenteus Silver lupine
LUSE Lupinus sericeus Silky lupine
MIFB Miscellaneous forb (Bridger)
MIGR Miscellaneous grass {Bridger)
MISC-A Miscellaneous grass (0sage)
HISC-2 Collinsia parviflora Blue-eyed mary
MUTO Muhlenbergia torreyt Ring muhly

A AL i i e i i,
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S?ec'es Scientific Name Common MName
Code

OPPO Opuntia polyacantha Plains prickly pear
PAVI Paniceum virgatum Switch grass

PSTE Psoralea tenuiflora Stimflower scurf pea
SAKA Salsola kali Russian thistle

SCUN Sehrankia unicata Sensitive brier

SEDE Selaginella densa Small club moss

SONU Sorghastrum rnulins Indian grass

SPAS Sporobolus asper Tall dropseed

SPFL Sporobolus flexuosus Mesa dropseed

STCO Stipa comata Needle-and~thread
YUEL Yuceca elata Soap-tree yucca
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