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Abstract

Big Basal Area Factor (Big BAF) and Point-3P are two-stage sampling me-
thods. In the first stage the sampling units, in both methods, are Bitterlich
points where the selection of the trees is proportional to their basal area. In
the second stage, sampling units are trees which are a subset of the first stage
trees. In the Big BAF method, the probability of selecting trees in the second
stage is made proportional to the two BAFs’ ratio, with a basal area factor
larger than that of the first stage. In the Point-3P method the probability of
selecting trees, in the second stage, is based on the height prediction and use
of a specific random number table. Estimates of the forest stands’ volume and
their sampling errors are based on the theory of the product of two random
variables. The increasing error in the second stage is small, but the total cost
of measuring the trees is much smaller than simply using the first stage, with
all the trees measured. In general, the two sampling methods are modern and
cost-effective approaches that can be applied in forest stand inventories for
forest management purposes and are receiving the growing interest of re-
searchers in the current decade.
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1. Introduction

Forest Inventory (FI) plays a vital role in all the aspects of forest management
(Rice, Weiskittel, & Wagner, 2014), providing the necessary high-quality bio-
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physical data derived from forest resources. In the management of forest ecosys-
tems, the variable with the greatest interest, usually, is the timber volume.

Sampling is a fundamental pillar of FI (Gregoire & Valentine, 2007b; Iles,
2003; Kershaw Jr., Ducey, Beers, & Husch, 2016a). Operational FI depends di-
rectly on efficient sampling design (Yang, Hsu, Kershaw, McGarrigle, & Dan,
2017), which is a balance between standard error objectives (precision) and cost
constraints (Yang et al., 2017). Besides the sampling method, precision and cost
of sampling estimates, depend from the type of forest, the spatial distribution of
the trees and their growth mode (Osman & Idris, 2012).

The sampling designs use either sampling with equal probability (like fixed
area plot sampling) or sampling with variable (unequal) probability (like Bitter-
lich sampling) (Kershaw Jr., Ducey, Beers, & Husch, 2016b; Rice et al., 2014).
Fixed-area sample plots are sampling units of small areas of circular (fixed-radius),
square or rectangular shape (Kershaw Jr. et al., 2016a). “Fixed-area plot sam-
pling has been widely used in forestry since the 19th Century” (Osman & Idris,
2012), particularly with continuous FIs (Ware & Cunia, 1962) as Scott (1990)
refer. Variable probability sampling which is broadly applied in FIs can further
be categorized into: 1) sampling with probability proportional to size (PPS sam-
pling), 2) list sampling and 3) sampling with probability proportional to predic-
tion (3P sampling) (Kershaw Jr. et al., 2016b).

Bitterlich sampling, as used extensively in the forest literature, is an applica-
tion of PPS sampling (Gregoire & Valentine, 2007a; Kershaw Jr. et al., 2016b;
Marshall, Iles, & Bell, 2004; Rice et al., 2014). Bitterlich sampling utilizes a prism
or Spiegel-Relaskop as an angle gauge instrument to project a horizontal angle at
tree diameter at breast height and therefore selects potential samples propor-
tional to the basal area (Yang et al., 2017). Using Bitterlich sampling, some bias
is expected to occur in the final estimates due to edge effects, poor visibility,
treatment of borderline trees and counting errors (Iles, 1989; Osman & Idris,
2012). But, as Kershaw Jr. et al. (2016a) mentions, “while these measured values
will differ slightly (or in some cases greatly), these differences are no more un-
expected than differences obtained using fixed-area plots of different sizes”. Stu-
dies (Rice et al., 2014) indicate the fixed area sampling is still more time-consuming
than variable radius methods, even with the usage of time-saving technology
(like ultrasonic hypsometer). “In general, we did not find significant accuracy
differences between the inventory systems for most of the stand variables and
forest types studied, as expected by established angle-count sampling theory”
(Piqué, Obon, Condés, & Saura, 2011).

Moving forward to find more effective sampling designs than fixed area or va-
riable (Bitterlich) area plots, two-stages, and two-phases (double) sampling schemes
has been proposed. Two-stages, double sampling designs, based on cheaper to
acquire auxiliary variables (covariates) such as tree stem basal area (less height),
for estimating target variables like stock volume (Burk, 2004; West, 2011). The
first stage (or phase) constitutes with measurements of auxiliary variable, taken

by a larger sample plots (points of fixed areas), while in the second stage (or
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phase) a subsample (a subset of the initial sample) with the variable of interest is
measured (Burk, 2004; Dahl, Harding, & Wiant, 2008; West, 2011). The auxiliary
variable is closely related (high correlation) to the variable of interest and rela-
tively quickly and easily can be measured (Burk, 2004; West, 2011).

Big Basal Area Factor (Big BAF) and Point-3P sampling methods are relatively
new in the history of sampling designs and were developed during the last few
decades. Two-stage sampling, with explicit use of Bitterlich sampling at the first
stage, is the common characteristic of these methods (Lindemuth, 2007). The
sample points can be spread randomly or systematically (Marshall et al., 2004;
Rennie, Wood, Schreuder, & Lund, 1991) in the forest area. The measurements
of the first stage include the number of trees (of various species) and give the
basal area from the Bitterlich sample using a BAF angle gauge (Lindemuth, 2007;
Marshall et al., 2004; Rennie et al., 1991; Yang & Burkhart, 2018). Many applica-
tions of both methods, Big BAF and Point-3P, involved operational FIs (Mar-
shall et al., 2004; Opalach, 2017; Rice et al., 2014; West, 2011; Yang & Burkhart,
2018).

The object of this paper is to present the two sampling methods of Big BAF
and Point-3P in a systematic way. These methods constitute a form of two-stage
Bitterlich sampling for the estimation of timber volume. In the next two sec-
tions, Big BAF and Point-3P sampling methods are defined and referenced to
the literature. A brief mathematical description of the two methods is given in
the fourth section, and the last section links the two sampling methods to forest

inventories and forest management.

2. The Big BAF Sampling Method

In Big BAF sampling two angle gauges are used: 1) in the first stage a small BAF
angle gauge counts a sufficient number of “in” trees relatively quickly for esti-
mating basal area and 2) in the second stage a larger BAF angle gauge subsam-
ples measure trees (a subset of the first stage trees counted with the small-angle
gauge) that will provide the volume/basal area ratio (VBAR) (Bell, Iles, & Mar-
shall, 1983; Brooks, 2006; Kershaw Jr. et al., 2016b; Marshall et al., 2004; Yang et
al., 2017). Big BAF sampling design exploits the common observation that esti-
mates of the basal area have a higher variability than estimates of VBAR (Bruce,
1961). Because these two parts have different variability, they could be represented
in the sample with varying sample size intensity (Samiotis & Stamatellos, 2011).
As a result, in the first stage, a larger sample of trees is used to estimate basal
area per unit area (basal area/ha or acre) and a smaller subsample of trees is used
to estimate mean VBAR (volume/m2 or /ft2) (Iles, 2003; Marshall et al., 2004).
“In general, the large-factor BAF is four to five times that of the small-factor
BAF” (Yang & Burkhart, 2018) and corresponds to a proportion of approx-
imately 1 VBAR tree would be chosen out of 5 counted trees (Iles, 2012).

The separation of basal area (tree counts) and VBAR as separate issues, led to
the invention of Big BAF method, in which VBARs with lower variability than
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counting trees are subsampled (Iles, 2017). Some alternative methods before the
proposed Big BAF are: 1) the double sampling, instead of measuring all “in”
trees, we record the count trees on every Bitterlich point (first phase) and then
we subsample the VBARs from every nth sample point (second phase) (Desma-
rais, 2001; Iles, 1989, 2012); usually we measure all of the trees on every fourth
(less third) sample point cluster of trees (Brooks, 2006; Iles, 1989; Yang & Burk-
hart, 2018), 2) the two-stage sampling in which measurements are taken in sys-
tematic manner, every 10th (nth) tree “in” on the second stage (Iles, 1989) or 3)
randomly selecting two trees on every point of the second stage (Iles, 1989; Yang
& Burkhart, 2018). It is not acceptable the subjective selection of closest trees to
the sample point, because in that case smaller trees oversampled and usually the
stand volume underestimated; all “in” trees must have an equal probability of
being sampled (Iles, 1989).

Big BAF sampling has been applied or studied in various forest types with dif-
ferent species. References can be found for softwood forests like fir (Abies x bo-
risii-regis Mattf) (Samiotis, 2008), redwood/Douglas-fir (Corrin, 1998; Marshall
et al., 2004; Opalach, 2017), white pine in New Hampshire (Desmarais, 2003),
spruce-fir forests in Maine (Lindemuth, 2007), hemlock (Desmarais, 2002), Jef-
fery pine (Marshall et al., 2004), in hardwoods, like Appalachian of West Vir-
ginia (Brooks, 2006), Northern red oak (Desmarais, 2002) and Aspen in Minne-
sota (Deegan, 2011). Big BAF has been applied also in mixed species forest
structures (Yang et al., 2017), with uneven-age and multistory oak-pine stands
(Lindemuth, 2007) and in plantations, like loblolly pine with spatial heterogene-
ity (Yang & Burkhart, 2018). Geographically, the Big BAF applied in Canada and
the western United States (Brooks, 2006; Chen, Yang, Hsu, Kershaw, & Prest,
2019; Corrin, 1998; Desmarais, 2002; Marshall et al., 2004), while studies have
been done for potential applicability in northeastern North America (Brooks,
2006; Burk, 2004; Deegan, 2011; Lindemuth, 2007; Yang et al., 2017) and in Eu-
rope (Samiotis & Stamatellos, 2011).

The main applications of Big BAF sampling concerns estimations of stand
volume (Lindemuth, 2007; Marshall et al., 2004; Opalach, 2017; Yang & Burk-
hart, 2018), including total volume, merchantable volume, sawlog volume (saw
timber) and pulpwood volume (Kershaw Jr. et al., 2016b; Yang et al., 2017), gen-
erally for timber cruising (Corrin, 1998). Current applications of Big BAF turns
from estimations of volume to estimations of the average forest biomass (Ellis et
al., 2019; Griscom, Ellis, & Putz, 2014) and carbon, demonstrating the efficiency
and overall inventory costs reduction of this method (Chen et al., 2019). Addi-
tionally, Big BAF is suitable for landowners that seeking a cost-effective method
for estimating carbon (Chen et al., 2019). Currently, Big BAF becomes an option
for collecting field data among other sampling methods (Waterman, 2016b). Big
BAF was utilized also for overstory estimates (DiNardo, 2015). We can consider
the Big BAF as one of the subsampling methods for the selection of VBAR trees
(Deegan, 2011) and “measure’ trees for detailed measurements (tree height,

bearing form the plot center, distance from the plot center, crown dimensions,
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and number of silvicultural logs) (Fraser & Congalton, 2019). Big BAF has been
conducted for collecting attributes on the overstory species composition and
understory of inventory plots (Eisenhaure & Belair, 2016; Waterman, 2016a).

The main advantages of Big BAF sampling that greatly improve sample effi-
ciency are: 1) the simple and easily applicable method of selecting the measured
trees (Corrin, 1998; Marshall et al., 2004), 2) the improved distribution (disper-
sal) of the measured trees throughout the area of interest over the two-phase
sampling (Brooks, 2006; Corrin, 1998; Marshall et al., 2004), 3) allowing cruisers
(forest specialists) to optimize their samples, selecting the effective analogy (ba-
lancing the sampling effort)of “in” trees and the VBAR trees by choosing small
and large angle gauge correspondingly, that subsequently will lead to large cost
savings (Corrin, 1998; Marshall et al., 2004), 4) the Big BAF method does not
require any special computational techniques (Corrin, 1998; Marshall et al.,
2004), 5) because “in” trees of the second stage (VBAR trees) are very close to
point center (Desmarais, 2002), simultaneously the travel distance between the
sampling point and measurement trees decreasing and avoiding potential bias in
tree selection (Rice et al., 2014), and 6) lastly because in Big BAF the basal area is
more intensively sampled, this lead to better in estimations of species composi-
tion (Corrin, 1998).

Disadvantages of Big BAF (Brooks, 2006; Marshall et al., 2004; Osman & Idris,
2012) can be: 1) the selection of the appropriate sized BAF angle gauge. By
choosing small BAF many trees measured for volume (not economically effi-
cient) and subject to personal error increasing from missing trees and edge ef-
fects (increased sampling error); by choosing a large BAF few trees being meas-
ured for volume estimation but can result excessive variability (increased sam-
pling error), 2) more Bitterlich plots, in comparison to classical Bitterlich sam-
pling, will be received for measuring VBAR trees, 3) may be difficult to find
large BAF angle gauges for the second stage in the case of very big trees with
large diameter at breast height.

In the last few years, Big BAF has a steadily increasing number of research
studies in the literature, for example (Chen et al., 2019; Iles, 2012; Kershaw Jr. et
al., 2016b; Lei et al., 2019; McTague, 2010; Rice et al., 2014; Samiotis & Stama-
tellos, 2011; Yang & Burkhart, 2018; Yang, Kershaw, Weiskittel, Lam, & McGar-
rigle, 2019).

3. The Point-3P Sampling Method

Grosenbaugh (1963) introduced a sampling method in which trees are selected
for measurement with a probability proportional to some predicted tree value
(e.g. diameter at breast height, basal area, height, volume). This method is
known as sampling with Probability Proportional to Prediction (3P, 3-P, PPP)
and its advantage is that it does not require a list of trees in a forest area. The 3P
method provides high accuracy and precision but is time-consuming and expen-
sive when every tree must be visited for ocular prediction (Osman & Idris, 2012).

This drawback led Grosenbaugh to invent an efficient sampling scheme for large
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areas, a two-stage Point-3P sampling design (Grosenbaugh, 1971, 1974, 1979),
almost a decade later based on the 3P method.

Point-3P or P3P sampling is a two-stage sample (also known as Point-Poisson
sampling). In the first stage, we take Bitterlich point samples. In the second
stage, we predict (visual estimation) the total height for each Bitterlich sample
tree (as an estimate of VBAR) and we apply the 3P sample technique to those
individual trees (Kershaw Jr. et al., 2016b; Rennie, 1976; Wood & Wiant, 1992).
A subsample of the first stage trees is selected with a probability proportional to
the prediction of the tree height (Matis, 2004). In order to select the 3P trees
each estimated height is paired with a random number from a list that we pro-
duced (Rennie, 1976), if the predicted value is larger than the generated number,
the tree is selected for detailed/accurately measurement for volume (Kershaw Jr.
et al., 2016b; Rennie, 1976).

Point-3P applied mainly in North America (Rennie, 1976; Rennie et al., 1991;
West, 2011) and research studies have been conducted in Chile-South America
(Harris-Pascal, 2015), in Canada (Williams & Wiant, 1998), in Australia (Wood
& Schreuder, 1986; Wood & Wiant, 1992; Wood & Wiant Jr., 1992), in New
Zealand (Lee & Goulding, 2002), in Switzerland (Mandallaz & Massey, 2012), in
Greece (Stamatellos, 1995) and in Eastern Africa (Tanzania) (Osman & Idris,
2012). Applications of Point-3P have been conducted in various forest types:
from softwoods (Stamatellos, 1995; Williams & Wiant, 1998), to hardwoods of
Eucalyptus sp. (Wood & Wiant Jr., 1992), Miombo savanna woodlands (Osman
& Idris, 2012) and plantations of hardwood (Harris-Pascal, 2015) and softwood
(Lee & Goulding, 2002) trees.

The vast majority of Point-3P applications refer to timber volume estimations
(Gregoire & Valentine, 2007a; Harris-Pascal, 2015; Rennie et al., 1991; Stamatel-
los, 1995; West, 2011; Williams & Wiant, 1998; Wood & Schreuder, 1986) and
merchantable log products for timber sales (saw-log, pulp-millable wood vo-
lume) (Lee & Goulding, 2002; Osman & Idris, 2012; Rennie, 1976; Schreuder,
Ouyang, & Williams, 1992; Wood & Wiant, 1992; Wood & Wiant Jr., 1992).
Apart from volume estimation, Point-3P sampling can be implemented for any
stand attribute estimations (Kershaw Jr. et al., 2016b).

The main advantages that characterize Point-3P are: 1) the use of the power of
3P sampling can be applied for large areas (greater than stand-level) more effi-
ciently (Iles, 1995; Lee & Goulding, 2002; Stamatellos, 1995), 2) the time and cost
efficiency in comparison with fixed-area plots (Osman & Idris, 2012) or Bitter-
lich plots (Stamatellos, 1995), 3) the sampling efficiency comparing to the “clas-
sical” 3P (Basic-3P) or “ordinary” 3P sampling, due to its use of variable radius
(Bitterlich) plot sampling in the first stage (West, 2011), 4) is cheaper than either
Fixed-area plot or Basic-3P designs (Osman & Idris, 2012) and 5) in Point-3P we
expect higher sampling accuracy than Big BAF, because the selection of trees
(sampling units) in the second stage, use the height as additional variable to bas-
al area (height multiplied by basal area), which is more relevant and commonly
proportional to the volume of interest (Rennie, 1976).
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Disadvantages can attribute to Point-3P: 1) in the case of inventorying small
areas with large variation between plots and desiring high precision, in that case,
3P sampling has better cost efficiency (Lee & Goulding, 2002), 2) from the selec-
tion of proper sample size on the second-stage; in the case of small sample size
the precision of the final estimate will be less than planned and in the case of
large sample size the total cost will be greater than anticipated (Wood & Wiant
Jr., 1992) and 3) from the program acquisition/creation that will “produce an
appropriate random number list for selecting the second-stage sample (trees)”
(Wood & Schreuder, 1986). Comparing the disadvantages of Point-3P & Big
BAF we understand that Big BAF method is easier and quicker applicable, be-
cause there is no need for height estimations of all “in” trees in the second stage,
and there is no need to create and use random number lists for further mea-
surements.

Recent publications since 2010 for Point-3P sampling are presented in these
sources: (Harris-Pascal, 2015; Mandallaz & Massey, 2012; Osman & Idris, 2012;
West, 2011, 2017; Yih Lam, Hsu, Yang, Kershaw, & Su, 2017). From the current
bibliography, Big BAF tends to be used more frequently than Point-3P sampling
method.

4. Mathematical Description of Two Sampling Methods

Big BAF and Point-3P sampling are two-stage sampling methods. Both methods
have primary Bitterlich sampling units (points) and secondary units, are a subset
of trees selected from the first stage. These methods can be considered as exten-
sions of Bitterlich sampling. In the first stage of Bitterlich sampling, the proba-
bility of selecting trees (7,) is proportional to their basal area (De Vries, 1986;
Gregoire & Valentine, 2007b; Kershaw Jr. et al., 2016a; Overton & Stehman,
1995; Schreuder, Gregoire, & Wood, 1993), m,oc g where g=d’(z/4) the
basal area of the tree with a diameter at breast height d. In the second sampling
stage, for the Big BAF method, the probability of selecting trees from those se-
lected in the first stage (7[2‘1) , is a constant proportional to the ratio of basal
area factors (F,/F,) that are used in the two sampling stages, Ty F/F,.In
the second stage of the Point-3P method, the probability of the trees’ selection is
proportional to a prediction of their height (Gregoire & Valentine, 2007b; Ker-
shaw Jr. et al., 2016a; Schreuder et al., 1993), o
the trees’ height. The variables that determine the probabilities of selecting trees

oc h where Ais a prediction of

in the second stage are well correlated with the variable of interest, which is the
VBAR. In Big BAF method, the ratio of the probabilities of selecting two trees in
the sample equals to the ratio of their basal areas, while in the Point-3P sampling
the same ratio equals the ratio of the products of basal areas on their heights. In
the Point-3P sampling, the total probability of selecting trees correlates more
strongly with the tree volume and is expected to be more effective than the Big
BAF method (De Vries, 1986; Rennie, 1976).

From the previous description, it appears that the Big BAF and Point-3P sam-
pling methods are similar in their probability basis and therefore it is possible
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for the estimators and variances to be given in the same way. Let X and Y'to be
two random variables (not necessarily independent), the variance V (XY) of
the product XY (Bohrnstedt & Goldberger, 1969: p. 1439; Goodman, 1960: p.
712; Mood, Graybill, & Boes, 1974: p. 180) is

V(XY)=E*(X)V(Y)+E?(Y)V(X)+2E(X)E(Y)Cov[E(X),E(Y)]

b (1)
+2E(X)E,, +2E(Y)Ey +E,, —E2

where E(.) is the expected value, V(.) is the variance, Cov(,) is the cova-
riance, Ax=X—-E(X), Ay=Y-E(Y), E, = E[(Ax)l(Ay)zJ ,
B, = E[(8)" (ay)' | and E,,—E =V (axay).

An approximate estimation of V (XY), considering the first three terms of
“Equation (1)” is given as

V(XY)=E*(X)V(Y)+E*(Y)V(X)+2E(X)E(Y)Cov[ E((X).E(Y)]. )

In our work, let Q to be the mean volume per ha of a forest area at n points
of sampling (Bitterlich) and X the mean basal area per ha in the Big BAF me-
thod and the product of the BAF and the sum of heights predictions in the
Point-3P method. Y is the mean per tree volume ratio to their basal area, in
the Big BAF method and Y is the mean per tree ratio of measured VBAR to
estimated tree height in the Point-3P sampling. Then the mean volume per ha,
Q. is given as the product of X and Y (Kershaw Jr. et al., 2016a; Marshall et
al., 2004)

Q=XY, (3)
with approximate variance V ((3 ) ,

V(Q) =X (Y)+Y?V (X)+2XYCov(X,Y), (4)

and estimated % sampling error, SE% to be given as

SE(Q)%= ,/Vé?)loo. (5)

In similar applications of timber stock estimations in forest ecosystems, the

covariance term can be ignored because its size is small (Marshall et al., 2004). In

this case, the variance and sampling error is further simplified to
SE(@)%:\/[SE()?)%]2+[SE(\7)%]2. ©6)

Then confidence intervals for Q can be constructed on the assumption that

Q is normally distributed. This assumption is difficult to satisfy because the
distribution of the product of two normal variables is generally not normal
(Lomnicki, 1967; Springer & Thompson, 1966), when the variables are addition-
ally correlated, skewness is usual and normality does not apply (Oliveira, Olivei-
ra, & Seijas-Macias, 2016). In this case, confidence intervals are created with re-
sampling methods such as bootstrap and jackknife methods (Buonaccorsi &
Liebhold, 1988; Efron, 1982; Efron & Tibshirani, 1986).
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5. The Two Sampling Methods in Forest Inventories and
Forest Management

The two sampling methods presented, Big BAF and Point-3P, are more effective
than the commonly used methods, fixed-plot, and Bitterlich sampling. General-
ly, their efficiency relies on the combination of Bitterlich method and two-stage
sampling advantages. Greater efficiency is mainly due to reducing costs because
many fewer trees are measured, although there is a slight increase in sampling
error. The applicability of these methods in the management of forest ecosys-
tems depends on the acceptance and adoption of Bitterlich point sampling from
practitioners. These methods are proposed in the management of forest ecosys-
tems at a local and regional level. In the broader and national forest inventories,
remote sensing data can be used in the early stages and then the two proposed

methods for collecting data in the field can be applied.
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