L

/
'

ASSESSING PETRIFIED WOOD CHANGE IN
PETRIFIED FOREST NATIONAL PARK
by

Nicholas Scott Monkevich

Thesis submitted to the Faculty of the
{/irginia Polytechnic Institute and State University
in partial fulfilment of the requirements for the degree of

MASTERS OF SCIENCE

in
Forestry
Approval:
Dr. Timoth{G. Gregoire, Chairman
\‘\ e

/ dpse ;
/ tor James L. Smith

g)ﬁ,”gg W B_?rg, Aoy N
Dy. JoSeph W. Rodggenbuck

o

October, 1994

Blacksburg, Virginia



L

$S65E
NESS
1994
mfiﬁé é’ﬁ;
¢,



ASSESSING PETRIFIED WOOD CHANGE IN
PETRIFIED FOREST NATIONAL PARK
by
Nicholas Scott Monkevich
Timothy Gordon Gregoire, Chairman
Forestry

(Abstract)

The problem of petrified wood theft was examined in the Petrified Forest

National Park. This study accomplished the following 2 objectives:

1. Perform a complete inventory throughout five high use areas at the
Petrified Forest National Park

2. Quantify the petrified wood loss within the five high use areas at the
Petrified Forest National Park over a one year time period.

Line intersect sampling was used to sample three size classes of petrified

wood along with fixed area quadrat samples which sampled two size

classes. Line intersect sampling units were established in August 1993 and

revisited during August 1994. Line Intersect sampling results suggest that

petrified wood displacement within the park does occur but not to the

extent that Scher (1990) reports. Quadrat sampling results are not

conclusive with regard to petrified wood displacement due to constraints on

the sample design.

Abstract



Acknowledgments

| wish to sincerely thank my advisor, Dr. Timothy G. Gregoire, for his
guidance and support throughout my two years here at Virginia Tech. |
also wish to thank Dr. James L. Smith and Dr. Joseph W. Roggenbuck

for serving on my committee and their input into this project.

A special note of gratitude goes to Chris Brown for suffering through the
second summer of data collection with me. He made data collection go

smoothly and also helped to pass the hot Arizona time away.

| would also like to thank the staff at the Petrified Forest National Park

for their assistance and cooperation throughout this study.

Funding for this study was received from the National Park Service
Western Regional Office, Cooperative Agreement #4000-9-8014,
Supplemental Agreement #27, administered through the Virginia Tech

Cooperative Park Studies Unit, Virginia Tech, Va.

Acknowledgments iti



Table of Contents

[ o T [T T T ] o OO 1
SHUAY AT, ... iiiiiietiiitete et tet et tateeaseaatantanteansanteateanssansessrsnsansannes 1
11 ¢ { o= 4[] TR PP 2
(01 1=To3 (1Y -1 T TR PU 4
Line Intersect Sampling Literature Review.............ccccooiiiiiiiiiiiiiiiieciic e e, 5
(1Y fo Yo 11 [ 4 o o 1RO 5
LItEratUre ReVIBW. .ot iiiieiiie ittt r ettt e et reesaseraraarasrnsaaeenrnnrenns 6
17 1 4 T T I 17
[0} go Yo [UTo1 (o] o TR TP 17
oY= 10 o] [TaTo 01T T [ o TS O PR 18
Data ColleCtion SUMMAIY......covvieireireiiiire e raeeeeraeereerertaernasanrarneneanens 33
Data ManagemMENL......oiuieininiiiiieeeereeeetataeseeaenraearatemaaseeaneeranansnrearaens 33
[ T2 £ N g T |- 34
Backcountry Sampling Units Variance Estimation................ccocevieiein... 41
Trail Sampling Unit Variance Estimation...........cccoiiiiiiiiiiiiiciiiiiiieeenns, 42
Total Variance EStimation........cc.coiiiiiiiiiiiiii e e e eeaeeeneanens 43
Confidence Interval EStimation........c.ccoviiiiiiiiii e ccer e cnreeenes 43
Percent Cover ReSUItS.........ccoiiiiiiiiiiiiii e e e cee e e e e aas 45
a7 oo ¥ o 4 o o 45
Line Intersect Percent Cover EStimator.......ocvviiiiiiiiiiiiiiiiiciiiieieeceeevaenees 45
Quadrat Percent Cover EStimator.....vouciveirriiieeeiiiieireeenieaeensaseeineenennn 47
Backcountry Total and Variance Estimation..........ccccceviiiiiiiiiiiiiennnnn... 48
Summary of Backcountry Percent Cover Estimates..........cccvevviviieennnnn.. 50
Trail Corridor Average and Variance Estimation........c....cccoveviiiieinnnanen, 54
Summary of Trail Corridor Percent Cover Estimates...........ccccceenvennnn.... 55
Trail Total and Variance EStimation......ccccoveviiiiiiiiiviiiicirei e eieeeenenes 69
Summary of Trail Total Percent Cover Estimates........ccccevvevieienniinennnnne.. 71
Total Percent CoVer SUMMAIY....coeeeievrereiierrareererirrasaeeenrasrarenrnnenenns 76
DEnNSIty RESUILS. .....cuiniiiiii i ettt re et rre e eenseareesnarnrencanensansas 84
{14 e Yo [ Lot 4 o] o VO 84
Line Intersect Density EStimator. ......ooviiiiiiiiiiii e e e 84
Quadrat Density EStimator. .. .cc.oviiiiiii et ee e e eaeeenenns 86
Backcountry Total and Variance Estimation.......c.cceviiveiieiiiiiiiiiiinnnn... 87
Summary of Backcountry Density Estimates.......ccccccvveiivieiiiiiiiienennnnnn. 89
Trail Corridor Average and Variance Estimation........c...ccocevveiiienennnnen.. 93
Summary of Trail Corridor Density Estimates...........cc.coeeiiiiiiiininiinnnnen.. 95
Trail Total and Variance Estimation..........ccooiiiiiiiiiiiiiiiiiiii e veeeaes 109
Summary of Trail Total Density EStimates....ccccvviieiviriviiiiiiiieieeaenees 111
Total DEeNSItY SUMMAIY. ..o eeenr e s renseseaenansns 116

Table of Contents iv



VOlUME RESUILS. ...ttt ettt etes ettt tiaseeneetssntesasessntesssaresnenenns 124

[[aY 4 oo [UTo3 1o T o O PP PPPPPR 124
Line Intersect Volume EStimator......ocveeniiiiiiiiiiiie e vaeeer e e aees 124
Quadrat Volume EStimator......ccvveeeeriiiiiiieiir et e e rieeeeentaasansansans 126
Backcountry Total and Variance Estimation................. rrereertaneaeraenas 127
Summary of Backcountry Volume Estimates..........ccoceevviiiviieiiiinennnn.. 129
Trail Corridor Average and Variance Estimation.........cc.cocvvveviiiiininnns 133
Summary of Trail Corridor Volume Estimates..........cccevcvviiiiviiiiiennnnnnn.. 135
Trail Total and Variance EStimation.......c.ccocviiiiiccieiiiieiriiieeceeiinnennsns 148
Summary of Trail Total Volume EStimates.......ccccevviiiiiiiieiieenerenaneennns 150
Total VolUME SUMMAIY. ...t iateetee e seatennraanaaneaeaas 155
Weight ReSuUlts.........ccoviiiiiiiii e 163
197 o Yo [0 103 { o] TS0t 163
Quadrat Weight EStImMator.....c.cvuiiiiier i iiiieire e e e e e e eraaes 163
Backcountry Total and Variance Estimation.......c.cceveiieeiiiiiiiiiinnenns 164
Summary of Backcountry Weight Estimates..........cccccoeiiiiiiiiiininninennn.. 166
Trail Corridor Average and Variance Estimation...........cccoevvvevvininnan.n.. 169
Summary of Trail Corridor Weight Estimates..........cccvviiiiiinenninnen.. 171
Trail Total and Variance EStimation.........ccceoviiiiiiiiiiiiciiiiceivceeeeeeens 177
Summary of Trail Total Weight Estimates........ccccoeiiiiiiiiiiiiiiiiiennnen.. 179
Total Weight SUMMAIY......ccooiiiiiiiiiei e e e rereaee e eae e e nenes 182
Discussion
FaY oo [V 1o { o] o RS 186
Comparison Between Line Intersect and Quadrat Estimates for
Petrified Wood Size Class 1 Particles.....ccccccevveeeeiiiecviriinneneennn. 186
Total Petrified Wood LOSS SUMMAIY....cccovviiiiiiiiiiiiiciiecee v eeeaas 187
Recommendations for Future Sampling.........cccviiiiiiiiiiiiiiiiniiiieeeee s 190
01 [ 171 o o S SR 192
T LT T T o Y 199
Petrified Forest National Park Data SuUmMmary.............ccooiiiiiiiiiiiiiiiiiceienens 201
C+ + Code for PWSANMP.EXE. ... e as 223
BASIC Code for PWCALC.EXE.......ccciiiiiiiiiiiireeiirr et rearaee e raseasnnrsenenenns 236
C+ + Code FOr WEIGHT.EXE.......ccociitiiiiiiii ittt ee e v neeaeeeeneena e aens 248
Derivation of Line Intersect Conversion Factors..............cccceeiiiiiiiiiiiiiienannn, 253
[ Y1 - TR 259

Table of Contents



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

List of lllustrations

Blue Mesa Sampling Locations at the Petrified Forest
National Park

Jasper Forest Sampling Locations at the Petrified
Forest National Park

Crystal Forest Sampling Locations at the Petrified
Forest National Park

Long Logs Sampling Locations at the Petrified Forest
National Park

Giant Logs Sampling Locations at the Petrified Forest
National Park

A Sample Line Transect for a Backcountry Sample at
the Petrified Forest National park

A Sample Line Transect for a Trail Sample at the
Petrified Forest National park

Unbiased Line Intersect Estimators Used at the
Petrified Forest National Park

Unbiased Quadrat Estimators Used at the Petrified
Forest National Park

Change in Percent Cover in the Trail Strata As
Estimated From Line Intersect Data

Change in Percent Cover in the Trail Strata As
Estimated From Quadrat Data

Overall Change in Percent Cover as Estimated From
Line Intersect Data

Overall Change in Percent Cover as Estimated From
Quadrat Data

List of lllustrations

22

23

24

25

26

30

31

36

38

67

68

82

83

Vi



Figure 14.

Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Change in Density in the Trail Strata As Estimated
From Line Intersect Data

Change in Density in the Trail Strata As Estimated
From Quadrat Data

Overall Change in Density as Estimated From Line
Intersect Data

Overall Change in Density as Estimated From Quadrat
Data

Change in Volume (cubic feet) in the Trail Strata As
Estimated From Line Intersect Data

Change in Volume (cubic feet) in the Trail Strata As
Estimated From Quadrat Data

Overall Change in Volume (cubic feet) as Estimated
From Line Intersect Data

Overall Change in Volume (cubic feet) as Estimated
From Quadrat Data

Change in Weight (tons) in the Trail Strata as
Estimated From Quadrat Data

Overall Change in Weight (tons) as Estimated From
Quadrat Data

List of lllustrations

107

108

122

123

146

147

161

162

176

1856

vii



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

Table 10.

Table 11.

List of Tables

List of Tables

Fitted R’s (ratio estimates) for Q1 Volume Estimation
at Petrified Forest National Park

Acreage Sampled in Each Stratum at the Petrified
Forest National Park

1993 Percent Cover Line Intersect Data for Giant Logs,
Line 21, Size Class 1

1993 Backcountry Line Intersect Percent Cover Data
for the Giant Logs Stratum, Size Class 1 at the
Petrified Forest National Park

1993 and 1994 Backcountry Percent Cover Line
Intersect Data Summary at the Petrified Forest National
Park

1993 Backcountry Percent Cover Quadrat Data
Summary at the Petrified Forest National Park

1994 Backcountry Percent Cover Quadrat Data
Summary at the Petrified Forest National Park

Trail Percent Cover Data for the Jasper Forest Stratum,
Size Class 0 at the Petrified Forest National Park

1993 Size Class 1 Percent Cover Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

1994 Size Class 1 Percent Cover Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

1993 Size Class 2 Percent Cover Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

40

41

46

48

51

52

53

54

57

58

59

viii



Table 12.

Table 13.

Table 14.

Table 15.

Table 16.

Table 17.

Table 18.

Table 19.

Table 20.

Table 21.

Table 22.

Table 23.

Table 24.

List of Tables

1994 Size Class 2 Percent Cover Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

1993 Size Class 3 Percent Cover Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

1994 Size Class 3 Percent Cover Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

1993 Size Class O Percent Cover Quadrat Trail Data
Collected at the Petrified Forest National Park

1994 Size Class O Percent Cover Quadrat Trail Data
Collected at the Petrified Forest National Park

1993 Size Class 1 Percent Cover Quadrat Trail Data
Collected at the Petrified Forest National Park

1994 Size Class 1 Percent Cover Quadrat Trail Data
Collected at the Petrified Forest National Park

1993 Trail Percent Cover Line Intersect Data Summary
at Petrified Forest National Park

1994 Trail Percent Cover Line Intersect Data Summary
at Petrified Forest National Park

1993 Trail Percent Cover Quadrat Data Summary at
Petrified Forest National Park

1994 Trail Percent Cover Quadrat Data Summary at
Petrified Forest National Park

Trail and Backcountry Percent Cover Line Intersect
Total Estimates for Jasper Forest Size Class 2

Total Line Intersect Percent Cover Estimates for 1993
Inventory at Petrified Forest National Park

60

61

62

63

64

65

66

72

73

74

75

76

78



Table 25.

Table 26.

Table 27.

Table 28.

Table 29.

Table 30.

Tabie 31.

Table 32.

Table 33.

Table 34.

Table 35.

Table 36.

Table 37.

Table 38.

List of Tables

Total Line Intersect Percent Cover Estimates for 1994
Inventory at Petrified Forest National Park

Total Quadrat Percent Cover Estimates for 1993
Inventory at Petrified Forest National Park
Total Quadrat Percent Cover Estimates for 1994

inventory at Petrified Forest National Park

1993 Horizontal Circumference Line Intersect Data for
Giant Logs, Line 3, Size Class 2

1993 Backcountry Density Data for the Giant Logs
Stratum, Size Class 2 at the Petrified Forest National
Park

1993 and 1994 Backcountry Density Line Intersect
Data Summary at the Petrified Forest National Park

1993 Backcountry Density Quadrat Data Summary at
the Petrified Forest National Park

1994 Backcountry Density Quadrat Data Summary at
the Petrified Forest National Park

Trail Quadrat Density Data for the Long Logs Stratum,
Size Class 1 at the Petrified Forest National Park

1993 Size Class 1 Density Line Intersect Trail Corridor
Data Collected at the Petrified Forest National Park

1994 Size Class 1 Density Line Intersect Trail Corridor
Data Collected at the Petrified Forest National Park

1993 Size Class 2 Density Line Intersect Trail Corridor
Data Collected at the Petrified Forest National Park

1994 Size Class 2 Density Line Intersect Trail Corridor
Data Collected at the Petrified Forest National Park

1993 Size Class 3 Density Line Intersect Trail Corridor
Data Collected at the Petrified Forest National Park

79

80

81

856

87

90

91

92

94

97

98

99

100

101



Table 39.

Table 40.

Table 41.

Table 42.

Table 43.

Table 44.

Table 45.

Table 46.

Table 47.

Table 48.

Table 49.

Table 50.

Table 51.

Table 52.

List of Tables

1994 Size Class 3 Density Line Intersect Trail Corridor
Data Collected at the Petrified Forest National Park

1993 Size Class O Density Quadrat Trail Data Collected
at the Petrified Forest National Park

1994 Size Class O Density Quadrat Trail Data Collected
at the Petrified Forest National Park

1993 Size Class 1 Density Quadrat Trail Data Collected
at the Petrified Forest National Park

1994 Size Class 1 Density Quadrat Trail Data Collected
at the Petrified Forest National Park

1993 Trail Density Line Intersect Data Summary at
Petrified Forest National Park

1994 Trail Density Line Intersect Data Summary at
Petrified Forest National Park

1993 Trail Density Quadrat Data Summary at Petrified
Forest National Park

1994 Trail Density Quadrat Data Summary at Petrified
Forest National Park

Trail and Backcountry Density Line Intersect Total
Estimates for Crystal Forest Class 2

Total Line Intersect Density Estimates for 1993
Inventory at Petrified Forest National Park
Total Line Intersect Density Estimates for 1994

Inventory at Petrified Forest National Park

Total Quadrat Density Estimates for 1993 Inventory at
Petrified Forest National Park

Total Quadrat Density Estimates for 1994 Inventory at
Petrified Forest National Park

102

103

104

105

106

112

113

114

115

116

118

119

120

121

xi



Table 53.

Table 54.

Table 55.

Table 56.

Table 57.

Table b8.

Table 59.

Table 60.

Table 61.

Table 62.

Table 63.

List of Tables

1993 Cross Sectional Line Intersect Data for Long
Logs, Line 5, Size Class 3

1994 Backcountry Volume (ft°) Data for the Crystal
Forest Stratum, Size Class 1 at the Petrified Forest
National Park

1993 and 1994 Backcountry Volume (ft%) Line
Intersect Data Summary at the Petrified Forest National
Park

1993 Backcountry Volume (ft®) Quadrat Data Summary
at the Petrified Forest National Park

1994 Backcountry Volume (ft®) Quadrat Data Summary
at the Petrified Forest National Park

1993 Trail Volume (ft}) Data for the Jasper Forest
Stratum, Size Class 1 at the Petrified Forest National
Park

1993 Size Class 1 Volume (ft3) Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

1994 Size Class 1 Volume (ft%) Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

1993 Size Class 2 Volume (ft%) Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

1994 Size Class 2 Volume (ft%) Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

1993 Size Class 3 Volume (ft3) Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

125

127

130

131

132

133

136

137

138

139

140

xii



Table 64.

Table 65.

Table 66.

Table 67.

Table 68.

Table 69.

Table 70.

Table 71.

Table 72.

Table 73.

Table 74.

Table 75.

Table 76.

Table 77.

List of Tables

1994 Size Class 3 Volume (ft’) Line Intersect Trail
Corridor Data Collected at the Petrified Forest National
Park

1993 Size Class 0 Volume (ft3) Quadrat Trail Data
Collected at the Petrified Forest National Park

1994 Size Class O Volume(fts) Quadrat Trail Data
Collected at the Petrified Forest National Park

1993 Size Class 1 Volume (ft) Quadrat Trail Data
Collected at the Petrified Forest National Park

1994 Size Class 1 Volume (ft3) Quadrat Trail Data
Collected at the Petrified Forest National Park

1993 Trail Volume (ft%) Line Intersect Data Summary at
Petrified Forest National Park

1994 Trail Volume (ft%) Line Intersect Data Summary at
Petrified Forest National Park

1993 Trail Volume (ft>) Quadrat Data Summary at
Petrified Forest National Park

1994 Trail Volume (ft}) Quadrat Data Summary at
Petrified Forest National Park

Trail and Backcountry Volume (ft}) Quadrat Total
Estimates for Giant Logs Size Class 1

Total Line Intersect Volume (fts) Estimates for 1993
Inventory at Petrified Forest National Park

Total Line Intersect Volume (fts) Estimates for 1994
inventory at Petrified Forest National Park

Total Quadrat Volume (ft3) Estimates for 1993
Inventory at Petrified Forest National Park
Total Quadrat Volume (ft3) Estimates for 1994

Inventory at Petrified Forest National Park

141

142

143

144

145

1561

162

163

154

155

167

158

159

160

xiii



Table 78.

Table 79.

Table 80.

Table 81.

Table 82.

Table 83.

Table 84.

Table 85.

Table 86.

Table 87.

Table 88.

Table 89.

Table 90.

List of Tables

1993 Backcountry Weight (tons) Data for the Jasper
Forest Stratum, Size Class 1 at the Petrified Forest
National Park

1993 Backcountry Quadrat Weight (tons) Data

Summary at Petrified Forest National Park

1994 Backcountry Quadrat Weight (tons) Data

Summary at Petrified Forest National Park

1994 Trail Weight (tons) Data for the Blue Mesa
Stratum, Size Class O at the Petrified Forest National
Park

1993 Size Class O Weight (tons) Quadrat Trail Corridor
Data Collected at the Petrified Forest National Park

1994 Size Class 0 Weight (tons) Quadrat Trail Corridor
Data Collected at the Petrified Forest National Park

1993 Size Class 1 Weight (tons) Quadrat Trail Corridor
Data Collected at the Petrified Forest National Park

1994 Size Class 1 Weight (tons) Quadrat Trail Corridor
Data Collected at the Petrified Forest National Park

1993 Trail Weight (tons) Quadrat Data Summary at
Petrified Forest National Park

1994 Trail Weight (tons) Quadrat Data Summary at
Petrified Forest National Park

Trail and Backcountry Weight (tons) Quadrat Total
Estimates for Long Logs Size Class 1

Total Quadrat Weight (tons) estimates for 1993
Inventory at Petrified Forest National Park
Total Quadrat Weight (tons) estimates for 1993

Inventory at Petrified Forest National Park

165

167

168

169

172

173

174

175

180

181

182

183

184

Xiv



Table 91.

Table 92.

Table 93.

List of Tables

Coefficients of Variation for Line Intersect and Quadrat
Size Class 1 Petrified Wood Totals for 1993 and 1994
Inventories

Estimated Change in the Amount of Petrified Wood
For All Strata From Line Intersect Sampling

Estimated Change in the Amount of Petrified Wood
For All Strata From Quadrat Sampling

188

191

192

XV



Chapter 1

Introduction

Study Area

The Petrified Forest National Park is located in northwestern Arizona.
The Park encompasses 147 square miles of fossilized resources
approximately 230 million years old. The fossilized remains depict an
ancient ecosystem that represents a significant period in the evolution of
life, the Triassic period of the Mesozoic era (U.S. N.P.S. Plan, 1993).
President Theodore Roosevelt first recognized the value of these petrified
remains and created the Petrified Forest National Monument in 1906.
Subsequent proclamations and Congressional acts expanded the original
Park boundaries to current locations.

Petrified wood is viewed by many as the Petrified Forest National
Park's most precious resource. Petrified wood comes from a formation
deposited 220 to 225 million yéars ago near the end of the Triassic Period
of the Mesozoic era, known as the Chinle Formation (Ash, 1988). Both
organic matter (tree boles) and volcanic material was deposited by

streamflow. While buried, the organic matter of the ancient tree boles was
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replaced by mineral matter. Many of the resulting fossils retained their
original form but were endowed with an effulgent array of colors.
Approximately 35 million years ago the Chinle formation was forced to the
earth's surface (Ash, 1989). Exposure to wind and rain has gradually

unearthed the petrified material that lay buried below.

Justification

The problem of petrified wood protection has existed from as early as
1906, when the Petrified National Forest Monument was established. The
establishment of the Monument terminated commercial mining of petrified
wood within the Park boundaries, but introduced new problems. The
Monument attracted tourists wishing to see. the petrified wood.
Unfortunately, many of these tourists also wished to collect a small
memento in remembrance of their visit. The Park's history is replete with
programs aimed at minimizing the pilfering of petrified wood by souvenir
collectors. Regardless of deterrence programs, Park Rangers still report
numerous cases of petrified wood theft. Until now, relatively little has been

done to quantify the amount of petrified wood that leaves the Park. Scher
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(1990) attempted to quantify petrified wood theft using 45 baited plots
along visitor footpaths. Scher's efforts reported the following.

(1) 8,129 pounds of petrified wood lost per day
(2) 1.01 pound of petrified wood stolen per person
(3) 2.73 pounds of petrified wood stolen per vehicle

(4) 416 pounds of wood stolen per pound recovered

Although Scher's "baited plot" study produced provoking numeric
conclusions, the monitoring may not reflect true amounts of petrified wood
stolen from the Park. The petrified wood used in these baited plots had
already been stolen and recovered at vehicle inspection stations during car
searches or along roadsides before the stations. These pieces of petrified
wood were probably near gem quality and undoubtedly captured the
attention of visitors along the trail. Scher's study may make valid
inferences to irregular pieces of petrified wood along visitor trails, but not
across the entire Park's petrified wood population. It is also hard to
determine actual figures that reflect petrified wood stolen versus relocated
within the Park. A tourist may pick up a piece of petrified wood to examine
it and return it to the desert floor in a new location. This potential petrified
wood displacement by tourists further clouds true figures of wood stolen

each year. An unbiased estimate of the amount of petrified wood stolen
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from the Park is needed to aid Park Managers in developing theft reduction
strategies for the Petrified Forest. Park Officials know of the petrified wood
theft problem but not its magnitude. An inventory of the Parks high use
areas is needed to estimate actual petrified wood densities in the Park.
Further, monitoring the high use areas will furnish estimates of how much

wood is displaced. This project fulfills these demands.

Objectives

This study has three objectives. The first objective is to design a
feasible inventory methodology for sampling all high use regions of the
Petrified Forest National Park that contain petrified wood. The second
objective is to establish permanent sampling locations under the design that
can be revisited in the future. The final objective is to implement the
inventory design and furnish estimates of the amount of petrified wood
displaced in the park during a one year time frame (August 1993 - August

1994).
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Chapter 2

Line Intersect Sampling Literature Review

Introduction

Line intersect sampling (LIS) was chosen as the sampling tool to
provide unbiased estimates of the amount of petrified wood displaced
throughout the Park. This literature review depicts LIS as more time and
cost efficient than traditional fixed area plots and facile to implement in
populations with heterogeneous spatial distributions such as the Park's
petrified wood.

A plethora of literature is available on the theory and application of
line intersect sampling. LIS is used in many disciplines as a practical way of
answering seemingly infeasable sampling questions. Most disciplines build
unique constraints into the general LIS theory for field specific applications.
However, a general definition is given by Kaiser (1983). Kaiser states, "Line
intersect sampling is a method of sampling particles in a region whereby,
roughly, a particle is sampled if a chosen line segment, called a 'transect’,

intersects the particle." This literature review will summarize the history of
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line intersect sampling with regard to novel statistical contributions and the

Forest inventory domain.

Literature Review

The roots of line intersect sampling can be traced to Buffon's needle
problem {(1777). The problem can be described as follows. Equidistant
parallel lines are drawn on a piece of paper. A needle of length a is
randomly located on the paper where o is shorter than a length  between
two neighboring lines. Buffon established the geometric probability that the

needle intersects the lines is

aln

o
*—. (1]
B

Buffon's result is fundamental to the theory of the LIS and was also used to

validate the value of =.

Bertil Matérn (1964) used Buffon's result to estimate the total length
of roads using a line survey. Matérn hypothesized a chain consisting of N
links each a long. The chain was envisioned on top of equidistant parallel
lines so that each link in relation to the lines was determined by a random
procedure. Using Buffon's geometric probability [1], the expected number

of intersections between the chain and the line-system was
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aln
™|

where L = N * a.
Matérn's next step was to consider the network of roads having the total
length L. [If a set of parallel equidistant lines was placed over the road
network (with a randomly chosen direction) the expected number of
intersections would be Z%B' Allowing n to equal the number of road
intersections, the total length of roads could be estimated by

y=2:0
t

Nia

where t = 1/B.

Warren and Olsen (1964) were the first to use and develop line
intersect sampling in a Forestry setting. These authors have also been
credited with coining the term "Line Intersect Sampling". Warren and Olsen
used LIS to estimate downed woody debris following a harvesting operation.
An estimator was developed conditional to the orientation between the
intersection of the line and log. Their conclusions suggested a great
increase in efficiency of LIS over fixed radius plots when sampling downed
woody debris. The variation between LIS sampling units was much smaller
than ordinary fixed area plots, and the sampling time was substantially

decreased.
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Howard and Ward (1972) studied line intersect sampling using a
systematic grid point approach. At this point in LIS history, a sampling unit
consisted of a line projected across the entire region of study. Naturally, as
the size of the study increased, the amount of work required to sample each
line became a burden. Howard and Ward searched for a sampling design to
solve this problem for logging residue estimates. Fixed length transects
were located in clear-cut areas using a 4 chain by 4 chain systematic grid.
Unidirectional, randomly oriented and a uniderectional L shaped pattern at
each point in the grid were investigated. Shorter, fixed length transects
were proven more efficient than a transect running the entire length of the
study. Howard and Ward also discovered a random orientation of lines to
work best when topography creates orientation patterns and unidirectional
line orientation when there appears to be no general orientation of logging

residue.

De Vries (1973a, 1973b) published two papers compiling line
intersect sampling theory up to this point in time. These documents also
addressed variance estimation and bias. The development of a variance for
any quantified solid attribute per unit area was summarized. De Vries

assumed sampling on some area with randomly located line intersect
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samples, and supposed that all possible estimates are distributed about the
total parameter X so that the VAR(X) = S%. S? may be estimated with the

traditional estimator

k
2% =-%?
SZ= i=1 [2]
k-1

where: xj = estimate of total X of line i

X = mean total estimate from k line transects.

De Vries suggested that this estimate of variance should be conditioned on
the set of lengths chosen for the line samples. These line lengths may or
may not be equal. The conditional expression for lines of length L; is given

by

VAR(XIIL (i = 1.k} = —=1.
i=1
De Vries also presented the development of variance estimates for a
one line sample by analogy to Héjek's Poisson sampling. Estimators for
volume per acre, weight per acre, area per acre, density per acre and cover

per acre were summarized.

De Vries (1974) developed the theory for multi-stage line intersect
sampling. Multi-stage LIS was envisioned to be facile and save time and

money. Each line transect was broken into stages. The first stage selected
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n elements from a population of N by a randomly located and oriented line.
The second stage selected n* elements from the n first stage elements.
Measurements were then taken on the n* elements and more stages could
be defined if needed. De Vries presents the multi-stage variance with

assumptions similar to the 1273 documents.

To investigate bias in line intersect sampling, Brown and
Roussopoulos (1974) examined sampling fine fuel volume for fire hazard
estimation. They found that bias occurs when nonhorizontal particles are
assumed horizontal and when average diameters are used to calculate
volume for diameter classes. Bias may be eliminated by using two
corrective steps. First, the average secant of nonhorizontal particle angles
with respect to the sampling plane is used as a multiplicative constant. This
constant adjusts the particle to a horizontal position on the sampling plane.
Second, the mean quadratic diameter is used for calculations instead of
average diameter per class. The authors prove the mean quadratic diameter
is needed for unbiased estimates. The authors offer tabulated values for
both> guadratic means and average secants for branchwood of eight conifers

and one hardwood species.
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Lucas and Seber (1977) developed the theory for estimating coverage
and particle density using line intersect sampling. Unbiased estimators are
presented for randomly placed transects over any distribution of particles.
Until this paper, researchers usually assumed some generic spatial
distribution of particles over the sampling area. Lucas and Seber established
designed based inference for LIS estimators without distributional

assumptions of particle spatial patterns.

Pickford and Hazard (1978) conducted intensive Monte Carlo
simulations with line intersect sampling to determine its precision for
different population densities and shape distributions. Population shapes
ranged from cylinders to tapered particles. Uniform to randomly distributed
particle orientations were examined for each shape. Volume sampling
simulations revealed the following conclusions: Substantially more sampling
was required for tapered populations to achieve the same accuracy as with
cylinders, however tapered pieces did not induce additional bias in the
estimate. Sample sizes to achieve a fixed degree of accuracy increased
when sampling from uniform cylinders to tapered particles of different sizes.

For a fixed total length of sampling line, the population variance decreased
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with increasing length of individual line transects. It is harder to control

precision when sampling in randomly oriented populations.

Meeuwig et. al. (1978) applied line intersect sampling to estimate
Pinyon-Juniper cordwood volume. Their efforts were the first attempt to
adapt LIS to estimate live stand characteristics. A line was randomly
assigned within a Pinyon-Juniper stand. If a tree’s crown area (projected to
the ground) was intersected by the line, the tree was included in the
sample. Traditional measurements such as diameter and height were taken
on sampled trees. Estimates of total stand volume or basal area could be
generated using the LIS method. However, the width of each sampled tree

crown perpendicular to the line transect needs to be measured in the field.

Seber (1979) studied the concept of random length transects. The
line transect was envisioned to run across the total length of the study area.
Seber proved that some commonly used estimators were biased with
random length lines under certain distributional assumptions. For example,

consider the density estimator

where: X = total of some sampled attribute
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