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Abstract. Cut-off importance sampling has recently been introduced as a technique
for estimating bole volume to some point below the tree tip, telrned the cut-offpoint.
A field test of this technique was conducted on a small population of eastern white

pine trees using dendrmnetry as the standard for volume estimation. Results showed
that the differences in volume estimates between the techniques were generally

within acceptable limits.

Importance sampling, since its first appearance in the METHODS
forestry literature over a decade ago, has been used to
estimate numerous dimensions of trees. Originally A population of 74 eastem white pine (Pinus strobus)

introduced in conjunction with randomized branch trees in a well-managed, even-aged, research stand on
sampling by Valentine et al. (1984) to estimate total, University of New Hampshire woodlands, Durham, NH,
aboveground, woody volume and dry matter, it has proven was used in this study. All of the trees in the stand are
to be an adaptable technique. For example, importance numbered, and the stand has been subjected to various
sampling provkles unbiased estimates of bole volumes in intensive silvicultural methods in the past to try to
conjunction with tree-selection schemes like 3-P promote advanced regeneration, including several
(Gregoire et al. 1986). It also can be used to estimate log controlled burns. Average diameter at breast height (dbh)
volume (Fumival et al. 1986) and bole increment for the stand was 17.8 in., average total height was 83.8 ft,
(Grcgoire et al. 1987). and the average live crown ratio was found to be approxi-

mately 46 percent. Each tree in the stand was measured

In the above contexts, importance sampling is generally using a Barr and Stroud (B&S) FP- 12 optical dendrometer
applied to the entire unit to be sampled, whether a log or and subsequently resampled using CIS. Measurenrents
the entire bole. Cut-offimportance sampling (CIS) is a required for dendrometry began at the base of the tree-
variant of the usual importance sampling where an both stump diameter at 1.5 fi and dbh were measured with
intermediate point is used as a cut-off for the sampling diameter tapes. From dbh, the first actual B&S measure-
process. For example, in the estimation of tree bole ment was always taken at a height of 4 t_ above dbh,
volume, one might use merchantable height or height to located with a measuring pole. In general, other B&S
the base of the live crown as logical cut-offpoints, measurements were taken at points that reflected the taper

depending upon the application. One or more heights of the tree rather than at set _gular intervals. The only
along the tree bole from base (or stump) to the cut-off other exception to this role was that a B&S measurement
point are chosen by a probability mechanism for measure- was always taken at the base of the live crown to Facilitate
ment of diameter. The measurement converts to an comparison with the CIS estimates. Sixty-eight trees

essentially unbiased estimate of bole volume for that bole were actually used after excluding those trees with forks,
section in which sampling occurs. Estimates for total bole broken tops, or other abnormalities that did not lend
volume are also possible. Since its introduction by themselve to the techniques described below.
Robinson et al. (1997), however, there has been little else
published on cut-off importance sampling for bole The dendromctry measurements were recorded in a
volume. These authors presented a field test in which CIS fommt compatible with STX (Grosenbaugh 1974, Rennie
pertbrmed well in the estimation of bole volume as 1977, Space 1974). A separate FORTRAN-90 program
compared with importance sampling. In this paper, we that also read STX input file formats was written to
present a field test of CIS in the northeastern U.S. CIS is compute cubic foot volumes li'om the dendrometry cross-
compared with detailed dendrometry of the population of sectional areas and heights via three different spline
trees of interest, algorithms: natural cubic splines (Press et al. 1986),

hermite polynomials, and the method of Akima (de Boor
1974, IMSL 1994). This latter program also computed

Gove and Valentine are Research Foresters, USDA Forest cubic foot volumes by conic sections as in STX. The
Service, Northeastern Research Station, RO. Box 640, Akima method was judged to be the best of the three
Durham, NH 03824, USA; and Itolmcs is Forest Biome- splining algorithms used and was therefore retained in this
trician, Plum Creek Timber Company, RO. Box 1990,Co- analysis along with the conic section method. These
lumbia Falls, MT 59912, USA. methods allowed for interpolation of cross-sectional areas
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(and hence diameters) at any height from the fitted terms of using the CIS estimates to predict the standard.
splines, or by linear interpolation between the measured However, a little reflection on OLS theory reminds us that
diameters. Calculation of volume was also possible to the independent variable is assumed fixed (constant and

any height by direct integration of the Akima spline measured without error) while the dependent variable is

functions or again, by linear interpolation from the the random variable; therefore, the standard method is
measured conic section volume. Specifically, diameter taken as the independent variable in this regression.
and volume were desired to the base of the live crown to According to Freese (1960), this is an approximate test

compare with those taken in the CIS procedure described that corrects for linearly increasing or decreasing bias
subsequently. All volumes and diameters in this analysis with respect to the dendrometry data; such linear trends
included bark. were common in these data (fig. 1). The form of the test

is given as

In all comparisons of volume and height measurements
between the two techniques, the dendronmtry measure- 2 sxe

ments are taken as the "true" values for eacb tree with full X(,,_2)dj,= o.2 (1)
regard to the measurement errors and biases associated
with this technique. Accuracy of the CIS estimates can
therefore be determined using a chi-square approach first where sse is the regression error sum of squares and o 2is

put forth by Freese (1960), who suggested several the hypothesized variance; it is defined as
variations on this statistic. The version used here is based

on the error sums of squares fi-om a simple linear regres-

sion of the CIS estimates on the dendrometry estimates. E _-
In this statistic, the standard method (dendrometry) is the 0-2 = ,
independent variable in the regression. This may seem ,z"
backwards because one might naturally want to think in

i

Figure l.--Differenee in volume to the base of the live crown: _(t-leHc)-_(HvHc).
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Here, E is the allowable error in the same units as the Here, A(.) denotes the bole cross-sectional area, H Bis
variable to be tested and z is the standard normal deviate breast height, h is any height in the range HL_ h __H L.
at the required significance level. The significance level Furthermore, let the volumes from dendrometry computed
was set to 0.05 for all tests. In each accuracy test done, via the spline and conic sections be denoted Vs(HL,...) and

the allowable error was specified to be 5 percent of the V(H:,...), respectively to either the base of the live crown
mean for the dendrometry-base variable of interest; these or the tree tip.
values are shown in table 1. Using a simple re-arrange-
ment of(l), it is possible to determine what the "target" RESULTS
allowable error (E) would have to be in order for the

desired accuracy to be met in each test (Bell and Groman Height Comparisons
1971); these are also presented in table 1.

The dendrometry and CIS were conducted independently

Cut-off importance sampling has been described in detail by the same crews, approximately 2 weeks apart. No
by Robinson et al. (1997). In this study, the portions of attempt was made to mark the base of the live crown on
the tree bole of interest lay between a 1.5-ft stump height each stem. Therefore, this point differed somewhat

(HI.), height to the base of the live crown (Hr.), and total between the two samples. As such, it is expedient to first
height (He). CIS was conducted on each tree between H_ see if these points coincide for the two different invento-
andl/c, A Finnishcaliper(SchmidandWerner 1970)was rieson average. Because thispoint was a judgment call in
used to measure the diameter at the randomly chosen cut- both instances, neither can be considered the "true" value
offheight within this section. Heights of CIS sample and, therefore, Freese's technique is inappropriate. A
points were measured with a height pole; a clinometer paired t-test was used instead to test the null hypothesis
was used to measure total height and height to the base of that the mean difference between the two points was equal
the live crown. Volumes of interest include volume from to zero. This could not be rejected at the ct = 0.05 level;

stump to live crown base (V(HL,Hc)), and total volume thus, the points can be considered the same between the
from stump to tip (V(H:,H_:)). CIS theory provides two methods, even though there were rather large differ-
estimators for both of these volumes; they are given in enees on some trees (table 1). This assumption facilitated

Robinson et a/_.(1997). Denote the CIS estimator of the calculation of volumes to the base of the live crown
V(I-t_,Hc), as V(Hz ,He) , and the CIS ratio estimator of total (BLC) between the two methods because no interpolation
volume as 'P(HL,/_rc,). The proxy taper function used here was required initially for the computation of either @line
is the same as that used by Robinson et al. (1997) with C or conic section volumes.
= 4; viz.,

Total height comparisons were between the clinometer

(h)=A:HB,Vk)!H u -h _%! measurement from the CIS sample and the dendrometry
measurement. Remarkably, there was little overall bias in

Ap
[_Hu _ He j the clinometer estimate of total tree height (table 1).

However, the MSE shows that there was a fairly large

Table l._omparis'on of dendt_metry and CIS estimates jbr tree heights amt volumes for N=68 eastern white pines

Mean Mean Percent Average
B&S CIS E -£ _' Difference MSE

Height to BLC (ft) 39.0 40.5 -- -- -- 1.5 48.5

Total Height (ft) 83.8 86.6 4,2 9.0 11 2.8 41.3

Volume to BLC (ft3)
Spline 51.3 48.9 2.6 12.3 24 -2.3 68.7
Conic Section 51.2 48.9 2.6 12.1 24 -2.3 65.3

Total Volume (fP)
Spline 69.4 72.0 3.5 15.6 22 2.6 86.7
Conic Section 68.6 72.0 3.4 15.2 22 3.4 87.8
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amount of variability associated with these readings, were 52.2 and 52.1 ft3,respectively; this led to average

Indeed, the accuracy test inference is that the two methods differences of-3.3 and -3.2 ft3. Note that the average
arc different, unless one is willing to accept an 11 percent, difference has actually increased by using the common
or 9 foot, allowable error. BLC cut-offheight for volume comparison. However, the

MSE for CIS comparisons with spline and conic section
Volume Comparisons volumes were 44.9 and 42.9, respectively. This decrease

in MSE is attributable to a substantial decrease in variance

Inasmuch as the heights to the BLC between the two as would be expected. Instead of being approximately

measurement periods were not found to be different on four times the average difference, the standard deviation
average, the two (possibly) difI_rent heights were used of the differences has decreased to only 1.5 times the
for the calculation of volume to the BLC via CIS and average difference. Tile chi-square test reflected the

dendrometry (table 1). The first thing to notice is that increase in precision even with the lalger difference. The
both the spline and conic section vohanes to BLC were results showed that instead of requiring an allowable error
very close; hence, these two methods could be used of 24 percent using the independent heights to BLC, this
interchangeably to compare against the calculated CIS has now dropped to an allowable error of 18 percent. As
volumes. CIS estimates arc slightly less than the spline Freese (1960) notes,
and conic section volumes by approxinrately 4 percent on Inaccuracy may be due to lack of precision, to
average. Likewise, the total volume estimate by CIS to bias, or to a combination of these. The chi-
BLC fi)r all 68 trees is 4.6 percent less that the total spline square technique will reject regardless of the
and conic section volume. However, regarding the last source of inaccuracy, ttowever, the test can be
two columns of table 1, notice that the standard deviation modified to evaluate accuracy after elimination
of these differences is ahnost four times the mean. This of bias.

large degree of variability is found to influence the chi-
square test so that one would have to accept a 24 percent The results of the bias-adjusted approximate test used
allowable error before the two methods could be consid- here shows that even though the difference increased
ered comparable, using the same height to BLC, the decrease in the

variance component led to better accuracy on average.
The results on total bole volume were much the same as

for volume to the base of the Iive crown (table 1). In this In cut-off importance sampling, heights at which sam-
case, the difference was slightly greater and in the pling takes place are selected in the lower portion of the

opposite direction from the results on volume to BLC. bole between HLand He, whereas in traditional impor-
But again, the large variance dominates the mean squared tance sampling as described by Gregoire et al. (1986), the
error with a standard deviation of 9 cubic feet on the height to be sampled can fall anywhere within the bole.

difference between Vs(HL,Hu) and V(HL,Hu). As a In this study, it was found that the clinometer estimates of
consequence, one would have to accept an allowable error total height had a significant bias compared to the B&S
&approximately 15.5 cubic feet, or 22 percent, for the heights and that they varied greatly from tree to tree. Ifa
CIS estimate of total bole volume to be considered as clinometer were used to determine total height in tradi-
accurate as the dendrometry, in addition, the sum &the tional importance sampling, this height-measurement bias
volumes for all 68 trees produced a positive difference of would also affect the final estimate of volume since it
approximately 4 percent. For total volume, the spline and enters into the estimator for total bole volume through the
conic section volumes were not quite as close as for proxy volume and associated probability density function.
volume to BLC; however, a simple linear regression of One important strength that CIS has over traditional IS is

Vc(HI,Hc¢) on V_(HL,H_.) still had R_= 0.99. the fact that the total height does not enter into the
calculation lbr bole volume below the cut-offpoint. If

DISCUSSION this point is chosen wisely, such as the base of the live
crown, then one should be able to measure any height

Because the cut-offpoint at the base of the live crown was within the region [Ht,Hc] with good accuracy as in this
estimated independently for CIS and dendrometry, the study. If total bole volume is desired, however, then the
spline and conic section volmnes were recalculated to the estimate of total height does again enter into the calcula-

estimated height to BLC,H_, thorn CIS. Even though the tion through the ratio estimator, and one should strive for
paired t-test led to no difference in the respective heights accuracy in the total height estimates.

to BLC on average, using one height for both methods
should make for more consistency in the results. Indeed, ACKNOWLEDGMENTS
the averages for spline and conic sections in this case
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Dr. Lianjun Zhang for their review of this manuscript.

375



LITERATURE CITED fMSL. 1994. Math library. Houston, TX: Visual Nmner-
ics, Inc. 1,141 p.

Bell, J.F.; Groman, W.A. 1971. A field test of the accuracy

of the Barr and Stroud type FP-12 optical Press, W.tt.; Flannery, B.R; Teukolsky, S.A.; Vetterling,
dendromctcr. The Forestry Chronicle. 47(2): 1-6. W.T. 1986. Numerical recipes: the art of scientific

computing. NY: Cambridge University Press. 818 p.
de Boor, C. 1978. A practical guide to splines. NY:

Springer-Verlag. 392 p. Rennie, J.C. 1977. A computer system tbr processing
timber inventory data. Unpublished report presented

Freese, E 1960. Testing accuracy. Forest Science. 6(2): at Sampling techniques and timber inventory systems
139-145. workshop; 1977 August 29-September 2; Athens GA.

Funrival, G.M.; Valentine, H.T.; Gregoire, T.G. 1986. Robinson, A.R; Gregoire, T.G.; Valentine, H.T. 1997. Cut-
Estimation of log volume by importance sampling, offimportance sampling of bole volume. Silva
Forest Science. 32(4): 1073-1078. Fennica. 31(2): 153-160.

Gregoire, T.G.; Valentine, H.T.; Fumival, G.M. 1986. Schmid, E; Wemer, J. 1970. Swiss continuous forest

Estimation of bole volume by importance sampling, inventory. Swiss Forest Research Bimaensdorf/
Canadian Journal of Forest Research. 16: 554-557. Zurich: Institute.

Gregoire, T.G.; Valentine, H.T.; Furnival, G.M. 1987. Space, J.C. 1974. 3-P forest inventory: design procedures,
Sampling methods for estimating stem volume and data processing. U.S. Departnaent of Agrieuhure,
volume increment. Forest Ecology and Management. Forest Service, State & Private Forestry-Southeastern
21:311-323. Area. 58 p.

Grosenbaugh, L.R. 1974. STX 3-3-73: Tree content and Valentine, H.T.; Tritton, L.M.; Furnival, G.M. 1984.
value estimation using various sample designs, Subsampling trees for biomass, volume or mineral

dendrmnetry methods, and V-S-L conversion coeffi- content. Forest Science. 30(3): 673-681.
eients. Res. Pap. SE 117. Asheville, NC: U.S.
Department of Agriculture, Forest Service, Southeast-
em Forest Experiment Station. 112 p.

376


