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Abstract: The Enhanced Forest Inventory and Analysis program of the U.S. Forest Service has established a nation- r l 

wide array of permanent field plots, each representing approximately 2400 ha. Each plot has been assigned to one of 
five interpenetrating, nonoverlapping panels, with one panel selected for measurement on a rotating basis each year. As a 

with most large surveys, observations for some plots are not obtained. Several techniques for dealing with missing ob- 
servations were compared with respect to the bias and precision of stratified estimates of mean volume per unit area 
using data from the State of Indiana in the north-central region of the United States for illustrative purposes. For the 
proportion of missing plots ranging from 1% to lo%, acceptable results were obtained for techniques that both ignored 
and replaced missing plot observations, but only when the techniques accounted for differences between plots in private 
and public ownerships. 

R&sumi: : Le programme ame'liork d'inventaire forestier et d'analyse du Service forestier des ~ t a t s - ~ n i s  a permis 
d'e'tablir un dispositif national de placettes permanentes. Repre'sentant approximativement 2400 ha, chaque placette a 
e'te' assigne'e B l'un des cinq groupes qui s'interpdn5trent sans chevauchement. Chaque groupe est se'lectionnk B tour de 
rcile pour &re mesure' sur une base annuelle. Gomme dans tous les inventaires B grande kchelle, les observations de cer- 
taines placettes manquent. Pour resoudre ce problkme d'observations manquantes, plusieurs techniques ont e'te' compa- 
r6es quant au biais et ri la pre'cision des estimations stratifie'es du volume moyen par unite' de surface, en utilisant B 
titre d'exemple les donne'es de 1 ' ~ t a t  de 1'Indiana situk dans le centre nord des ~ t a t s - ~ n i s .  Lorsque la proportion des 
placettes rnanquantes se situe entre I et 10 %, des resultats acceptables ont e'te' obtenus tant par les techniques qui 
ignorent que celles qui remplacent les observations des placettes manquantes, mais seulement lorsque ces techniques 
tiennent compte des diffe'rences entre les placettes sur les terres publiques et celles sur les terres prive'es. 

[Traduit par la Re'daction] 

Introduction Inevitably, observations for some plots are not obtained. 

The Forest Inventory and Analysis (FIA) program of the 
U.S. Forest Service, an agency of the U.S. Department of 
Agriculture, conducts inventories of U.S. forest land to de- 
termine its extent, condition, and volume of standing timber, 
timber growth, and timber removals. The FIA program has 
recently initiated a transition from periodic inventories in 
which states are selected on a rotating basis for multiyear 
'complete inventories to annual inventories in which a pro- 
portion of plots is measured in each state each year 
(McRoberts 1999). The new system. designated the En- 
hanced FIA program, features an equal probability sample of 
permanent field plots, each representing approximately 
2400 ha (Brand et al. 2000). In the eastern United States, 
this sample has been systematically divided into five inter- 
penetrating, nonoverlapping panels. Each year, the plots in a 
single panel are selected for measurement, and panels are se- 
lected on a 5-year rotating basis. Inventory reports are re- 
quired for each state every 5 years. 

Missing plot observations are attributed to a variety of 
causes: (i) plots are inaccessible because of hazardous ter- 
rain, (ii) plots are inaccessible because of environmental 
conditions (e.g., underwater in the year selected for mea- 
surement), (iii) plots are inaccessible because of cultural 
prohibitions (e.g., located in a Native American burial 
ground), (iv) landowners deny field crews access to plots, 
and (v) sufficient time to complete measurement of an entire 
plot is not available. Nationally, the proportion of missing 
plot observations varies by state and ranges from less than 
I % to as great as 10%. 

The topic of missing plot observations in forest inventory 
falls within the broader statistical context of nonresponse in 
sample surveys (Lemeshow 1985). A variety of techniques 
have been considered for compensating for nonresponses. 
Sometimes the missing observations are simply ignored and 
all analyses are performed on only the actual collected data. 
This approach is generally regarded as rather dangerous be- 
cause of the possibly incorrect underlying assumption that 
the missing data are similar in all important regards to the 
collected data. As a result, imputation techniques that re- 
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United States were used to illustrate and compare the tech- 
niques. 

Materials and methods 

Data 
For the FIA program of the North Central Research Sta- 

tion (NCRS), FIA field plot data include a variety of plot- 
and tree-level observations obtained in two phases. In phase 
1, each plot is observed using aerial photography or digital 
orthoquads to determine if trees are growing on it. Plots de- 
termined in phase 1 to be without trees receive no additional 
observation, and values for all tree-related variables are set 
to zero. At the beginning of phase 2, FIA field crews consult 
county landowner records to determine plot ownership so 
that permission may be obtained to measure privately owned 
plots. They also assign each of these plots to an ownership 
category: federal, state, local public, corporate, or private. In 
phase 2, field crews visit field plots and obtain measure- 
ments of individual trees from which tree-level volumes 
(Hahn 1984; Smith 1985; Hahn and Hansen 1991) and plot- 
level volumes per unit area, V; are estimated. 

Data were obtained for FIA plots measured in each of the 
two most recent periodic inventories of Indiana: 1986 (Smith 
and Golitz 1988) and 1998 (Schmidt et al. 2000). For the 
1986 inventory, FIA plots consisted of 1 0-point clusters of 
variable-radius subplots, while for the 1998 inventory, plots 
consisted of clusters of four fixed-radius subplots. Although 
the plot configurations and sampling techniques for the two 
inventories differed, plot centers were coincident so that esti- 
mates of V pertain to the same geographic area. Data for all 
plots measured in both inventories, regardless of disturbance 
or other history, were included in this study, 

Stratified estimation 
Because of budgetary constraints and natural variability 

among plots, sample sizes sufficient to satisfy national FIA 
precision standards are seldom achieved for most inventory 
variables unless the estimation process is enhanced. Thus, 
ancillary data in the form of aerial photography (Hansen 
1990; Loetsch and Haller 1964) or classified satellite imag- 
ery (Hansen and Wendt 2000; McRoberts et al. 2002) have 
been used to create strata to increase the precision of esti- 
mates with stratified estimation. The NCRS FIA program 
has used the National Land Cover Dataset (NLCD) 
(Vogelmann et al. 2001) as a basis for creating strata for 
stratified estimation. The NLCD is a 21-class, 30 m x 30 m 
pixel-based, land cover map of the conteminous United 
States based on satellite imagery and ancillary data. 

, McRoberts et al. (2002) investigated the utility of the NLCD 
for stratification for variance reduction purposes and recom- 
mended creating four strata using a three-step process: 
(i) aggregate NLCD classes with trees into a forest stratum 
and the remaining classes into a nonforest stratum, (ii) re- 
classify isolated groups of three or fewer pixels into their 
surrounding class, and (iii) create a forest edge stratum by 
removing from the forest stratum a 2-pixel-wide band on the 
forest side of the forest-nonforest boundary and create a 
nonforest edge stratum by removing from the nonforest stra- 
tum a 2-pixel-wide band on the nonforest side of the forest- 
nonforest boundary. For stratified estimation, NCRS FIA 

uses these four strata: forest, forest edge, nonforest edge, 
and nonforest. 

Stratification of a land area requires that each plot be as- 
signed to a single stratum and that the relative proportion of 
the land area corresponding to each stratum be estimated. 
The first task is accomplished by assigning plots to strata on 
the basis of the strata assignments of their associated pixels. 
The second task is accomplished simply by counting the 
number of pixels with centers in each of the four strata and 
then calculating the relative proportions of pixels by strata. 
These proportions are used as strata weights when calculat- 
ing stratified estimates of means and variances. 

Stratified estimates of mean volume per unit area, V ,  and 
variance, Var(V), were calculated using standard methods 
(Cochran 1977): 

and 

where j = 1 ,..., J denoted stratum, wj was the weight for the 
jth stratum, calculated as the proportion of pixels assigned to 
the stratum, was the mean volume per unit area for plots 
assigned to the jth stratum, nj was the number of plots 
assigned to the jth stratum, and 3: was the within-stratum 
variance for the jth stratum calculated as 

where I/,i was the volume per unit area observed by the field 
crew for the ith plot assigned to the jth stratum. Variance es- 
timates obtained using eq. 2 ignored the slight effects due to 
finite population correction factors and to variable rather 
than fixed numbers of plots per strata. 

Approaches to compensating for missing observations 
Approaches to compensating for missing plot observations 

in inventory estimation included ignoring the fact that obser- 
vations for some plots are missing or replacing the missing 
observations. Although all techniques that replace missing 
observations could be, and frequently are, characterized as 
imputation techniques, for purposes of clarity in the discus- 
sions and analyses that follow, four categories of these tech- 
niques were distinguished with respect to the nature of the 
replacements: previous observations, stratum means for ob- 
served plots, model predictions, and nearest-neighbor impu- - 
tations from observed plots. In the north-central region of 
the United States, virtually all missing plot observations may 
be attributed to private landowners who deny field crews ac- 
cess to plot locations. Thus, for this study, all plots with 
missing observations were assumed to be privately owned. 

Standard for comparison 
Stratified estimates of V and VarjV) were calculated using 

observations for all plots with the four NLCD-derived strata. 
These estimates, designated COMPARE$ served as the stan- 
dard for comparison for estimates obtained with the tech- 
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Table 1. Stratum statistics. 
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Volume per unit area (m3/ha) 

1986 1998 

Weight Number of plots Mean Mean SE 

Stratum and 
substratum Stratum Substratum Stratum Substratum Stratum Substratum Stratum Substratum Stratum Substratum 

Forest 
Nontree 
Private 
Public 

Forest edge 
Nontree 
Private 
Public 

Nonforest edge 
Nontree 
Private 
Public 

Nonforest 
Nontree 
Private 
Public 

Statewide 

niques that compensate for missing plot observations. 
COMPAREi estimates were also calculated using substrata 
obtained by subdividing each of the four original strata with 
respect to factors that affect V. The rationale for subdividing 
strata and the nature of the subdivisions are discussed in the 
sections that follow. 

Ignoring plots with missing observations 
Two techniques were investigated that ignored the fact 

that some plots have missing observations. For both, the area 
represented by each observed plot within strata increased, 
while the precision of strata means and the overall mean de- 
creased because of reduced sample sizes. The first tech- 
nique, designated IGNORE, treated the plots with missing 
observations as if they had not been selected for the sample 
and calculated estimates in the usual manner, albeit with 
slightly smaller sample sizes. 

If missing plot observations are not missing at random, 
then ignoring the fact that they are missing may result in bi- 
ased estimates. In many areas of the country, privately 
owned forest lands are managed differently than forest lands 
in public ownership, with the result that V may differ with 
respect to ownership (Table I). For example, if V is gener- 
ally greater on privately owned forest lands, then ignoring 
the fact that observations for some privately owned plots are 
missing causes plots in public ownership with smaller V to 
be overrepresented in strata means. One approach is to sub- 
divide strata with missing plot observations with respect to 
ownership. 

The second technique, designated IGNORE-S, was similar 
to IGNORE except that each stratum with missing plot 
observations was subdivided into two or three substrata de- 
pending on available infomation. To avoid confusion be- 
tween the four original strata and the subdivisions of those 
strata, the strata subdivisions are referred to as substrata, al- 
though they were treated as separate strata when calculating 

stratified estimates. If a digital landownership layer that can 
be used with a geographic information system (GIs) is 
available, then subdivision of each stratum into private and 
public substrata with GIs techniques suffices. Plots are as- 
signed to substrata on the basis of the substrata assignments 
of their associated pixels. When using stratified estimation, 
the method for calculating substrata weights must be consis- 
tent with the method for assigning plots to substrata. Thus, if 
a digital ownership layer is used to calculate substrata 
weights, then that same layer must be used to assign plots to 
substrata, even if assignments disagree with the county land- 
owner records consulted by the field crew. Pixels assigned 
to each of the four original strata are further assigned to pri- 
vate or public substrata using the digital ownership layer 
with a CIS, and substrata weights are calculated in the same 
manner as the four original strata weights are calculated. - 

If a digital landownership layer is unavailable, then an ad 
hoc procedure is necessary to subdivide each stratum into 
three substrata: nontree, private, and public. The first task, 
assigning plots to substrata, will still be easy. Plots deter- 
mined in phase 1 to be without trees are assigned to nontree 
substrata because ownership of these plots is generally not 
determined; plots determined in phase 1 to have trees are as- 
signed to private or public substrata on the basis of county 
landowner records. The second task, determining the relative , - 
proportions of strata that are in nontree, private, and public 
substrata, is more difticult. However, because the plots are 
an equal probability sample of the land area of interest, 
within-strata ratios of the number of nontree, privately 
owned, and publicly owned plots to the total number of plots 
are unbiased estimates of the relative proportions of strata 
that are without trees, privately owned, and publicly owned, 
respectively. Thus, weights for nontree substrata, for exam- 
ple, are calculated as products of the original strata weights 
obtained from the phase 1 pixel counts and the proportions 
of plots in nontree substrata; weights for the private and 
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public substrata are calculated in a similar manner. Stratified 
estimates are then based on the 12 substrata rather than on 
the original four strata. For this study, a digital landowner- 
ship Iayer was assumed to be unavailable, and the ad hoc 
stratification procedure was used. 

Replacement with previous obsewatlbns 
All replacement techniques were based on three assump- 

tions: (i) plots with missing observations for two consecutive 
inventories were either replaced at the time of the second in- 
ventory or were removed from the sample, (ii) the plot array 
remained unchanged over time, with the exception of plots 
replaced because of missing observations for consecutive in- 
ventories, and (iii) all plots were remeasured at a constant or 
nearly constant time interval. The first assumption assured 
that plots with missing observations in the current inventory 
were measured in the previous inventory, and the second and 
third assumptions assured the availability of observed plots 
that were similar to plots with missing observations. 

The third technique, designated PREVIOUS, replaced 
each missing plot observation with the observation for the 
same plot from the previous inventory. The rationale for this 
technique was that V for the current inventory could be ex- 
pressed as the sum of V for the previous inventory and the 
change in V between inventories. For most plots, V for the 
previous inventory was a much larger proportion of current 
V than was change in particularly for the relatively short 
5-year Enhanced FIA remeasurement interval. Thus, the 
PREVIOUS technique captured the greater proportion of 
current V and was easy to implement. However, the remeas- 
urement interval between the previous and current invento- 
ries for data used in this study was 12 years, considerably 
greater than the 5-year interval for the Enhanced FIA pro- 
gram. Thus, for the PREVIOUS technique, V for the previ- 
ous inventory was adjusted to represent V 5 years before the 
current inventory under the assumption of constant annual 
change in V between inventories. 

Replacement with strata means 
A missing plot observation may be replaced with the 

mean for observed plots for the same stratum to which a plot 
with a missing observation is assigned, However, because 
strata means may be biased when all missing observations 
are for privately owned plots, strata with missing plot obser- 
vations were subdivided in the same manner as for the IG- 
NORE-S technique.  he fourth technique, designated 
STRATUM, replaced each missing observation with the 
mean for the private substratum of the stratum to which the 
plot was originally assigned in phase 1. 

Although the STRATUM technique yields an unbiased es- 
timate of the substratum mean, the substratum variance will 
be biased downward because observations for all missing 
plot observations are replaced with the same value. To com- 
pensate, the fifth technique replaced each missing plot ob- 
servation with the sum of the substratum mean and a 
number, u, representing uncertainty from two sources, the 
uncertainty in the substratum sample mean and observed 
variability around this mean. For each missing observation, 
u was independently and randomly generated from a N(0,o) 
distribution with o incorporating the variability from both 
sources. This technique was designated STRATUM+U. 

The process of randomly selecting and incorporating z-l 

may be considered an imputation. Rubin (1987) advocated 
multiple completions of data sets via imputation to allow as- 
sessment of the uncertainty in imputed variables and to pro- 
tect against extreme results. Thus, for the STRATUM+U 
technique, each set of missing observations was replaced in- 
dependently rn times, m separate stratified estimates of the 
mean and variance were calculated, and the rn separate esti- 
mates were combined as recommended by Rubin (1987): 

and 

where V k  and ~ a r ( V 9  were the stratified estimates of the 
mean and variance for the kth completion of the data set and 
0; was the variance among the m stratified estimates of the 
mean. For this study, rn = 5, which was even larger than the 
rn = 2 or rn = 3 found to be adequate in unrelated studies by 
Rubin and Schenker (1986) and Reams and McCollum 
(2000). 

If V differs substantially with respect to ownership, then 
stratified estimates based on the substrata may contribute to 
increasing the precision of estimates beyond the increase in 
precision obtained using the four original strata alone. For 
both the STRATUM and STRATUM+U techniques, strati- 
fied estimates were calculated using the 12 substrata. The 
stratified estimates obtained using the 12 substrata obtained 
with the ad hoc stratification procedure were assumed to be 
comparable with estimates that would have been obtained 
using the digital landownership layer. Because substrata sta- 
tistics were calculated to implement the STRATUM and 
STRATUM+U techniques, little additional effort was neces- 
sary to calculate stratified estimates using the 12 substrata. 

Replacement with model predictions 
Two model-based techniques for replacing missing plot 

observations were investigated. Both were based on simple 
linear regression models of the relationships between current 
and previous V for observed plots in private substrata. The 
first model-based technique and the sixth technique overall, 
designated MODEL, replaced each missing observation with 
the predicted V obtained from the model for the appropriate 
private substratum. However, the MODEL technique used 
the same model prediction to replace all missing observa- 
tions with the same previous V and therefore, as with the 
STRATUM technique, may produce downward-biased esti- 
mates of substrata variances. The second model-based tech- 
nique and the seventh overall technique replaced each 
missing observation with the sum of the model prediction 
and a number, u, representing uncertainty from two sources, 
the uncertainty in the prediction resulting from the sample- 
based estimates of the model parameters and observed resid- 
ual variability around this prediction. For each missing ob- 
servation, u was independently and randomly generated from 
a N(O, o )  distribution with o incorporating the variability from 
both sources. This technique was designated MODEL+U, and 
because of its imputation nature, each set of missing observa- 
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tions was replaced independently five times, five separate 
stratified estimates of the mean and variance were calcu- 
lated, and the five separate estimates were combined using 
eqs. 4 and 5. Stratified estimates for both the MODEL and 
MODEL+U techniques were also calculated using the 12 
substrata. 

An advantage of model-based techniques is that data for 
calibrating the substrata models need not be restricted to 
plots observed in the immediately previous and current in- 
ventories. If relationships are temporally and regionally sta- 
ble, then data from inventories before the immediately 
previous and current inventories and (or) data from other 
geographic regions may be used to calibrate the models. 
However, adjustments may be necessary to compensate for 
differences in time intervals between inventories. For this 
study, only observations for the immediately previous and 
current inventories were used to calibrate the models. 

Replwement with imputations 
Imputation-based techniques select replacements for miss- 

ing plot observations from current observations. Sande 
(1982) distinguished between hotdeck procedures that select 
from a pool of current observations that exactly match the 
missing observations with respect to prescribed attributes 
and nearest-neighbor procedures that select from a pool of 
current observations that are only similar to the missing ob- 
servations with respect to the prescribed attributes. Van 
Deusen (1997) and Reams and Van Deusen (1999) proposed 
using the imputation techniques discussed by Sande (1982, 
1983), Rubin and Schenker (1986), and Rubin (1987) for re- 
placing missing inventory observations. Reams and 
McCollum (2000) reported on hotdeck imputation proce- 
dures for updating estimates of V for plots measured in pre- 
vious years. 

Two nearest-neighbor imputation techniques were investi- 
gated. For both techniques, a pool of the five observed plots 
most similar to the plot with the missing observation with 
respect to previous V was selected, one of the five plots was 
randomly selected, and V for the selected plot was imputed 
to the plot with the missing observation. The first imputation 
technique and the eighth technique overall, designated IM- 
PUTE, selected the pool of five most similar plots from 
among all privately owned, observed plots without regard to 
their strata assignments. The second imputation technique 
and the ninth technique overall, designated IMPUTE-S, was 
similar to the IMPUTE technique except the pool of five 
most similar, privately owned, observed plots was further re- 
stricted to the same stratum as the plot with the missing ob- 
servation. For both imputation techniques, each set of 
missing observations was replaced independently five times, 
five separate stratified estimates of the mean and variance 
were calculated, and the five separate estimates were com- 
bined using eqs. 4 and 5.  Stratified estimates for the IM- 
PUTE-S technique were also calculated using the 12 
substrata. 

classified as denied access to the total number of plots se- 
lected for measurement by field crews. The denominator of 
this ratio did not include plots determined in phase 1 to be 
without trees because field crews make no attempt to visit 
these plots. 

Simulations were used to mimic random private land- 
owner denials of field crew access to plots and to implement 
the techniques for dealing with the missing observations that 
required random selections: STRATUM+U, MODEL+U, , 
IMPUTE, and IMPUTE-S. For these analyses, private land- 
owner denials were assumed to be a random phenomenon, 
The simulation procedure generated distributions of V and 
~ a r ( 7 )  for randomly selected combinations of missing plot 

* 

observations using a four-step procedure as follows. 
(1) Initialization: 

(a) Calculate weights for the four original strata. 
(b) Calculate weights for nontree, private, and public 
substrata based on the four original strata and propor- 
tions of nontree, privately owned, and publicly owned 
plots within strata. 
(c) Calculate COMPARE stratified estimates of V and 
var(V) using observations for all plots. 

(2) Plots with missing observations: Randomly select 
from all privately owned plots, the proportion designated as 
having missed observations. 

(3) Techniques for dealing with missing plot observations: 
(a) Calculate stratified estimates of V and Var(V) using 
the IGNORE, IGNORE-S, and PREVIOUS techniques. 
(b) Calculate substrata means and variances. (i) Calcu- 
late STRATUM replacements and calculate stratified 
estimates of V and ~ar (V) .  (ii) Calculate five independ- 
ent sets of STRATUM+U replacements, calculate five 
stratified estimates of V and Var(V), and combine the 
estimates using eqs. 4 and 5. 
(c )  Estimate the coefficients of substrata models of the 
relationships between current and previous V: (i) Calcu- 
late MODEL replacements and calculate stratified esti- 
mates of V and Var(V). (ii) Calculate five independent 
sets of MODEL+U replacements, calculate five sets of 
stratified estimates of V and Var(V), and combine the 
estimates using eqs. 4 and 5. 
(6) Select five independent sets of IMPUTE and IM- 
PUTE-S replacements, calculate five sets of stratified 
estimates of V and Var(V), and combine the estimates 
using eqs. 4 and 5. 
( e )  Retain stratified estimates of r/ and Var(r/) for each 
technique. 

(4) Repetition: Repeat steps 2 and 3 1000 times. 
For each designated proportion of missing plot observa- 

tions and for each of the nine techniques, the means of the - 
distributions of the 1000 simulated stratified estimates of V ' 

and var(V) were calculated. The bias and precision of esti- 
mates associated for each technique were compared using 
these means. 

Comparisons Results 
Estimates for the nine techniques were compared with the 

COMPARE estimates and with each other for proportions of The means of the distributions of stratified estimates of 
missing plot observations ranging from 1% to 10%. The pro- stabilized by 1000 simulations for all techniques (Fig. I), in- 
portion was calculated as the ratio of the number of plots dicating that 1000 simulations was adequate. 
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Table 2. Suatified estimates of mean volume per unit area (m3/ha) and standard error of the mean. 

Proportion of plots missing 

0.00 0.01 0.05 0.10 

SE SE SE SE 

Technique Mean 4 strata 12 strata Mean 4 strata 12 strata Mean 4 strata 12 strata Mean 4 strata 12 strata 

COMPARE 24.92 0.50 
IGNORE 
IGNORE-S 
PREVIOUS 
STRATUM 
STRATUM+U 
MODEL 
MODEL+U 
IMPUTE 
IMPUTE-S 

Fig. 1. Means of distributions of STRATUM+U stratified esti- Fig. 2. Means of distributions of stratified estimates of mean 
mates of mean volume per unit area by simulation. volume per unit area. 

- ' 24m7j - COMPARE Q.. 
0 > 

0 .. IGNORE 
ii 

.4=. 
/ . . .e IGNORE-S " -1 .- -e- . -  PREVIOUS 

24-44 - Individual simulations - Mean over simulations 

- IMPUTE - IMPUTE-S 
,,,...,.. COMPARE mean 

I I I I 24.5 , I t 

Number of simulations Proportion missing 

, An important result was that the means of the distribu- 
tions of simulated stratified estimates of V obtained with the 
nine techniques for dealing with missing observations were 
all well within one standard error of the COMPARE mean 
(Table 2). This result indicated there were no statistically sig- 
nificant differences between any of the nine stratified esti- 
mates of and the COMPARE estimate. Nevertheless, there 
were several discernible trends among the estimates for the 
various techniques (Fig. 2). First, means for the IGNORE, 
MPUTE, ' PREiVIOUS, MODEL, and MODEL+U techniques 
increasingly diverged from the COMPARE estimate as the 

proportion of missing plot observations increased, while the - 
means for the remaining techniques followed closely the 
COMPARE estimate. Failure of the means for the IGNORE 
and I M P U E  techniques to follow closely the COMPARE es- 
timate compared with the IGNOFE-S and IMPUTE-S means 
indicated that failure to account for differences in V with 
respect to ownership adversely affected the quality of esti- 
mates. Second, failure of means for the PREiVIOUS tech- 
nique to follow closely the COMPARE estimate indicated 
that failure to account for change in V since the previous in- 
ventory also adversely affected the quality of estimates. 
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Third, failure of both the MODEL and MODEL+U means to 
follow closely the COMPARE estimate, even though both 
account for ownership differences, indicated that a simple 
linear model for the relationship between V and previous V 
was probably not adequate. Finally, there was little to distin- 
guish the IGNORE-S, STMTUM+U, and IMPUTE-S esti- 
mates of V from each other or from the COMPAW estimate. 

The standard error of V was estimated for each of the nine 
techniques as the square root of mean ~ a r ( V )  for the 1000 
simulations. Stratified estimates of standard errors based on 
the four original strata were of the same order of magnitude 
as the COMPARE estimate based on the same strata, and es- 
timates based on the 12 substrata were of the same order of 
magnitude as the COMPAW estimate based on the 12 sub- 
strata (Table 2). However, the 12 substrata estimates were 
typically 20% to 25% less than estimates corresponding to 
the four original strata. 

Several general trends were evident when comparing esti- 
mates of standard errors by technique. First, inclusion of 
randomly generated residuals when calculating replacement 
values using the STRATUM+U and MODEL+U techniques 
partially compensated for the downward bias in the esti- 
mates obtained using the STRATUM and MODEL tech- 
niques (Fig. 3). However, compensation by the MODEL+U 
technique was barely discernable, while compensation by 
the STRATt.JM+U technique, while relatively substantial, 
still produced estimates that underestimated the COMPARE 
estimate. Second, between-completions variability when us- 
ing eqs. 4 and 5 to combine estimates for the five comple- 
tions of data sets was small. Third, stratified estimates of 
standard errors based on the original four strata for the 
STRATUM+U technique more closely followed the 
COMPARE standard error estimate than did estimates for 
the other techniques with estimates of that closely fol- 
lowed the COMPARE mean estimate. Fourth, deviations 
from the COMPARE standard error increased for all tech- 
niques as the proportion of missing plot observations in- 
creased, although none deviated by more than 2%. Finally, 
the techniques were similar with respect to estimates of stan- 
dard errors based on the original four strata and also similar 
with respect to estimates based on the 12 substrata. 

Conclusions 

Several conclusions were drawn from this study. First, the 
factor with the greatest effect on standard errors was vari- 
ability among plots. The effects of this factor were to render 
as statistically nonsignificant differences between the 
COMPARE stratified mean estimates and mean estimates for 
all nine of the techniques investigated for compensating for 
missing plot observations. In addition, the variability among 
plots was much greater than the between-completions vari- 
ability, thus rendering as small in a relative sense the effect 
of the latter on standard errors. Second, consideration should 
be given to factors such as ownership, particularly if there is 
reason to think that management of forest lands or growth 
and survival characteristics differ by the categories of these 
factors, Ignoring the fact that some observations were miss- 
ing produced increasingly large deviations in estimates as 
the proportion of missing plots increased unless the stratified 
estimation used substrata that separated the plots with re- 
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Fig. 3. Means of distributions of stratified estimates of the stan- 
dard error of mean volume per unit area. 
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spect to categories of ownership. Similarly, replacement 
techniques produced increasingly large deviations in esti- 
mates as the proportion of missing plots increased unless the 
replacements were based on observed plots in the privately 
owned substrata only. Third, separation of substrata based 
on categories of such factors may increase the precision of 
stratified estimates. Separation of nontree, privately owned, 
and publicly owned substrata increased the precision of esti- 
mates by 20% to 2596, although this finding should be con- 
firmed using digital ownership layers for obtaining substrata 
weights. 

Finally, results from this study lead to a two-part recom- 
mendation for dealing with missing plot observations. First, 
if users are comfortable with ad hoc procedures for obtain- 
ing substrata weights or if digital ownership layers are avail- 
able, then the IGNORE-S technique is appropriate. It was 
the easiest to implement, and it produced estimates that 
closely followed the COMPARE estimates and captured the 
increase in precision that accrues from using more strata. Sec- 
ond, if users are uncodortable with ad hoc procedures and 
an ownership layer is not available, then the STMTUM+U 
technique with the original strata is an appropriate selection. 
This technique produced estimates that closely followed the 
COMPARE estimate and that were nearly indistinguishable 
from the IGNORE-S, STRATUM, and IMPUTE-S esti- 
mates. Further, the STRATUM+U technique produced esti- 
mates of standard errors that were closest to the COMPARE 
estimate, and although the estimates were less than the 
COMPARE estimate, the maximum deviation was negligi- 
ble. Finally, the STRATUM-i-U technique was easier to im- 
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plement than the MODEL, MODEL+U, and IMPUTE 
techniques, did not require ad hoc procedures, and was only 
slightly more difficult to implement than the STRATUM 
technique. 
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