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University, Normal, IL 61790-4120). Modifying distance methods to improve estimates of historical tree
density from General Land Office survey records. J. Torrey Bot. Soc. 133: 449–459. 2006.—Distance
sampling methods are widely applied to witness tree data from General Land Office (GLO) survey records to
determine historic vegetation. Most researchers apply modifications of the point-centered quarter or random
pairs distance methods to witness tree distances as if these data were collected according to the procedures
required for the methods. Application of five methods (three modifications of the point-centered quarter
method (Q1, Q2, and Q1+Q2) and random pairs with 180u or 203u exclusion angles) to GLO records from the
345,000 ha Shawnee National Forest Purchase Area in southern Illinois, resulted in tree density ranging
from 117.8–177.5 trees ha21. We present a new procedure, the adjustable exclusion angle method, which
empirically estimates the exclusion angle of the random pairs method based on the proportion of trees in
quadrants opposite versus adjacent to the quadrant of the first witness tree. For our data, the distributions of
witness trees in quadrants was best described as if surveyors used a random pairs method with an exclusion
angle of 203u in their selection of witness trees. This method resulted in the highest estimates of tree density.
There were significant differences (P , 0.0001) in the square root of the mean area among the five distance
methods used. A surveyor bias for selecting trees near the center of the area between the ordinal directions
was discovered.
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The General Land Office (GLO) survey

records, also referred to as the Public Land

Survey (PLS) records, are often the only

source of information available to document

historic vegetation patterns (Hutchinson 1988,

Manies et al. 2001) and are considered to

provide reliable information across landscapes

(Bollinger et al. 2004). The GLO surveys were

commissioned in 1785 for territories located to

the northwest of the Ohio River, and were

conducted when only sparse settlement by

Europeans had occurred (Hutchinson 1988).

Studies using GLO survey data have many

applications, including the description of

historic vegetation (Kline and Cottam 1979,

Grimm 1984, Nelson 1997, Bollinger et al.

2004), documentation of historic landscape

disturbance patterns including fire and wind

throw (Canham and Loucks 1984, White and

Mladenoff 1994, Zhang et al. 1999, Zhang et

al. 2000), and formulation of management or

restoration plans that recover historic vegeta-

tion (Radeloff et al. 2000, Bolliger et al. 2004).

Other studies have used GLO records to

compare historic and current vegetation to

evaluate landscape scale patterns of vegetation

change over time (Curtis 1956, Radeloff et al.

1999, Dyer 2001, Cowell and Jackson 2002)

and to associate historic vegetation patterns

with specific site characteristics (Whitney and

Steiger 1985, Fralish et al. 1991, Leitner et al.

1991, Delcourt and Delcourt 1996).

We present a new method, the adjustable

exclusion angle method, which modifies the

random pairs sampling method to estimate

tree densities from GLO survey witness tree

distances. Tree density estimates resulting

from application of this new method are

compared with those obtained using three

modifications of the quarter method and the

random pairs method with a 180u exclusion

angle. Distance methods are commonly em-

ployed field sampling procedures used to

determine tree densities from point-to-tree or

tree-to-tree measurements (Cottam and Curtis

1949, 1955, 1956, Cottam et al. 1953). In-

appropriate application of distance methods

can lead to substantial errors in estimated tree

densities from the GLO records. Because basal
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areas per unit area are calculated by multiply-

ing mean tree basal area times tree densities,

errors in density estimates also lead to errors

in calculating tree basal area per unit area.

Mechanics of the GLO Surveys. Detailed

reviews of survey instructions and procedures

are available in several sources (e.g., Bourdo

1956, Hutchinson 1988). A summary of the

instructions relevant to this paper follow.

Surveyors were instructed to establish town-

ships of six by six miles (9.7 3 9.7 km), which

were subdivided into 36 one-mile square (1.6

3 1.6 km) sections. Surveyors marked section

corners and quarter section points using one to

four (usually two) witness trees that were likely

to be healthy and long lasting so that the

points could be relocated. This pattern results

in useable data points being distributed at one-

half mile (0.8 km) intervals along a grid system

defined by the north-south and east-west

section lines. The common name, estimated

diameter at breast height, and distance and

direction from section and quarter section

points were recorded for each witness tree.

Surveyors also documented trees they en-

countered on the survey lines (line trees),

recording their distance from the last survey

point, diameter, and species. They noted

general geological features such as cliffs, the

width and direction of flow of streams and

rivers, bodies of water, and changes in

vegetation (e.g., transition from timber to

prairie) and recorded their distances from the

last surveyed point. At the end of each mile, or

in some surveys one-half mile, they wrote

a brief description of the land they had

traversed with emphasis on general topogra-

phy, the suitability of the land for agriculture,

dominant tree species, and general vegetation

type (e.g., timber, barrens, prairie, swamp).

These notes have been used to document

historic vegetation patterns in several studies

(e.g., Kline and Cottam 1979, Swigart and

Anderson 2000).

Application of Distance Methods to GLO

Survey Data. The distance methods (Cottam

and Curtis 1949, 1956; Cottam et al. 1953)

utilize the distances from a point to trees or

from tree to tree, to estimate the square root of

the mean area of a tree. Because the mean area

is the amount of space occupied by a single

tree, the square root of the mean area is

squared and divided into the appropriate unit

area (e.g., acre, hectare) to calculate tree

density. Modifications of quarter method

and the random pairs method are often used

to calculate tree densities from the witness tree

data.

POINT-CENTERED QUARTER METHOD. In ap-

plication of the quarter method, the distance

from a sampling point to the nearest tree in

each of four quadrants around the point is

measured (Fig. 1A) (Cottam and Curtis 1949,

1956; Cottam et al. 1953). The distance to the

nearest tree is Q1, the distance to the next

nearest is Q2, and so on. The average of the

four measured distances [Qm 5 (Q1 +Q2 +Q3

+Q4)/4] equals the square root of the mean

area of a tree. However, each distance bears

a specific relationship to the square root of the

mean area: Q1 5 0.50, Q2 5 0.81, Q3 5 1.12,

Q4 5 1.57 and Qm 5 (0.50 + 0.81 + 1.12 +
1.57)/45 1.00 of square root of the mean area.

Any of the four distances, separately or in

combination, can be used to estimate the

square root of the mean area. For example,

when two witness trees are recorded, one can

assume they are Q1 and Q2, and take their

average distance and divide it by a correction

factor of 0.66 (average of 0.50 and 0.81,

correction factors for Q1 and Q2, respectively),

to calculate the square root of the mean area.

Following the same procedure when three

witness trees are recorded, the distances can be

treated as Q1, Q2, and Q3 and the average

distance equals 0.81 of the mean area. The

average distance would be divided by a correc-

tion factor of 0.81 to calculate the square root

of the mean area (Cottam and Curtis 1949,

1956; Cottam et al. 1953).

RANDOM PAIRS. In the random pairs method

(Fig. 1B), an exclusion angle of 180u is

typically used with a line between the sampling

point and the tree nearest to the point

bisecting the angle, although exclusion angles

of other sizes can be used. Trees occurring

inside the exclusion angle are excluded from

the sample. The distance between the first tree

and the tree closest to it outside of the

exclusion angle is measured. The average of

the tree-to-tree distances is equal to 125% of

the square root of the mean area and is

multiplied by a correction factor of 0.80 to

calculate the square root of the mean area

(Cottam and Curtis 1949, 1956; Cottam et al.

1953).
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LIMITATIONS OF DISTANCE METHODS. The

distance methods assume that trees are ran-

domly distributed, and erroneous estimates of

tree densities can result if the population of

trees deviates from random distributions

(Risser and Zedler 1968, Mueller-Dombois

and Ellenberg 1974). Procedures for determin-

ing if tree samples are derived from randomly

distributed populations of trees are given in

Cottam et al. (1957), but there is no statistical

significance determined for these results.

Additionally, a single tree can be measured

only once, which is a potential problem in

areas with low tree densities if sample points

are not widely spaced (Newsome and Dix

1968).

TESTING ASSUMPTIONS OF THE DISTANCE

METHODS FOR WITNESS TREE DATA. The

witness tree data should meet specific criteria

for a particular distance method to be applied

(Anderson and Anderson 1975). The assump-

tions of the distance methods are tested

empirically by examining the way in which

surveyors actually selected trees. For the

random pairs and quarter methods, if the area

around the point is divided into four quad-

rants (NE, SE, SW and NW), the trees should

be equally distributed in the four quadrants.

Equal distribution of trees would assure that

the surveyors did not have a bias for tree

selection with respect to the direction of the

four quadrants around the survey point.

Additionally, both distance methods require

that no more than one witness tree may occur

in a quadrant. If both trees occur in the same

quadrant, the most parsimonious decision

would be to treat the shorter of the two

distances as Q1 of the quarter method

(Rodgers and Anderson 1979).

TESTING ASSUMPTIONS OF THE QUARTER

METHOD. For the two witness tree distances

to be treated as Q1 and Q2, the second tree

should occur twice as often in the quadrants

adjacent to the quadrant of the first tree as in

quadrants opposite the quadrant of the first

tree (Fig. 1A). This relationship exists, because

after the first tree is chosen there are two

adjacent and one opposite quadrant in which

the second tree can occur (Anderson and

Anderson 1975).

TESTING ASSUMPTIONSOFTHE RANDOM PAIRS.

The 180u angle excludes from selection as the

second tree all trees that occur in the quadrant

of the first tree and those trees in one-half of

the area of the two adjacent quadrants.

Therefore, the area in which the second tree

can occur is limited to the quadrant opposite

the quadrant of the first tree and one-half of

the area of the two adjacent quadrants

(Fig. 1B). Consequently, the second tree

should occur as often in the opposite quad-

rants as in adjacent quadrants to meet the

assumptions of the random pairs with an

exclusion angle of 180u (Anderson and An-

derson 1975).

FIG. 1. (A) Representation of the procedure used to measure tree distances at each sampling point with
the point-centered quarter method. Darkened circles represent the nearest tree in each quadrant and Q1

through Q4 represent the longest to the shortest measured distance at the point, respectively. (B)
Representation of the procedure used to measure the tree to tree distance with the random pairs with a 180u
exclusion angle. Darkened area indicates area available for the second tree.
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MODIFYING THE RANDOM PAIRS METHOD.

While modifications of the Quarter Method

have been applied to GLO survey witness tree

distances, there has been no modification of

the Random Pairs Method applied to these

data. However, because tree densities can be

calculated for exclusion angles other than

180u, this flexibility in the size of exclusion

angles provides for the possibility of using the

Random Pairs Method when criteria for the

Quarter Method or Random Pairs Method

with a 180u exclusion angle are not met.

Application of modification of the Random

Pairs with an appropriate exclusion angle is

dependent upon determining the pattern of

second tree selection relative to the position of

the first tree.

Methods. STUDY AREA. We used GLO

records (1806–1810) for the 345,000 ha Shaw-

nee National Forest Purchase Area, which

extends across the unglaciated southern tip of

Illinois. The purchase area is located about

525 km south of Chicago, Illinois USA

between 37u100 and 37u520 N latitude and

between 88u40 and 89u400 W longitude.

Climatically, the purchase area is within the

Humid Temperature Domain/Hot Continental

Division, which is characterized by pro-

nounced hot summers and cool or mild

winters (Bailey 1996). At Dixon, Illinois,

located within but east of the center of the

purchase area, mean annual temperature and

precipitation are 14.5 uC and 122 cm, respec-

tively. Mean temperatures for the warmest and

coldest months are 26 uC (July) and 1.1 uC
(January), respectively (Angle 2002). The

purchase area is bounded by the Ohio and

Wabash rivers on the east and the Mississippi

River on the west. Elevation varies from about

90 m to 310 m a.s.l.

The study area is primarily in the Shawnee

Hills Natural Division of Illinois (260,620 ha)

that is divided into two subdivisions, the

Greater and Lesser Shawnee Hills. The Great-

er Shawnee Hills subsection (173,631 ha) is the

northern of the two subdivisions and is

characterized by a high east-west escarpment

of Pennsylvanian age sandstone. The Lesser

Shawnee Hills subsection (86,989 ha) averages

61 m lower in elevation than the more

dissected Greater Shawnee Hills, with Missis-

sippian age limestone as the primary surface

bedrock. The remainder of the purchase area is

included in the Ozark Division (50,000 ha), an

extension of the Ozark Plateau that is sepa-

rated from the main part of the plateau by the

Mississippi River; bottomlands associated

with the Mississippi, Ohio, Wabash, and

Cache rivers (34,380 ha); and the Cretaceous

Hills (9,589 ha), a series of low hills that are

underlain with Cretaceous age sand, gravels,

and clays (Willman and Frye 1970, Schweg-

man 1973).Most of the soils were derived from

loess that originated primarily from the Mis-

sissippi flood plain (Fahrenbacher et al. 1968,

Willman and Frey 1970).

The study area was included in the Western

Mesophytic region by Braun (1950) and is

largely characterized by oak-hickory forest on

upland sites and mesic forests dominated by

sugar maple (Acer sacharrum) and American

beech (Fagus grandiflora) in sheltered loca-

tions, with a diversity of tree species occupying

bottomland sites (Voigt and Mohlenbrock

1964, Fralish 1994). Detailed information

about forest composition and structure is

provided in the literature (e.g., Thomson and

Anderson 1976, Fralish 1988, 1997; Fralish et

al. 2002).

DATA COLLECTION AND ANALYSIS. From the

GLO records, the following data were rec-

orded: township number; range number;

assigned x, y coordinates for each section

and quarter section point within a township;

and common name, distance and direction

(azimuth degrees) from the section or quarter-

section point for each witness tree. To de-

termine if there was a random selection of

trees with respect to direction from the survey

points, we used Chi-square to test for equal

number of trees per degree of azimuth, within

36 ten-azimuth-degree sectors, and within four

quadrants [NE (1–90u), SE (91–180u), SW

(181–240u), and NW (241–360u).
Based on the quadrant of occurrence for the

first witness tree, the second tree was recorded

as being in a quadrant opposite or adjacent in

relation to the first. Using chi-square, we

tested these results against the assumptions of

the occurrence of the second witness tree in

quadrants opposite or adjacent to the quad-

rant of the first witness tree for the random

pairs with a 180u exclusion angle (equal

number of second trees in opposite and

adjacent quadrants) and the quarter method

(twice the number of second witness trees in

adjacent quadrants as opposite). These results,
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and examination of the number of witness

trees by degrees of azimuth and in 36 ten-

azimuth-degree sectors, suggested that sur-

veyors preferred using trees located near the

center of quadrants as witness trees over those

located near ordinal directions. To further test

for surveyor bias in witness tree selection, we

used two-way ANOVA to test for differences

in mean witness tree distances between first

and second witness trees that occurred within

plus or minus ten degrees of ordinal directions

(0, 90, 180, and 270 azimuth degrees) or within

plus or minus ten degrees of the center of each

of the four quadrants (45, 135, 225, and 315

azimuth degrees). Data were log normal

transformed to achieve normality.

The random pairs method uses tree-to-tree

measurements to calculate tree densities.

Because survey records contain point-to-tree

distances, and the angle between the trees

(alpha) can be determined using their azimuths

from the point, the distance between the two

witness trees at a point can be calculated. A

triangle is formed using the known distances

as two of the sides and the unknown tree-to-

tree distance, which is opposite the angle

alpha, as the third side. The tree-to-tree

distance is calculated using the equation:

Dt ~
distance1ð Þ2 z distance2ð Þ2

{
2 | distance1
| distance2 | cos a

� �
2
4

3
5
{2

.

Once the distance between trees is determined

the mean distance is obtained and multiplied

times the appropriate correction factor (0.80)

for the 180u exclusion angle to yield the square

root of the mean area.

Distance methods assume that distances

between trees or from points to trees are

measured to the center of the tree (point to

trees) or trees (tree to tree) (Ashby 1972). To

accommodate this assumption one-half of the

tree diameter(s) was added to each distance

measurement. Ninety of 7892 trees lacked

diameter estimates and one-half of the mean

tree diameter was added to the distances for

these trees. Tree densities calculated from the

square root of the mean area were sub-

sequently converted to metric units. Compar-

isons among methods were based on the

square root of mean areas and not tree

densities calculated for each point, because

tree densities are calculated by squaring the

mean areas after they are averaged for the

population. Consequently, mean tree density

calculated by averaging tree densities across

points is not equal to the density for the

population of trees, whereas averaging the

square root of the mean area across points is

equal to the square root of the mean area for

the population of trees.

The square root of the mean area for the

data set was calculated using five methods: (1)

three modifications of the quarter method

(using the shorter tree distance and longer tree

distance as Q1 and Q2, respectively, and Q1

plus Q2), (2) the random pairs method with

a 180u exclusion angle, and (3) random pairs

with a 203u exclusion angle for reasons

described later. Distances of the first and

second recorded witness tree do not always

correspond to the shortest and longest dis-

tances, so these data were sorted before

analysis. The square root of the mean area

was calculated using the following equations:

shortest distance 3 2, longest distance 3 (1/

0.81), and [((shortest distance + longest

distance)/2) / 0.66] for the modifications of

the quarter method. For the random pairs

method, the tree-to-tree distance was calculat-

ed and multiplied by 0.80 or 0.74, for the 180u
and 203u exclusion angle, respectively. All

interior section and quarter section points with

two witness trees were included in the analysis

for all methods.

One-way ANOVA was used to determine if

there were significant differences among the

square root of the mean areas owing to

method. We calculated a mean square root

of the mean area for the five methods at each

point. This mean was subtracted from the

square root of the mean area calculated for

each method at the point and the deviates were

used as the dependent variable in the one-way

ANOVA with method as a fixed effect.

Differences among means were tested using

Ryan-Einot-Gabriel-Welch multiple range

tests, which controls for Type I statistical

error. All statistical analysis of data was done

using SAS (1999–2001).

Results. NATURE OF THE HISTORIC VEGETA-

TION. The dominant forest type in the study

area at the time of the GLO surveys was oak-

hickory forest with the leading tree species in

the Greater and Lesser Shawnee Hills, Ozark,

and Ohio-Wabash Natural Divisions being

white oak (Quercus alba) with Importance

Values [IV 5 (Relative Density + Relative

Dominance)/2] of 43.4, 45.5, 26.0, and 20.3 in
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the four Divisions, respectively. Black oak

(Quercus velutina) was the second leading

species in the Greater and Lesser Shawnee

Hills and Ohio-Wabash Divisions (IV 5 16.0,

19.1, 15.3, respectively) and it was the third

leading species in the Ozark Division (9.3).

Beech was the second most important species

in the Ozark Division (IV5 25.4). In the

Mississippi bottoms, the three leading taxa

were ash (Fraxinus spp.), elm (Ulmus spp,),

and hackberry (Celtis occidentalis). Hickory

(Carya spp.) was the third most important

species in the Greater and Lesser Shawnee

Hills (IV 5 7.4 and 6.1, respectively). Esti-

mates of tree density, based on the random

pairs with a 203u exclusion angle, ranged from

a high of 215 trees ha21 in the Ozark Division

to a low of 128 trees ha21 in the Lesser

Shawnee Hills. These two Divisions also had

the greatest variation in basal area being 16.7

and 27.7 m2 ha21 for the Lesser Shawnee Hills

and the Ozark Divisions, respectively. Sepa-

rate mean tree basal areas were calculated for

each of the Divisions and used in calculating

basal area per ha.

TESTING FOR THE ASSUMPTIONS OF THE

DISTANCE METHODS. Surveyors had a biased

selection of witness trees on eastern and

southern boundaries of townships. Trees in-

side the township being surveyed were selected

in preference to those in adjacent townships.

For eastern boundaries surveyors chose trees

more often in the SW and NW quadrants than

the NE and SE quadrants (NW 5 619, SW 5

586, SE 5 80, and NE 5 76, and x2 5 810, P

, 0.0001, df5 3) and for southern boundaries

they preferentially chose trees from the NE

and NW quadrants (NW 5 663, NE 5 626,

SW 5 133, SE 5 101, and, x2 5 733, P ,

0.0001, df53). These data were excluded from

the analyses described here.

The remaining data set did not have witness

trees equally distributed, by degrees of azi-

muth (x2 5 860.179, P , 0.001, df 5 359), in

the 36 10-degree sectors (x2 5 143.557, P ,

0.001, df 5 35) or in the four quadrants (x2 5

9.584, P 5 0.022, df5 3). A plot of number of

witness trees by ten-azimuth-degree sectors

demonstrated that the surveyors had a prefer-

ence for selecting trees near the center of each

of the four quadrants (Fig. 2). Comparison of

number of trees by quadrant indicated that

there were 1905, 2059, 1906, and 2022 trees in

the NE, SE, SW, and NW quadrants, re-

spectively. The data set was large (3946 survey

points and 7892 witness trees), and although

the departure from an equal distribution (1973

trees/quadrant) was significant at the 0.05

level, the actual numerical deviation from

equal distributions is small ranging from 49

to 86 trees/quadrant (2.5–4.4%). Consequent-

ly, it is reasonable to apply the distance

methods for analysis to this data set based

on the small number of trees deviating from

the expected distribution. The alternative

would be to use the shorter of the two

distances as Q1 of the quarter method and

this would result in the loss of one-half of the

available distance data (Rodgers and Ander-

son 1979). The consequences of this alternative

were evaluated with our data set.

There were no significant (F 5 1.63, P 5

0.2025, df 5 1, 3707) differences in mean

(mean 6 SE) witness tree distances for trees

within plus or minus ten degrees of the center

of each quadrant (5.83 6 0.10 m, N 5 2,107)

or within plus or minus ten degrees of the

ordinal directions (5.81 6 0.14 m, N 5 1,605).

First witness trees had significantly (F 5

105.79, P , 0.0001, df 5 1, 3,707) shorter

mean distances than second witness trees (5.15

6 0.10 and 6.47 6 0. 13 m, for first and

second trees, respectively). There were no

significant (F 5 0.16, P 5 0.69, df 5 1,

3607) two-way interactions between tree posi-

tion (near ordinal directions or the center of

quadrants) and order of tree measurement.

Distances for first witness trees were 5.14 6
0.16 m and 5.16 6 0.12 m for ordinal and

center trees, respectively, and distances for

second trees were 6.53 6 0. 0.23 m and 6.43 6
0.15 m for ordinal and center trees, respec-

tively.

FIG. 2. Number of first and second witness trees
in 36 ten-azimuth-degree sectors beginning with 0–9u
in the first category and ending with 350–359u in the
last category.
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The distribution of the second witness tree

in relation to the first were 57.3% (N 5 2262

trees) in opposite quadrants and 42.7% (N 5

1,685 trees) in adjacent quadrants and did not

meet criteria for either the random pairs (50%
in opposite quadrant, 50% in adjacent quad-

rants, x2 5 84, P , 0.005, df 5 1) or quarter

method (1/3 in opposite quadrant, 2/3 in

adjacent quadrants, x2 5 1019, P , 0.0001,

df 5 1). Departure of the data from stated

criteria for random pairs method justifies mod-

ification of the method of calculating mean

area to more precisely estimate tree densities.

THEADJUSTABLE EXCLUSIONANGLEMETHOD.

An exclusion angle of 180uassumes an equal

distribution of second witness trees in quad-

rants opposite and adjacent to the quadrant of

the first tree. An exclusion angle .180u would
be necessary to fit the distribution of sample

data (57.3% of second trees in quadrants

opposite the first and 42.7% adjacent to the

first). With a larger exclusion angle, as long as

it is less than 270u, the entire opposite

quadrant (90u azimuth) would be available

for second tree selection. However, the areas

in each of the two adjacent quadrants would

occupy less than 45 azimuth degrees. The

proportion of the total trees in opposite and

adjacent quadrant should be equal to the

proportion of the azimuth degrees in opposite

and adjacent quadrants. This relationship

exists because the number of trees in opposite

and adjacent quadrants should be equal to the

area available for the trees to occur in each.

And the areas in opposite and adjacent

quadrants is proportional to the degrees of

azimuth in these quadrants. Because the

azimuth degrees in the opposite quadrant are

fixed at 90u, the degrees of azimuth in the two

adjacent quadrants combined are given by the

following relationship: [90u 3 (proportion of

total trees in adjacent quadrants/ proportion

of total trees in the opposite quadrants)].

Calculating degrees of azimuth in adjacent

quadrants for our data becomes:

900 | 0:427=0:573ð Þ ~ 670½ �:
Thus, using the distribution of sample data in

opposite and adjacent quadrants after the first

tree was selected, it was determined that an

exclusion angle of 203u [360u 2 (90u (in the

opposite quadrant) + 67u (in the two adjacent

quadrants)] would describe this distribution.

By sampling an artificially generated ran-

dom population, Cottam et al. (1953) reported

a linear relationship between the mean dis-

tances for selected exclusion angles between 0u
and 260u and their percentage of the square

root of the mean area. Linear regression

indicated a significant relationship between

these selected exclusion angles (0, 30, 60, 100,

140, 180, 220, and 260 degrees) and the per-

centage of the square root of the mean area

represented by their mean distances (Y 5

0.3703X +59.687; R2 5 0.9989, P , 0.001,

where Y5 percentage of the square root of the

mean area and X5 exclusion angle). From the

regression, the exclusion angle of 203u calcu-

lated for this data set had a mean distance that

was 135% of the square root of the mean area,

which resulted in a correction factor of 0.74

(100% / 135%5 0.74). Because mean distances

become longer as the size of the exclusion

angle increases (125% vs. 135% of the mean

area for random pairs 180u vs. 203u, respec-
tively), the correction factor for the 203u exclu-
sion angle (0.74) is smaller than the correction

factor for the 180u exclusion angle (0.80).

Use of the adjustable exclusion angle

method will be unique to each GLO survey

data set. A hypothetical application of the

procedures used to determine an appropriate

exclusion angle is shown in Fig. 3.

FIG. 3. Hypothetical example for a GLO survey
data set that resulted in an exclusion angle of 230u.
The darkened area indicates the region within which
the second witness tree occurred after the first
witness tree was selected. For this example, 90
azimuth degrees were available for the occurrence of
the second tree in the opposite quadrant and 20u in
each of the adjacent quadrants. Of the second
witness trees, 69.2% [(90u/130u) 3 100], occurred in
the quadrant opposite the first tree and 30.8% [(40u/
130u) 3 100] in the two adjacent quadrants.
Application of this exclusion angle results in a mean
distance equal to 144.86% [Y 5 (0.3703 3 230) +
59.687] of the square root of the mean area and
a correction factor of 0.69 (100%/144.86%).

2006] ANDERSON ET AL.: ESTIMATES OF HISTORICAL TREE DENSITY 455



COMPARISON OF FIVE DISTANCE METHODS.

One-way ANOVA indicated significant differ-

ences in square roots of mean areas owing to

method (F 5 356.94, P , 0.0001, df 5 4,

19,725). The square roots of the mean area

were significantly different among all five

methods. When one-half of the tree diameters

were added to the distances, the square roots

of the mean areas ranged from 7.74 6 0.08 m

for the random pairs with a 203u exclusion

angle to 9.226 0.10 m for the Q2 distance and

corresponded to tree densities of 167.1 and

117.8 trees per ha for the two methods,

respectively (Table 1). Multiplying tree densi-

ties for the two methods by the mean tree

basal area of the sample (1,236 cm2) yielded

basal areas of 14.6 and 20.6 m2 ha21 for the Q2

distance and random pairs 203u exclusion

angle, respectively. Without adding one-half

of the tree diameters to witness tree distances,

tree densities and basal areas were higher than

if diameters were added to distances and

ranged from 123.8 to 177.5 trees per ha and

18.7 to 21.9 m2 ha21, respectively (Table 1).

Discussion. Many studies have addressed

some of the problem issues and limitations

associated with using the GLO survey records

to determine historic vegetation (Bourdo 1956,

Nelson 1997, Manies et al. 2001, Schulte and

Mladenoff 2001). Among the commonly cited

issues is witness tree selection. Witness tree

selection prescribed by the surveyor general,

‘‘…the distances measured to two or more

adjacent trees in opposite directions, as nearly

as may be…’’ (Tiffin 1815, reported in Bourdo

1956), probably had more than one interpre-

tation and may have been difficult to admin-

ister in the field. Bias toward particular species

and sizes of trees was also present, as

surveyors were instructed to choose trees that

were likely to be healthy and long lasting

(Tiffin 1815, reported in Bourdo 1956).

Manies et al. (2001) found evidence for differ-

ences in witness tree selection among surveyors

for size and species. In our data set surveyors

recorded trees less than 12.7 cm (5 inches) in

diameter including 5, 10, and 125 trees that

were 5.1, 7.6, and 10.2 cm (2, 3, and 4 inches),

respectively. Nelson (1997) notes that while

use of a distance method assumes unbiased

distance measurements, this assumption, when

using GLO records, is unrealistic. Our data

support this conclusion and shows that

surveyors selected trees near the center of the

distance between the ordinal directions in

preference to trees that were near ordinal

directions.

In some instances, this preference could

have resulted in surveyors not measuring the

tree nearest to the section or quarter section

point, because trees near the center of the

quadrant were preferentially used as witness

trees even though trees near the ordinal

directions were closer to the point. If surveyors

only used trees adjacent to the ordinal direc-

tions when trees in the center of the quadrants

were at substantially longer distances than

those occurring adjacent to the ordinal direc-

tions, this bias would have resulted in shorter

distances for witness trees occurring adjacent

to the ordinal directions than those near the

center of the quadrants. However, our results

indicate that even though there was a biased

selection of trees there was no difference in the

mean distances for witness trees selected near

the center of the quadrants or close to the

ordinal directions. The lack of significant

differences in distances between the two

groups of witness trees suggests that surveyors

likely chose trees close to the center of the

quadrant over those close to ordinal directions

Table 1. Comparison of square root of mean areas (mean 6 SE), density (trees ha21) and basal area
(m2 ha21) calculated using various distance methods with or without one-half of witness tree diameters added
to distances.

Distance Method (Q1) (Q2) (Q1+Q2) RPa 180u RP 203u

SQRT mean area (m)
With K tree diam. 8.47 6 0.100 9.22 6 0.100 8.86 6 0.091 8.36 6 0.088 7.74 6 0.082
Without K tree diam. 8.13 6 0.100 8.99 6 0.100 8.59 6 0.091 8.11 6 0.088 7.51 6 0.081

Tree Density (stems ha21)
With K tree diam. 139.4 117.8 127.4 143.0 167.1
Without K tree diam. 151.4 123.8 135.4 151.9 177.5

Tree Basal Areas (m2 ha21)
With K tree diam. 17.2 14.6 15.7 17.7 20.6
Without K tree diam. 18.7 15.3 16.7 18.8 21.9

a RP 5 Random Pairs
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only when the distances between the two trees

were similar. This pattern of selection results

in more witness trees being chosen near the

center of quadrants than near ordinal direc-

tions, as shown by our data; however, there is

no indication of effects of this choice on

distance. Preference for trees near the center of

quadrants also explains why there were more

second witness trees occurring in quadrants

opposite the quadrant of the first trees than

would be expected if a random pairs method

with an 180u exclusion angle was used. If the

first witness tree is preferentially selected to be

in the center of the quadrant, a tree opposite

the first is more likely to be in the quadrant

opposite to the quadrant of the first tree than

in the quadrant adjacent to the quadrant of

the first tree.

While the witness tree data from survey

records may be somewhat lacking in accuracy

and precision, it is the best record of historic

vegetation available, and is well suited for

quantitative analysis (Curtis 1959, Schulte and

Mladenoff 2001). To ensure that quantitative

measures, like tree density, are as representa-

tive of historical conditions as possible, the

attributes of the witness tree data should be

carefully examined before applying a particular

distance method for analysis. Some research-

ers have used modifications of the quarter

method (Rodgers and Anderson 1979, Fralish

et al. 1991, Swigart and Anderson 2000,

Bollinger et al. 2004), whereas others used

the random pairs method (Leitner and Jack-

son 1981). These two methods have different

assumptions for the selection of trees and

distances measured. It is important that the

appropriate method is applied depending on

the distribution of witness trees. Otherwise,

assumptions and predictions made about the

resulting density data may have errors that

could be reduced or eliminated by applying the

most appropriate distance method. Adding

one-half of the witness tree diameter to the

measured distance to the tree should be done,

because it meets the distance method criterion

of distances being measured to the center of

the tree and improves the estimate of tree

density (Ashby 1972). Because of the pattern

of second witness trees in quadrants opposite

and adjacent to the quadrant of the first tree

and the bias of selection trees in the center of

quadrants by surveyors, we think that our

adjustable exclusion angle method, which

determines a corrected exclusion angle, gives

more accurate representation of tree density

than the other methods used in this study to

estimate tree density.

Additionally, determining how the sur-

veyors actually selected witness trees may

reveal other inherent problems in the data.

For example, the purchase area covers an area

of over 345,000 ha and provided the opportu-

nity to examine and test statistically the way in

which surveyors actually implemented the

Surveyor General’s instructions. The data set

had one key problem at this level, which was

the bias of surveyors to choose, on the eastern

and southern boundaries of townships, witness

trees that were in quadrants within the town-

ship being surveyed. Because of this preference

for the two quadrants inside of the township,

(390 vs. 2494 trees, outside and within town-

ships, respectively), the two distances were not

assumed to be Q1 and Q2. Within each of the

two quadrants any distances could be Q1, Q2,

Q3, or Q4 with equal probability Consequent-

ly, we considered the average of the two

distances to be Qm, based on the equal

probability of a given witness tree distance

being Q1, Q2, Q3, or Q4 (Sauer 2002). Because

the square roots of the mean area are squared

to yield mean areas, treating the mean

distances from eastern and southern township

boundaries as an average of Q1 and Q2,

instead of Qm, would have increased the mean

area and decreased the tree density by a factor

of 2.2956 (1/0.66 3 1/0.66) or 229%. For

example, if tree densities of 100, 200, 400 trees

per ha resulted when the average distance was

treated as if it was Qm, treating the mean

distance as the average of Q1 and Q2 would

result in densities of 44, 87, and 174 trees per

ha, respectively.

Conclusions. The criteria for distribution of

witness trees in quadrants around the survey

points associated with the application of the

distance methods should be evaluated before

any method is used for calculation and

analysis of the square root of the mean area.

If necessary, the data set should be subdivided

into points with similar information and

patterns of witness tree selection. The distance

methods should be modified and applied

based on the actual characteristics of each

data group. Additionally, results from quan-

titative analysis of GLO records should be

verified with descriptions of the landscape

recorded in the surveyor’s field notes and
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current information known about the ecology

and distribution of tree species.
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