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Abstract: Problem statement: In the practice of conventional point sampling dimt sampling
methods in the forestry survey, we often encoupteblems such as boundary and hole problems.
These problems could introduce bias in the resiilfsrest sampling. Proper modifications are needed
Approach: This study developed novel probability computatepproaches in the utilization and
modification of horizontal point sampling and lisampling in the forestry inventory. It reviewed
conventional point sampling and line sampling mdthddentifies specific problems associated with
actual forest sampling and provides modificatiolutians using probability computationResults: By
modifying the original point sampling and line sdimg procedures, this study proposed novel
solutions to these problems and provides bettepbaghmethods with reduced bias in the forestry
survey.Conclusion: In this study, only horizontal gauging for poiringpling and line sampling was
discussed. For the corresponding problems encathtarvertical gauging, the solutions are simitar t
the ones for the horizontal gauging sampling. Theselifications had been presented with varying
levels of complexity. To maintain a balance betwgeacision and costs, modifications with an
appropriate level of complexity may be selected.
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INTRODUCTION methods on a land area without introducing any.bias
Proper modifications are needed. The first two

roblems as presented above have been solved iand th
tudy will address the modifications to solve thed
problem addressed here: the boundary and hole
problem. In addition, this study will propose afelient
solution to the boundary overlap problem compared
with the walkthrough method proposed by Duetwl.

* They ignore the case in which the sampling point(2004)-
or the sampling line is at the boundary. The theory o o
assumes the sampling point or the sampling line i4-iteraturereview: Point sampling is a commonly used
far enough from the boundaries to avoid theMethod in forest inventory sampling (Oderwald and
influence of boundaries. There are several previoug®nes, 1992). Horizontal point sampling theoryestat
approaches to this such as the mirage methothat the vertex of a constant angle whose sides are
(Schmid-Haas, 1982), Ducey's walk-through €xactly tangent to a circular tree cross sectiofi wi
method (Duceyet al., 2004), Grosenbaugh's 9enerate a huge imaginary ring on a level planarafo
method (Grosenbaugh, 1979) and Beers (1977)€ tree if the vertex is pivoted about the treatee
method orizontal angle-gauge with vertex at sample ptahg

« They assume that the plane of the study area igbserver point lies inside imaginary ring of oreetand

perfectly level. A solution to this is given in Aye outside the imaginary ring of another tree. Thester
and Burkhart (2001) determines what trees are to be included in thepkam

Lgy sighting through an angle gauge, such as a prism
also known as variable radius plot sampling, orpgym
prism sampling. The horizontal point samples can be
Due to these constraints, it is difficult to perfo  located near stand boundaries where a portion @f th
the theoretical point sampling and line samplingsweep falls outside the stand. The boundary ovedap

67

The theoretical development of the point sampling
and line sampling methods assume the land areg bei
sampled has perfect geometric characteristics.eTaer
several assumptions about the geometric charaatsris
of the study area, which may limit their utilizat® in
the forestry inventory survey:

 They assume that the study area is a continuo
plane without any “hole”
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be corrected using the mirage method developed bfeatures such as snags and cavity trees while némgai
Schmid-Haas (1982) and described by Beers (1977tompatible with commonly employed sampling
The guidelines to be followed when the mirage meétho methods for the living overstory. This study usedrs
is applied in horizontal sampling have been exgldin segments for HLS and augmented the horizontal line
by Huschet al. (1982) and Bertranet al. (2002). sample by completing the angle gauge sweep around
Overlapping occurs when the plot Radius (Ri)the end of the line, effectively adding half of a
associated with any qualifying tree exceeds thetsbb conventional horizontal point sample to each enthef
perpendicular distance (B) from the sample poirthto  line. This modification eliminated some of the pieal
boundary. If Ri>B overlap exists, Ri may be difficulties encountered with traditional HLS andvg a
determined using several equations or usingstraightforward way of estimating abundance, based,
diameter/plot radius ratios. Fahagh al. (2008) case volume and other related attributes of snags amiyca
study in West Mazandaran showed sampling factors itrees in a forested tract. According to Ducetyal.
the context of social forestry. (2002), the modified form of HLS is easy to impleme
Point sampling can be used only to measure stanith the field and appeared to be at least competitiith
basal area over bark. If underbark basal areajisned ~ and in some cases better than, HPS for estimatiamgl s
a method is needed to convert the overbarkparameters for snags and cavity trees. The fadt tha
measurement to an underbark measurement. There areeaningful estimates can be obtained with sampkssi
always trees for which the observer will find iffaiult (number of line segment centers) comparable with th
to judge whether they should or should not be et number of inventory points often used for timber
in the count. These will be trees which are vergriibe  inventories and other assessments of the living
circumference of a circle being implicitly swepttday ~ overstory is an additional advantage. Also, thehoet
the observer. When such cases arise, the dianfetee o requires no extra equipment and uses basic teobsiqu
tree at breast height over bark and the distarmra fts  already familiar to many practitioners. Ducey al.
stem centre to the observer should be actually uneds (2004) proposed another new walkthrough method for
(West, 2009). Point-3P sampling, developed byreducing boundary overlap bias that diminishes or
Grosenbaugh (1971, 1979) is an efficient samplingeliminates the need to work outside the tract and
design (Steber and Space, 1972; Van Hooser, 1978ccommodates irregular boundaries easily. Under
Wood, 1982; Bigg®t al., 1985; Mackisack and Wood, typical conditions, the walkthrough method elimasat
1990). Van Hooser (1978) and Wood (1982) have alsthe boundary overlap bias associated with mostctdbje
provided cost data by applying Point-3P samplingnear the border and reduces it for the remainingobe
Stamatellos (1992) compared six sampling designs
(three Plot-3P, two Point-3P and one Plot-PPS) dase MATERIALSAND METHODS
on a cost-effectiveness index (sampling error sepixr
cost). The two Point-3P designs were found to beemo When conducting a sample on a definite land area,
efficient. foresters are primarily concerned with inventory
Line sampling is an extension of the point attributes, which are to be obtained by summinghep
sampling theory. It employs random-sample line-individual values of that attribute on every treethe
segments instead of sample points and the probabililand area sampled, for example the total number of
per unit-length of line that a particular tree wile trees or the total volume of the trees in the laneh.
selected is proportional to tree diameter (horiabnt On large areas, it is usually necessary to estinatse
gauging) or to tree height (vertical gauging) iasteof  attributes by sampling.
proportional to the square of these dimensionsnas i The differences between point sampling and line
point-sampling. The angle-gauge is used to selectampling are in the methods they use to selecs tiad
sample trees on both sides of sample line- segmentie formulas they use to calculate the probabitity
located at, random on the tract. Often continuauw$ a sampling the selected trees. After a tree is sdeand
parallel lines will be used; they are analogousttps. its probability of selection is calculated, the
At other times short discontinuous segments, amal®g computation of the estimated total value of thecHjme
to rectangular plots, will be preferred. Horizontake  attribute in the sampled area is the same for both
sampling using an angle gauge was originallymethods. We will discuss the steps for the estionadif
developed by Strand in 1957 and its basic theory wathe total value first.
outlined by Grosenbaugh (1958). Ducetyal. (2002) Given a selected tree (i), its probability of stien
presented a straightforward modification of hortabn is calculated as;Rnd the attribute of the selected tree
line sampling designed to facilitate inventory of we are interested in is sampled as (for example,
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diameter, basal area and volume), an unbiased The line sampling method is actually a
estimation of the total value of Y for the popubatin  combination of point sampling and the commonly used
this study area would be/P. For all the selected trees, method of line-intersect sampling. In traditionale-
the unbiased Sample-baSEd estimation of the tatakv intersect Samp”ng, the diameter of the Study dh&c
used directly to calculate the probability of sél@e. In
forest sampling, the comparatively low density loé t
total number of the selected trees and n is thal tot forest does not allow the randomly generated lme t
times we perform the random tree selection). intersect with enough trees to obtain a sufficieifw
The point sampling method starts from a randomly-estimation variance. The line sampling method eelar
selected point in the land area of interest. Fraohe the tree diameter (at breast height) by using theyg-
point we use a predefined gauge-arfpl® select each angle, first introduced in the point sampling metho

of Y for the population would be%zlmo% (m is the

sample tree and to calculate its associat€#ig. 1). Given the gauge-anglé, the enlarged virtual tree
We assume the land area to be sampled is level anflameter is DBH*csc6(2).
tree stem is vertical. On the plane that intersegg/en We assume the land area to be sampled is level and

tree at the breast height (1.3 m above the groand) the tree stem is vertical. On a plane intersedtiegtree
which is parallel to ground level, there is a gaaggle 4t the breast height (1.3 m above the ground) drxidhw

of 6 degrees whose vertex is the randomly selecteg) parallel to ground level, there is a gauge-afgtd
sample point having a bisector which goes throlh t yeqrees whose vertex is located at the line andsevho
center of the tree. If edggs qf the gauge-angtematt bisector goes through the tree center and is
the tree’s basal area (which is the cross-sectianez at perpendicular to the line. If both edges of the ggau

breast height), the tree is selected and its pibtyab; angle intersect with the tree’s basal area (whicthe

is calculated as Eq. 1: cross sectional area at the breast height), the ifre
selected (Fig. 1) and its probability B calculated as

2%
p= .T:'j‘ = DB'He 2" 1) Eq. 2:
(sm2) A 4*(sin 2) A _
R =—f— )
Where: sinE *A
TBA = Tree Basal Area
DBH = Diameter at Breast Height
A = Areasampled where, Liis the line length.
® =The gauge angle The point sampling method uses the gauge-angle to
enlarge the sampling area standing for the seldoted
from its basal area (Bto B, . The line sampling
(sinE)2

also enlarges the tree’s diameter at breast heiglie

factorie. When the selected tree is far away from

sin—

2

the study area boundaries, the enlarged virtua tre
basal area or the tree’s diameter will not excéedaf
the land area being sampled. No change is needed to
use theoretical sampling method in this case. Bwrw
the selected tree us located close to the boursdafie
the land area being sampled, the enlarged tred basa
area or the tree diameter will be projected beybede
boundaries (Fig. 2). Theoretically the part of the
enlarged area or diameter which extends across the
boundary of the land area being sampled will inticz
bias into the sample results, although the bias nuy
Fig. 1: Selecting trees in point sampling very significant when the study areais lazgeugh.
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Erlarged ring

Fig. 4: Boundary overlap problem in line sampling

Fig. 2: Boundary overlap problem in point sampling In the line sampling method, when a line is
determined, the range used to determine whethezea t

is selected or not is rectangular area that iscbiseby
the selected line. The length of the edge thatislfel
to the selected line is equal to the length of Hedécted
line. And the length of the edge that is perpenidicto

Selecting

Y rectangular
;

that selecting line igm—gx. When this range exceeds
sin—
2

.
,Border
;

the study area, the same bias is introduced asribe
found in the point sampling method (Fig. 3 and 4).

RESULTSAND DISCUSSION

It is generally assumed that the land area to be
sampled is a continuous range without any holes.
However, there is always the possibility of the
existence of holes in this land area. For example,
there may be some small areas inside the study area
Fig. 3: Rectangle area bisected by the selecteditin such as a small pond, a brook or a stream, where

line sampling trees could not exist. Therefore these areas shmaild
subtracted from the study area. In such a case, the
Duceyet al. (2004) introduced a walkthrough method land area sampled is not a contiguous range without
as a solution to the boundary overlap problem. Theyoles. As in the case of the boundary overlap
give a thorough discussion of a number of othemproblem, when the enlarged tree basal area, emarge
approaches to the boundary overlap method sudheas ttree diameter, or selecting range of the pointie,|
mirage method. Gregoire (1982) proved that the geira intersects or contains any of these holes, bias may
method was unbiased under typical conditions with accur if the hole area is not subtracted from ttalt
straight boundary line, however, the mirage methodand area being sampled (Fig. 5 and 6).
cannot be applied unless it is possible to cross th Because the way in which the bias is caused by
boundary of the forested area being sampled tehe boundary and hole problems are very similag, th
establish a mirage point. The walkthrough methodsolutions for them are also similar. This solution
proposed by Ducewt al. (2004) is unbiased and does requires adjustment of sample tree selection and
not require travel outside the tract boundary. His t corresponding adjustment of selection probabilitids
study, a different solution to the boundary overlapwill discuss the solution for point sampling method
problem will be proposed. first.
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enlarged tree basal area of any selected treenwill
contain the part of any special area.

These two constraints are defined from a
theoretical viewpoint. In the practical applicasorthe
second constraint is not easy to employ because its
geometric shape is complex for field implementation
The probability that a selected tree is locatedhat
boundary of the selecting area and also has a tkame
at breast height that is near the maximum value is
relatively small. The second constraint can be teahit
for practical convenience without introducing toaah
bias. We only need to determine the anglby the first
constraint. Next we will discuss the solution foe ine
sampling method.

In the original line sampling method, the tree
selecting area is a rectangle instead of a ringhen

i

Fig. 8: Shadowed area around selecting area in linB0int sampling method. Just as we did for the point

sampling sampling method, we also put constraints on the lin
sampling selecting area to avoid the bias introdune

Figure 8 indicates a shadowed area surrounding thi&€ special holes and boundary overlap.

angle area. This shadowed area consists of fots:par Given a selected line (j) with length, ithe gauge

angle 0) and the maximum tree diameter at breast

height Dnay the tree selection area is a rectangle with

Area A: it is narrow area with the width-oPme_ ) . D
2xgin® the dimensions of length; land mdthiaex. We use
2

sin—
. ... D . .D 2
Its inner radius is—"—and outer radius is—% D _
2%gin " sin> —m tg insure that, the enlarged tree basal areshéor t
2 2

sin_
Two rectangular areas with dimensiono% tree in the rectangular area does not contain holes
2*Sin5 boundary overlap. When these trees are sampled, no
b bias will be introduced.
long and —™2_ wide. One vertex of both of the To avoid the possibility that the rectangular
2*sin— selection area intersects with or contains holes or
o2 overlaps the boundary, we adjust the length of the
rectangles is the vertex of the angle and one IoNg&g|eciing line to change the size of the selecticea.
edge of both of the rectangles is sitting on thgeed £q the g, parameter in the point sampling method, the
of the angle _ _key point is to find the proper;LOnce the | is
Two sector areas with 90 degree angle and radiugetermined.
The probability of a selected tree in the selegctin
area can be calculated using following formula (Eq.

ofLaxe. One edge of the angle is the shorter
2*sin5

edge of one rectangle. The other rectangle isgitti , _ DBH*L )
on the bigger circular area : Sing A
One sector area with (18§) degree angle and 2

. D . .
radius of—"=—. Its two edges are the shorter  The constraints for determining the length of the

. 0 . . .
2*smE selecting line area are (Fig. 8):
edges on the two rectangles « The area defined by the length;)(Lshould not

intersect with or contain any hole or boundary
This shadowed area is defined to make sure if the overlap area. Only the trees in this area can be

tree is located on the boundary of the selectieg,ahe sampled with this particular line j
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« As shown in the Fig. 8, there are shadowed areathis study, only horizontal gauging for point samgl
surrounding the rectangular area. The shadowednd line sampling methods is discussed. For the
areas consist of four rectangular areas and foucorresponding problems encountered in vertical
sector areas. The dimensions of these rectangul@auging, the solutions are similar to the onestier

D,.. horizontal gauging sampling. These modificationgeha

Dot oo .
areas are in width and in length.  peen presented with varying levels of complexitg. T

. L maintain a balance between precision and cost,
The sector areas are quarter of a disc with raafius Medifications with an appropriate level of comptgxi
D may be selected.
mx  The shadow area will not contain any
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