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Aim Public land survey records are commonly used to reconstruct historical
forest structure over large landscapes. Reconstruction studies have been criticized
for using absolute measures of forest attributes, such as density and basal area,
because of potential selection bias by surveyors and unknown measurement error.
Current methods to identify bias are based upon statistical techniques whose
assumptions may be violated for survey data. Our goals were to identify and
directly estimate common sources of bias and error, and to test the accuracy of
statistical methods to identify them.

Location Forests in the western USA: Mogollon Plateau, Arizona; Blue
Mountains, Oregon; Front Range, Colorado.

Methods We quantified both selection bias and measurement error for survey
data in three ponderosa pine landscapes by directly comparing measurements of
bearing trees in survey notes with remeasurements of bearing trees at survey
corners (384 corners and 812 trees evaluated).

Results Selection bias was low in all areas and there was little variability among
surveyors. Surveyors selected the closest tree to the corner 95% to 98% of the
time, and hence bias may have limited impacts on reconstruction studies.
Bourdo’s methods were able to successfully detect presence or absence of bias
most of the time, but do not measure the rate of bias. Recording and omission
errors were common but highly variable among surveyors. Measurements for
bearing trees made by surveyors were generally accurate. Most bearings were less
than 5° in error and most distances were within 5% of our remeasurements.

hy

Many, but not all, surveyors in the western USA probably estimated diameter
of bearing trees at stump height (0.3 m). These estimates deviated from
reconstructed diameters by a mean absolute error of 7.0 to 10.6 cm.

Main conclusions Direct comparison of survey data at relocated corners is the
only method that can determine if bias and error are meaningful. Data from
relocated trees show that biased selection of trees is not likely to be an important
source of error. Many surveyor errors would have no impact on reconstruction

. studies, but omission errors have the potential to have a large impact on results.
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INTRODUCTION 2007). Benchmarks for asseésing res.toratiO.n needs come fr(?m
fine-scale forest reconstruction studies, which are then applied
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Large portions of forests in the western USA are considered
to be in an unhealthy state because of past fire suppression,
intensive timber harvesting, and overgrazing (e.g. Baker et al,
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to much larger areas (e.g. Fulé et al., 1997). These studies have
high precision but may miss much of the variability of forests
across large areas. However, in the USA a systematic survey of
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historical vegetation is available, namely the General Land
Office (GLO) surveys, which can be used to reconstruct
vegetation and disturbances across very large landscapes
(Galatowitsch, 1990).

The GLO surveys, widely used elsewhere in the USA
(Whitney, 1986; Batek et al., 1999; Zhang et al., 1999; Schulte
& Mladenoff, 2005), have been underutilized in the West (but
see White, 1976; Habeck, 1994; Arundel, 2000; Langley, 2004).
Surveys were largely completed in the mid-to-late 1800s in the
West, shortly after or before extensive Euro-American settle-
ment (Galatowitsch, 1990). Surveyors recorded information on
bearing trees at survey corners, including tree species, size,
bearing and distance from the section corner. These data can
be processed and used to estimate parameters of historical
forest structure such as composition, absolute tree density,
and tree diameter distribution (Anderson & Anderson, 1975;
Radeloff et al., 1999; Dyer, 2001; Schulte & Mladenoff, 2001;
Leahy & Pregitzer, 2003). Maps of forest structure can then be
analysed to provide an understanding of the variability of
forests across large land areas (e.g. He et al., 2000). Surveyors
also recorded ecotones and disturbances encountered along
survey lines. This information can be used to evaluate large
changes in forest structure, such as forest type conversions and
loss or gain in prairies/meadows, and to estimate disturbance
rotations (Anderson & Anderson, 1975; Canham & Loucks,
1984; Schulte & Mladenoff, 2005; Andersen & Baker, 2006;
Fritschle, 2008). Spatial structure and disturbance affect the
productivity of trees available for future harvesting (e.g. Busse
et al., 2000), restoration goals relative to fire exclusion and
land uses, and habitat for wildlife. The GLO surveys are one of
the few sources of data available for reconstructing the
historical variability of forest structure and composition, and
determining disturbance history across large landscapes. Land
survey data and other mapping efforts have been used in many

Quarter
Corner

708

other parts of the world to assess land cover changes over
modern times, such as the crown land surveys in Canada, the
public land surveys in Australia, and the Siegfried maps in
Switzerland (e.g. Fensham & Fairfax, 1997; Jackson et al., 2000;
Leyk & Zimmerman, 2007).

The GLO was commissioned to create the public land survey
system (PLSS) (Stewart, 1935). The PLSS is composed of
9.7 km by 9.7 km (6 mile by 6 mile) townships with smaller
subdivisions of thirty-six 2.6-km? (one square-mile) sections.
Surveyors placed quarter corners at 0.8 km (0.5 mile) along
section lines (1.6 km or 1 mile long) and corners at the end of
each section line (Fig. 1). The area around each corner was
divided into quadrants of 90°. For section corners, a bearing
tree was selected in each quadrant (section), and for quarter
corners, one bearing tree was selected on either side of the
section line (one tree in each section), irrespective of quadrant.
In general, two trees were marked (inscribed with the
township, range and section) and recorded at quarter corners,
and four trees at corners, which is one tree in each section for
which the corner stands.

There are current limitations to GLO data that need to be
addressed before confidence can be placed in their widespread
application. The surveys were not undertaken for scientific
reasons, so it is therefore logical to test whether trees recorded
at survey corners suffer from selection bias (Table 1), that is,
whether they fail to represent an unbiased sample for any of
several reasons. First, the manuals of surveying used in
the West do not specify that the trees selected should each
be the closest tree to the corner. Furthermore, instructions in
the manuals are confusing. For example, the 1855 manual
(Stewart, 1935, p. 179) states: ‘from each (corner) post the
course shall be taken and the distances measured to two or
more adjacent trees, in opposite directions as nearly as may
be...’; and later in the manual there are instructions to record a

Figure 1 Study area locations in the western
USA and sampling grid layout. Dark grey
areas on the large map represent study area
locations, which are magnified for more
detail in inset maps. Squares in inset maps
represent sampling grid locations. Sampling
grid inset shows the arrangement of the 21
section and quarter corners sampled for each
stratum.
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Bias and error for forest landscape reconstructions

Table 1 Eight limitations of the General Land Office surveys and the formulas we used to measure their magnitude.

Limitation Definition

Terms, formula(s) and sources

Selection bias

indicated by selected trees that are not the closest
to the corner, so that selected trees do not
represent an unbiased sample of the forest

Recording errors

information in the field, including writing
down incorrect data (e.g. NE instead of NW)
in field notes or misidentifying tree species

Omission errors

usual number of trees at a corner, and thus did
not comply with the survey instructions for

the number of trees to record
Measurement errors

tree diameter because of limitations in measuring
devices or measuring methods (e.g. visual

estimation of diameter)

Lineage errors

Surveyor selected bearing trees preferentially,

Surveyor incorrectly recorded bearing-tree

Surveyor failed to record the required or

Errors in a measurement of bearing, distance, or

(1) Surveyors or clerks incorrectly copied from

SBR = 100 x (n,./n), where SBR is selection bias rate
(%), 1y, is the number of trees not closest to the
corner, and #n is the total number of corners or trees

RER = 100 x (1,¢/n¢t), where RER is recording error rate
(%), . is the number of corners or trees with a
recording error, and n, is the total number of corners
or trees

OER = 100 x (n,/n.), where OER is the omission
error rate (%), n, is the number of trees omitted,
and n, is the total number of available quadrants

Measurement Bias—measuredas: ME = (3 (M, — M,))/n,
where ME is mean error, Mj is the surveyor
measurement, M, is our re-measurement, and n is the
number of measurements

Measurement Accuracy — measured as: MAE =
> |(My — M,)|)/n, where MAE is mean absolute error,
and other symbols are as above

Relative Measurement Accuracy — measured as:

RMAE = (3 (|(My — M,)|/M,))/n, where RMAE is relative
mean absolute error, and other symbols are as above

Not measured in this study; see Almendinger (1997)

original field survey notes to notes given to the

surveyor general’s office, or (2) modern users

transcribed incorrectly from microfiche or other

GLO sources to a computer database, due to

illegible entries and typing mistakes
Species identification
ambiguities

‘ponderosa pine’ or ‘limber pine’)
Survey instruction

Ambiguous or insufficiently precise species
identification (e.g. only ‘pine’ instead of

Survey instructions imprecise or changing (e.g.

No absolute measures; see Mladenoff et al. (2002)

No absolute measures; see Grimm (1981) or this paper

limitations did not require two trees at quarter corners and
four trees at section corners, or were imprecise
about the distance over which surveyors were
to search for trees)
Fraud Surveyors did not acquire data in the field and No absolute measures; see Stewart (1935),

instead created fictitious data, sometimes as part

of an organized crime syndicate

Livermore (1991)

tree in each section for which the corner stands — one guideline
clearly contradicted the other. Second, the bearing trees
recorded were to be a lasting monument to the corner.
Knowing this, the surveyors might have selected against certain
species or size classes (i.e. small or very large trees) suspected
to lack longevity (Grimm, 1984; Schulte & Mladenoff, 2001).
Third, surveyors may have selected against certain tree species
because of economic value (Lutz, 1930) or difficulty in
inscribing the necessary marks (Bourdo, 1956). Finally,
surveyors might have preferentially selected trees because of
location, perhaps avoiding trees near quadrant or section
boundaries that required additional compass measurements
(Schulte & Mladenoff, 2001). All of these factors have the
potential to bias the selection of trees. Conversely, there are
other factors that suggest surveyors were unbiased in selecting
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trees. Prior to 1910, surveyors were paid according to the
number of miles they surveyed, and thus might have been less
likely to go out of their way to mark a tree at a greater distance
(Schulte & Mladenoff, 2001). In addition, many forest types
(e.g. lodgepole pine: Pinus contorta Douglas ex Louden)
experience high-severity fires, resulting in cohorts of similar
size, essentially limiting size bias. Furthermore, the number of
species at a corner was probably low, especially in the West,
which limited selection bias.

High rates of selection bias would be detrimental, as bias can
change the species, distance and diameter components used in
analysing forest structure. Knowing the tree’s distance rank, or
distance order from the corner, is important because the
methods used to reconstruct forest parameters assume that the
trees recorded by the surveyors were the closest in each section
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(Cottam & Curtis, 1956; Bouldin, 2008). Statistical examina-
tion of surveyor preferences (Manies et al., 2001) along with
comparison of species recorded as bearing trees and in line
descriptions (Almendinger, 1997) both suggest reliability, but
similar testing is needed in the West, where little research has
been done.

Bourdo (1956) formulated statistical methods, using chi-
square analyses, to detect potential surveyor selection bias for
quadrant, species, size and location. Delcourt & Delcourt
(1974) improved upon these methods by using an ANOVA for
distance tests for species and diameter biases. However, these
methods were questioned because the basic assumptions of
these tests are violated (Grimm, 1984; Bouldin, 2008),
including random and equal distribution of tree species and
tree diameters across the area sampled (Grimm, 1981). It is
currently unknown how accurate these statistical methods are
in detecting true selection bias.

In addition to surveyor selection bias, there are other
limitations to survey data that are rarely considered or
measured, including recording errors, omission errors and
measurement errors (Table 1). The only way to quantify these
errors and surveyor bias is by direct remeasurement of original
bearing trees at survey corners. We are aware of only two small
studies that have directly examined bias and error at survey
corners (i.e. White, 1976; Habeck, 1994), both in the western
USA, where original bearing trees are more likely to remain.

There are other limitations that have been commonly
assessed (Table 1). First are lineage errors (Wang, 2005), which
Grimm (1981) suggested might be substantial. However,
Almendinger (1997) compared the original survey notes both
with copies in the microfiche and with databases, and
calculated an error rate of only 1-5%. Second are species
identification ambiguities, which are particularly problematic in
diverse forests, where they affect compositional analysis.
Mladenoft et al. (2002) developed methods to minimize this
limitation substantially. Third are surveyor instruction limita-
tions, which include noncompliance with guidelines (Grimm,
1981). Instructions for collecting data changed over time, but
the methods used by surveyors might not have changed with
subsequent manuals, so that assumptions made by researchers
for reconstructions could be incorrect (e.g. Grimm, 1981).
Furthermore, there may be cases where surveyors altered the
methods for their own advantage or ignored instructions.
Finally, there are cases of outright fraud, which were common
in many western states (Stewart, 1935; Galatowitsch, 1990;
Livermore, 1991). Fraud can be detected by comparing survey
plat maps with modern maps for accuracy on section and
township lines (Livermore, 1991).

The goal of this study is thus to address the posited
limitations of GLO data, an obstacle for widespread applica-
tion in spatially comprehensive forest restoration. To do this,
we directly quantified surveyor selection bias, surveyor
recording errors, omission errors and measurement errors by
comparing original measurements with remeasurements of
surviving trees at PLSS corners in three large landscapes in the
western USA. We described the average measures of trees, for
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which and against which there was selection, to understand the
ranges of tree attributes that might be underrepresented in
survey data. We also noted changes in the survey manuals over
the duration of the surveys and examined the survey notes to
see if surveyors promulgated new guidelines. In addition, we
used our direct data to test the ability of indirect statistical
methods to accurately detect the presence or absence of
surveyor selection bias for quadrant, location, species and size.
Quantifying error and selection bias from survey notes will
help to elucidate the applicability of survey data for forest
reconstructions (i.e. applicable with low bias and error),
establish the need for estimator corrections (e.g. Kronenfeld &
Wang, 2007), and identify any further potential sources of
error.

MATERIALS AND METHODS

Study area and sampling design

To examine the geographic variability of bias and error rates
for survey data, we studied large landscapes in three forested
areas of the western USA. Selection of study areas was limited
to ponderosa pine (Pinus ponderosa C. Lawson) forests with
some adjacent dry mixed conifer (i.e. ponderosa pine forest
mixed with other co-dominant conifers), as these forests are
widespread and commonly need restoration (e.g. Baker et al.,
2007). Western land cover data were analysed in a GIS to
identify potential study areas meeting the following criteria:
(1) large contiguous forested areas >500,000 ha, (2) high
percentage of public land, and (3) survey notes that were non-
fraudulent (Stewart, 1935; Livermore, 1991). Using GIS, survey
notes, and on-site visits, we chose three geographically distinct
study areas: (1) the Mogollon Plateau, Arizona, (2) the Blue
Mountains, Oregon, and (3) the Front Range, Colorado
(Fig. 1).

A multipurpose design was created for sampling each study
area. To span the range of forest variability, each study area
was stratified based on: slope, aspect, elevation and geology
(e.g. White, 1976). The first three factors are widely known to
affect the distribution and growth of ponderosa pine (Cooper,
1960), and the fourth was correlated with tree volume
(Aldrich, 2000). Aspect was classified into four levels, and
each of slope and elevation into three levels. All combinations
of levels were then created and regrouped into four classes
along a temperature-moisture gradient from warm/dry
(i.e. steep slope, south-west aspect, low elevation) to cool/
wet (i.e. gentle slope, north aspect, high elevation). Geology
was simplified into just sedimentary and igneous classes on the
Mogollon Plateau and in the Blue Mountains, and into granite
and gneiss in the Front Range. Temperature—moisture levels
combined with geology classes resulted in eight final strata per
study area.

To accommodate data collection for multiple investigations,
each sampling location consisted of a 3.2 km x 3.2 km
(4 square miles) grid of 21 contiguous PLSS corners (Fig. 1).
The laborious nature of the work meant that only one grid
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could be allocated for each stratum. Its location was randomly
chosen using the map of strata in GIS. Because there were 21
corners per grid and eight grids, there was the potential to
assess 168 corners per study area and 504 corners in total.

Field and laboratory methods

Using coordinates for corners from the Geographic Coordinate
Database (BLM http://www.gcdb.gov), a GPS was used to
navigate to each approximate location, where we searched for
the corner monument. If the monument itself could not be
relocated, but the corner was verified by the presence of an
original bearing tree, we could not assess surveyors’ measure-
ments of distance and bearing. However, we could assess
bearing-tree selection bias, measurement accuracy and error of
diameter estimation and species identification (potential
recording errors). Corners that were re-monumented in more
recent surveys but were not in the original corner location
could not be used for bias and error estimation. On the
Mogollon Plateau, 130 of 168 corners were relocated, whereas
in the Blue Mountains and the Front Range, 145 and 109
corners were relocated, respectively. Surveys on the Mogollon
Plateau, in the Blue Mountains and in the Front Range
occurred from 1878 to 1904, from 1874 to 1882 and from 1867
to 1882, respectively.

We searched for each original bearing tree using its species,
diameter, distance and azimuth from the GLO survey notes.
For each bearing tree, we recorded: (1) current status (i.e. alive,
snag type, cut stump, no evidence, etc.), (2) azimuth, using a
sighting compass (resolution 0.5°), (3) distance, using a laser
distance meter (Laser Technology, Englewood, CO, resolution
0.01 m), (4) diameter at stump height (d.s.h., 0.3 m) and
breast height (d.b.h., 1.37 m), using a caliper, and (5) species
identification. Measurements were made at both d.s.h. and
d.b.h. because the height of diameter estimation was not
specified in surveyor guidelines (Stewart, 1935); other studies
have found that estimates were likely to have been made at
stump height (White, 1976; Habeck, 1994). Diameter was
measured only on one axis, generally perpendicular to a line
from the corner to the tree, to approximate the diameter the
surveyor may have estimated in viewing the tree, but there is no
way to be sure that we replicated the surveyor measurements
exactly. Prior to analysis, surveyor bearing was converted
into an azimuth, surveyor diameter was converted from inches
to centimetres, and surveyor distance was converted from links
(a surveyor unit; 1 link = 20.12 cm or 7.92 in) into metres.

Increment cores were extracted for all live bearing trees at
both d.s.h. and d.b.h. to allow estimation of diameter at the
time of the surveys, and to determine which height was used by
the surveyors. All other live trees, possibly of adequate size
(approximately 210 cm) at the time of the survey, and located
closer than the chosen bearing tree, were also cored and
recorded to determine, in part, whether selection bias
occurred. Tree cores were mounted and sanded until rings
were easily separable, and then were cross-dated using
existing chronologies from within each study area from the
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International Tree Ring Databank (http://www.ncdc.noaa.gov/
paleo/treering.html). Diameters at the time of the survey were
estimated using equations formulated in or near each region
[Mogollon Plateau (Myers, 1963); Blue Mountains (Johnson,
1956; Spada, 1960); Front Range (Myers & Van Deusen,
1958)]. These equations predict past tree diameter using
present diameters, the radial growth of each tree since the
survey year, and the relationship between bark growth and
radial growth. We could visually cross-date 70 to 82% of cores
across three study areas, and for the others we were able only
to partially cross-date the core.

Statistical approach

In our original design, we planned to analyse bias and error by
surveyor, stratum, environment and geology in a nested,
multi-factorial ANOVA. However, we did not find as high a
percentage of trees at corners, either live or dead, as previously
reported (e.g. White, 1976; Habeck, 1994), and sample size
precluded this option. Moreover, because of the nature of
survey contracts, it was common to have only one surveyor for
each 21-point grid, and, therefore, only one surveyor per
stratum. In fact, over all three study areas, 88.6% of
observations within a stratum (n = 24 total strata) were, on
average, from one surveyor. Therefore, an analysis of bias and
error using strata was confounded by a surveyor effect, an
unforeseen outcome. Further analysis was thus focused only on
the effect of surveyors, with surveyors functioning as strata.

Means and standard errors were calculated using a stratified
(by surveyor) systematic design. Statistics are reported for
individual surveyors (where possible) and for each study area,
with means and standard errors based on the proportion of
surveyor composition. For example, on the Mogollon Plateau,
five surveyors represented 84% of all surveyed corners. For
these surveyors, sufficient data were available for estimation of
bias and error rates; other surveyors were analysed in a
collective stratum and an overall mean and standard error
calculated for the study area.

Analysis of bias and accuracy

Mean error rates per corner and per tree were calculated to
measure selection bias (Table 1) against trees because of their
bearing, location, size and species. Per-corner rates are
important for how error is propagated into forest metrics that
use the set of trees at the corner scale. Along with a mean
selection bias rate, the range of biased azimuths and diameters
was calculated, as well as the average difference in distances
between selected and biased trees to measure the magnitude of
bias when it did occur. The frequency of each species against
which there was selection was also calculated.

For purposes of comparison with our direct estimates of
selection bias, Bourdo’s (1956) statistical approach was
implemented. The original survey data from all corners within
each grid were used unless they lacked trees or were irregular
corner types (e.g. standard corners or closing corners that do
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not represent four sections). Bourdo’s methods are criticized
because they assume that tree locations are randomly distrib-
uted throughout the entire sample (Grimm, 1984; Bouldin,
2008). Furthermore, to fully test for selection bias, attributes
including species and diameters would also have to be
randomly distributed throughout the entire sample (Grimm,
1981). Although we could not thoroughly address all of
Grimm’s concerns, we did quantify spatial pattern at each
survey corner using Eberhardt’s index (Eberhardt, 1967). To
do this, at four points, one in each 90° quadrant, we recorded
the distance, diameter and species of the nearest five trees.
Each point was located by walking a 45° angle, down the centre
of each quadrant, for approximately twice the average tree
spacing, estimated by mean distance to the nearest tree in each
quadrant. We then used the methods in Prayag & Deshmukh
(2000) to determine whether tree spacings were random,
uniform or aggregated.

Bourdo’s (1956) methods analyse potential selection bias in
two ways. The first test, among quadrants, uses a chi-square
test of the observed vs. expected frequency of the quadrant
containing the nearest tree of the two (quarter corner) or four
(corner) measured trees to test the null hypothesis that there is
an equal distribution of trees among quadrants. This is
expected if trees are randomly located and surveyors are
unbiased. Analysis was performed on a pooled set of all tree
species and all corner types. The second test, within quadrants,
examines the potential selection bias of trees based on their
location in a quadrant. Chi-square analysis is used to test the
null hypothesis that an equal number of trees occur in each
degree bin, which would be expected if trees were randomly
selected and distributed. For this test, we used equal divisions
of quadrants (as in Manies et al., 2001) with six segments of
15° bin-widths (i.e. 0-14°, 15-29°,..., 75-89°). All trees in all
quadrants were analysed together, and azimuth was rounded
to the nearest degree.

Distance tests were modified, following Delcourt & Delcourt
(1974), to utilize ANOVA instead of chi-square. Normality and
heteroscedasticity were examined visually. Because surveyors
may have had a proclivity for a particular bias, the observa-
tions from any surveyor may not be independent, which we
tested for specifically as bias by surveyor. The first ANOVA
tested a null hypothesis of no difference in the mean distance
to trees of different species. An unequal distance could indicate
that surveyors travelled further to mark certain preferred
species — a species selection bias. The second ANOVA tested a
null hypothesis of no difference in the mean distance to trees of
different diameter classes, but of the same species. A difference
in mean distance could indicate selection bias for or against
certain diameter classes.

Recording errors (Table 1) were also identified on a per-
corner and per-tree basis. A recording error was distinguished
from measurement error by visually examining the distribu-
tion of errors. Azimuth errors >10° and distance errors >3 m
appeared as outliers and were designated as recording errors.
The sample size for each error type varies with the number of
available corners and tree evidence. Omitted trees were
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evaluated on a per-corner and per-available-quadrant basis.
Because some surveyors did not follow the guidelines to record
a tree in each section for which the corner stands, we made a
distinction between the usual and required number of trees for
omission-rate calculations. For example, in the Front Range,
one tree at a quarter corner and two trees at a corner were the
usual numbers recorded, even though the required numbers
were two and four trees, respectively. We calculated omission
relative to the usual number in this case.

Selection bias and recording errors were subdivided into
verified and unverified categories. The unverified category
means that there was insufficient evidence that a bias or error
event had occurred but sufficient evidence to include it as a
possibility. For example, a large tree might be located closer to
the corner than the original bearing tree, but if the tree was
hollow and could not be cored, we could not prove that a bias
had occurred. Verified and unverified bias and error were
summed to estimate total possible bias or error rate.

Measurement bias or mean error (ME) was calculated for
azimuth, distance and diameter, and a t-test was used to test
for significant measurement bias or the null hypothesis that
mean error equals zero. Because most researchers using survey
data cannot distinguish recording and measurement error, all
data, including recording errors, were incorporated in this
analysis. If estimated mean error does not differ significantly
from zero, then the surveyors’ ability to estimate the parameter
was considered unbiased. If mean error was either significantly
less than or greater than zero, measurement bias was detected.
The detection of measurement bias is important because a
tendency to under- or over-estimate parameters would be
propagated in calculations of forest attributes (e.g. density,
basal area). Mean absolute error (MAE), a measurement of
accuracy or error (Table 1), was calculated for azimuth,
distance and diameter, and was used over other metrics, such
as mean squared error, because it is a more robust estimator of
accuracy, and is less sensitive to outliers (Walther & Moore,
2005). Relative measurement accuracy, calculated as relative
mean absolute error (RMAE; Table 1) was calculated for
distance and diameter. RMAE scales error to the size of each
estimate, which is useful for comparing surveyors or areas
where tree sizes or densities differ. Tree diameter was analysed
separately because diameters were visually estimated by
surveyors, rather than measured. To assess the height on the
tree at which surveyor estimates were made, we compared ME,
MAE and RMAE (Table 1) of reconstructed diameters against
surveyor estimates at both d.s.h. and d.b.h.

Other errors

Lineage errors were not calculated for this study but are
probably incorporated into recording errors and measurement
errors. Species identification ambiguities were evaluated for
common names in the survey field notes that referred to more
than one species. A list of common names that referred to
more than one species was compiled. We documented changes
in the survey manuals from the 1855 manual to the 1900
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manual and thoroughly examined the notes to see if surveyors
altered procedures with successive editions. We did not
measure the rate of fraud, as we preliminarily screened study
areas and townships to avoid fraud, so that other limitations
could be studied.

RESULTS

Selection bias: direct estimates

Surveyor selection bias was low in all three study areas, and
there was little variability among surveyors based on our direct
estimates (Table 2 and Appendix S1 in the Supporting Infor-
mation). Total verified selection bias per tree ranged from
1.6% of trees on the Mogollon Plateaus to 3.9% of trees in the
Front Range. The total possible bias rate per tree was not much
larger, ranging from only 1.8% to 4.8%. This implies that
surveyors selected the closest tree within a quadrant about 95%
to 98% of the time (e.g. 100%—1.8% = 98.2%). In contrast,
4.4%, 12.0% and 6.8% of the corners on the Mogollon Plateau,
in the Blue Mountains, and in the Front Range contained at
least one biased tree, respectively.

Bias and error for forest landscape reconstructions

For the 30 trees selected with bias (3.7% of the total of 812
trees) in our study areas, we were able to assess the total effect
(i.e. error propagation effect) of selection bias on 28 trees for
distance, on 23 trees for diameter, and on 30 trees for species.
The median distance separating the true closest tree and the
selected tree was +4.2 m (mean = 6.1 m, SE = 1.1, n = 28), a
median 42% increase in distance over the true closest tree
(mean = 99%, SE = 33%, n = 28). The mean diameter of
biased trees was not significantly different from the mean
diameter of the true closest trees (= 0.53, d.f. =23,
P =0.60). Biased selection resulted in seven tree species
changes, or 23% of the 30 bias-selected trees. Overall, though,
a change in species for seven trees out of the total of 812 trees
evaluated is minimal (0.9% composition change).

The 30 trees representing selection bias were chosen for
particular characteristics. Ten appear to have been chosen
because of diameter size, nine because of location within a
section, two because of species and nine for unresolved
reasons. From the trees chosen based on diameter size, trees
selected by the surveyors were on average 18.3 cm (7.2 in)
(SE = 1.96, n = 7; only seven had reliable diameter estimates)
larger than the closest tree in the quadrant. Trees selected

Table 2 Selection bias, recording errors, measurement bias, and measurement accuracy of General Land Office survey data on bearing trees
as compared with plot re-measurements in the three study areas in the western USA.

Mogollon Plateau Blue Mountains Front Range

Verified selection bias (%)
Total possible selection bias (%)
Azimuth (%)
Distance (%)
Species (%)
Omit Trees (%)
Azimuth (%)
Distance (%)
Species (%)
Omit Trees (%)
Survey azimuth ME (°)

SE (°)

Biased?

Verified recording & omission errors

Total possible recording & omission errors

MAE (°)
SE (°)
ME (m)
SE (m)
Biased?

Survey distance

MAE (m)
SE (m)
RMAE (%)
SE (%)

3.6, 1.6 7.2,2.9 5.5, 3.9
44,18 12.0, 4.8 6.8, 4.7
11.9, 7.4 11.4, 6.9 18.4, 13.7
4.7,3.2 0.0, 0.0 6.1, 4.1
0.3, 0.3 0.0, 0.0 2.0, 1.4
0.1, 0.1 2.1, 1.7 17.1, 14.0
16.3, 9.3 12.9, 7.4 18.4, 13.7
8.1, 4.9 0.0, 0.0 6.1, 4.1
0.3, 0.3 0.0, 0.0 2.0, 1.4
0.2, 0.2 8.7, 6.2 18.9, 15.0
0.99 -0.11 0.02

1.34 1.02 1.0
t=0.74 t=0.11 t=0.02
d.f.=165 d.f=134 d.f.=48

P =0.46 P =0.92 P =0.98
5.0 4.8 4.6

0.99 0.84 0.74
—-0.10 0.25 —-0.01
0.091 0.049 0.209
t=1.10 t=5.10 t=0.05
d.f. = 165 d.f. =134 d.f. =48
P =0.27 **P < 0.001 P =0.96
0.48 0.37 0.83
0.074 0.042 0.171

4.0 4.9 6.9

0.4 0.6 1.4

For bias and error rates, each study area (column) has two numbers. The numbers are the means for percentage corner and percentage tree bias. For

the Mogollon Plateau and the Blue Mountains, the means are weighted based on surveyor composition, but for the Front Range, sample

size precluded weighted averages, and, therefore, the numbers are unweighted sample means. ME, mean or median error; SE, standard error;

MAE, mean or median absolute error; RMAE, relative mean or median absolute error. **Significant at 1% level.
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against because of diameter size ranged from 16.2 cm (6.4 in)
to 30.0 cm (11.8 in). Trees not chosen because of location
were on average 8.6° (SE = 2.1, n=9) from the quadrant
boundary, with a range of 1° to 17°, whereas the trees selected
were on average 29.4° (SE = 3.3, n = 9) from the quadrant
boundary. There were two documented cases of species bias.
In one, a ponderosa pine was selected over a Gambel oak
(Quercus gambelii Nutt.) and in the other a ponderosa pine
was selected over a grand fir [Abies grandis (Douglas ex D.
Don) Lindl.]. There were other cases of oak and fir being
selected over ponderosa pine, but because the pine was often
larger than the other species, the type of selection bias was
ambiguous. Therefore, no consistent species bias was detected.

Selection bias: Bourdo’s analysis

Trees at about 20% of corners deviated from a random spatial
distribution and were either uniform or aggregated based on
our pattern analysis. Although only a small percentage of
corners were located in non-random tree stands, a non-
homogeneous random distribution (e.g. non-stationary ran-
dom distributions) of trees across our sampling locations is
likely, and results using Bourdo’s methods should be inter-
preted with caution (see Grimm, 1981; and Bouldin, 2008).

Diameter
(cm)
50 — 40
40 —
30 —
Mogolion -
Plateau 20 —
(n=420) -
10 —
0 J—
0 40 80 120 0
50 — 40
40 —
Blue 30 __
Mountains -
(n=359) 20 —
10 —
0 —
0 40 80 120 0
50 — 40
40 —_ 30
Front 30 20
Range 20 —
(n=208) -
10 — 10
0 — 0
0 40 80 120 0

There was no significant difference in the proportion of
quadrants that contained the nearest tree (overall nearest tree)
in any study area (AZ: y*=3.8, P=0.29; OR: y* =15,
P=067; CO: y*=25, P=0.47). Bearing trees on the
Mogollon Plateau were evenly distributed within quadrants
(;(2 = 3.9, P = 0.56). There was, however, an unequal distri-
bution of bearing trees within quadrants in the other two study
areas (see distributions — Fig. 2). In the Blue Mountains, there
were fewer bearing trees recorded in the areas nearest the
quadrant boundaries and more trees located in the centre of
the quadrant (Xz = 14.4, P = 0.014). In the Front Range, there
was no detectable pattern to the unequal distribution
(y* = 19.5, P = 0.002).

Significant differences in mean tree distance by species were
identified both on the Mogollon Plateau (F(;490) = 9.2,
P =0.003) and in the Blue Mountains (F(334;) = 11.0,
P < 0.001). In both cases, ponderosa pine had a significantly
greater mean distance than did other tree species [Mogollon:
ponderosa pine mean = 15.4 m, Gambel oak mean = 10.3 m;
Blue Mountains: ponderosa pine mean = 13.1 m, fir mean =
7.7 m, western larch (Larix occidentalis Nutt.) mean = 7.5 m].
This analysis could not be performed in the Front Range
because of insufficient trees (i.e. <10 trees) of any species other
than ponderosa pine. Bias for tree size using mean distance was

Azimuth Distance

(degrees) 120 (m)

80

40

30 60 20
120

80

40

30 60 20
120

40

30 60 90 0 30 60 20

Figure 2 Distribution of historical tree data in the western USA. Data from all tree species combined. Diameters were converted from
inches to centimetres, bearings were altered to range between 0 and 90° for all quadrants, and distance was converted from links to metres.
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tested for ponderosa pine and Gambel oak on the Mogollon
Plateau, for ponderosa pine, fir (unknown species) and western
larch in the Blue Mountains, and for ponderosa pine in the
Front Range. Out of six analyses, only ponderosa pine in the
Front Range had a significant distance/diameter relationship
(F(s,152) = 3.5, P = 0.005). Post-hoc analysis using Tukey’s
honestly significant difference (HSD) test revealed that the
smallest diameter class (10 cm to 20 ¢cm) was located closer
to the corner on average than the largest (F(4;49) = 5.06,
P = 0.001; small diameter class mean = 7.7 m, large diameter
class mean = 24.7 m).

Recording and omission errors

In contrast to the paucity of selection-bias events, recording
errors were common, but highly variable among surveyors
(Table 2 and Appendix S1). By far the most common error
was recording an incorrect bearing, which occurred for 9.3% of
trees on the Mogollon Plateau, 7.4% of trees in the Blue
Mountains and 13.7% of trees in the Front Range. Bearing
recording error was variable among surveyors in all study
areas, ranging from 0% to 26.7% of trees recorded. Many of
these error values were close to the magnetic declination at the
time of the surveys (see http://www.ngdc.noaa.gov/geomag/)
and were likely to have been made by forgetting to add the
declination to the bearing. Recording errors for distance and
species were relatively rare. Only 4.9% of trees on the
Mogollon Plateau, none in the Blue Mountains, and 4.1% in
the Front Range had a distance error (Table 2). In each case,
most of the error can be attributed to a single surveyor
(Appendix S1). Only two trees (out of 812) had an incorrect
species identification.

Errors from missing or omitted trees, though not uncom-
mon (Table 2 and Appendix S1), were also largely attributable
to only a few surveyors. On the Mogollon Plateau, Deputy
Surveyor Secor (9.9% of quadrants surveyed had an omission)
was the only surveyor who omitted trees, with a resulting 0.2%
error rate per quadrant. In the Blue Mountains, Deputy
Surveyor Lackland (28.1% of quadrants surveyed had an
omission) was the main contributor to the overall 6.2% error
rate per quadrant. Omitted tree errors were more widespread
among surveyors in the Front Range, resulting in a higher
15.0% error rate per quadrant. The Front Range was different
from the other study areas because the surveyors, for some
unknown reason, did not consistently follow guidelines.
Because we selected study areas in part to avoid widespread
omission errors, we cannot estimate the true rate of omission
errors in the western USA.

Measurement errors in azimuth, distance and
diameter

Measurements of tree azimuth in all three study areas were
statistically unbiased (i.e. ME is not significantly different from
zero) overall (Table 2), and only one surveyor, Deputy
Surveyor Secor, showed any significant measurement bias
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(Appendix S1). Azimuth accuracy was high in all three areas,
and MAE only varied from 4.6° to 5.0° (Table 2). High
accuracy, in the usual sense of the word, is measured here by
lower errors (Table 1). Whereas the Mogollon Plateau and
Front Range had wunbiased tree-distance measurements
(Table 2), in the Blue Mountains surveyors tended to measure
distances long (ME = 0.25 m, ¢ = 5.10, d.f. = 134, P < 0.001;
Table 2). Distance accuracy varied considerably on the
Mogollon Plateau among surveyors, from the best MAE of
0.3 m (1.5 links) to the worst MAE of 2.7 m (13.4 links)
(Appendix S1), with an overall MAE of 0.5 m (2.5 links).
There was much less variability in the Blue Mountains among
surveyors, and overall MAE was 0.4 m (2 links). The Front
Range showed the worst accuracy, with an MAE of 0.8 m (4
links). However, scaled by actual distance, the relative accuracy
(RMAE) ranged from 4% (best) on the Mogollon Plateau to
7% (worst) in the Blue Mountains, suggesting that distance
accuracy was quite high (i.e. on average 93% to 96% of the
correct distance). For reference, the mean distance to a tree was
16.2 m (80.5 links) on the Mogollon Plateau, 14.2 m (70.6
links) in the Blue Mountains, and 14.9 m (74.1 links) in the
Front Range.

Mean absolute error in diameter (d.s.h.) ranged from 7.0 cm
(2.8 in) in the Front Range to a high of 10.6 cm (4.2 in) in the
Blue Mountains, with the median absolute error in diameter
(d.s.h.) generally lower, ranging from 5.9 cm (2.3 in) in the
Front Range to 9.4 cm (3.7 in) on the Mogollon Plateau
(Table 3). Although it appears from the MAE that surveyors in
different areas estimated diameter with varying levels of
accuracy, RMAE values were large, but only ranged from
24% to 27% for the reconstructed values, and, in two areas,
half of the estimates were within 16%. These large RMAE
values suggest that diameters might be better placed into
classes. If so, confidence intervals (95%) of MAE may help
guide the selection of bin width. For the Mogollon Plateau
intervals ranged from 7.3 cm (2.9 in) to 10.7 cm (4.2 in); for
the Blue Mountains, from 7.9 ¢cm (3.1 in) to 13.2 ¢cm (5.2 in);
and for the Front Range, from 4.6 cm (1.8 in) to 9.4 cm
(3.7 in).

Diameter estimates in all three study areas were generally
made at two-inch (5.1-cm) intervals (Fig. 2). On the Mogollon
Plateau, 77% of estimates were even integers; in the Blue
Mountains, 86% of estimates were even; and in the Front
Range, 68% of estimates were even. We did not find any trend
for selection against small or large trees. There were few trees
<10 cm (4 in) but a high percentage of large trees in most
areas (Fig. 2) (e.g. on the Mogollon Plateau, 50% of the trees
were >50.8 cm or 20 in).

In general, comparisons between the surveyors’ estimates
and the reconstructed diameters show a slightly better fit for
d.s.h. than for d.b.h. MAE and RMAE values were lower for
d.s.h. than for d.b.h. in all three areas, although median values
were lower in only two of three areas (Table 3). Furthermore,
if the surveyors were estimating diameters at d.s.h., they were
unbiased in two of three areas, but if estimating at d.b.h., they
were biased in two of three areas. Irrespective of height of
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Table 3 Analysis of the height of diameter estimation of bearing trees by General Land Office surveyors in the three study areas in the

western USA.

Variable mean or Standard

median errors Mean error Median Measurement bias?
Mogollon Plateau ME d.s.h. (cm) -0.7 1.5 -1.3 t = —0.47, P = 0.639
d.s.h. n =56 ME d.b.h. (cm) 4.0 1.5 2.9 t =2.58, *P = 0.012
d.b.h. n =61 MAE d.s.h. (cm) 9.0 0.84 9.4

MAE d.b.h. (cm) 9.8 1.0 6.3

RMAE d.s.h. (%) 27.0 2.9 23.0

RMAE d.b.h. (%) 43.0 7.0 19.0
Blue Mts ME d.s.h. (cm) 5.6 1.8 3.2 t=3.12, ¥P <0.01
d.s.h.n=54 ME d.b.h. (cm) 10.0 1.9 11.5 t =5.33, P < 0.01
d.b.h. n =59 MAE d.s.h. (cm) 10.6 1.3 7.5

MAE d.b.h. (cm) 13.9 1.4 12.1

RMAE d.s.h. (%) 27.0 4.1 16.0

RMAE d.b.h. (%) 48.0 8.1 29.0
Front range ME d.s.h. (cm) -2.8 1.9 -4.7 t=-1.52, P =0.144
n=21 ME d.b.h. (cm) 2.4 1.8 3.3 t =135, P =0.191

MAE d.s.h. (cm) 7.0 1.2 5.9

MAE d.b.h. (cm) 7.1 1.0 6.1

RMAE d.s.h. (%) 24.0 4.0 16.0

RMAE d.b.h. (%) 38.0 11.0 18.0

Metrics of measurement error and accuracy for diameter estimation directed at either diameter stump height (d.s.h.) or diameter breast height

(d.b.h.) from surveyors in all study areas. For all metrics the mean and median were calculated. For mean error (not tested for median), the value was

compared to a null hypothesis with a mean of zero to test for significance. ME, mean or median error; MAE, mean or median absolute error; RMAE,

relative mean or median absolute error. *Significant at the 5% level. **Significant at the 1% level.

measurement or study area, measurement bias was towards
overestimation. To see if surveyors differed, we further
examined the height of measurement for surveyors with >5
trees in the dataset. For those seven surveyors, four showed a
better fit for estimating at d.s.h. and three for estimating at
d.b.h. Although the data seem to suggest that a surveyor
estimated diameter at a particular height, there is no absolute
way to know if surveyors were estimating diameter at different
heights on trees or if they just varied in accuracy. Knowing the
height of estimation is of some importance as the mean d.s.h.
exceeded the mean d.b.h. in our study areas by a range of
+3.7 cm in the Front Range to +5.3 cm in the Blue Mountains.
Furthermore, our reconstructed diameter has some uncer-
tainty as it is dependent on the accuracy of the measured tree
diameter, correct cross-dating, measuring of radial growth and
generalized equations of tree and bark growth.

Other errors

Although species-identification ambiguities are probably low
in most forests in the West, there were still ambiguous species
entries. For example, juniper’ on the Mogollon Plateau could
be taken to be oneseed juniper [Juniperus monosperma
(Engelm.) Sarg.], Rocky Mountain juniper (Juniperus scopulo-
rum Sarg.), or alligator juniper (Juniperus deppeana Steud.).
In our study areas, surveyors appeared to be aware of
changes in surveyor guidelines. For example, in the 1881
manual the number of trees at standard corners and closing
corners (together referred to as double corners) was changed
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from two to three, and in 1894 the number of trees was
reduced back to two. In our study areas surveys made prior to
1881 had two trees, surveys made in 1881 had three trees, and
surveys after 1894 had only two trees at double corners.
Moreover, in 1881 the suitable distance for which a surveyor
was supposed to look for trees within quadrants was set at
three chains (60.4 m) (White, 1983; but see circular 1864 in
White). Surveys in 1881 and thereafter, report ‘no trees within
3 chains’ or ‘no trees within limits’ as opposed to ‘no trees at
suitable distance’ or ‘no trees near’ when a bearing tree was not
available for marking within a quadrant or section. There were
also signed copies, by surveyors, of guideline changes for the
Blue Mountains in the GLO notes. In contrast, there were
instances where surveyors ignored the survey manuals. In the
Front Range study area, few surveyors recorded the required
number of trees at corners. In preliminary work leading up to
the selection our study areas, we found other areas in Arizona
(White Mountains) and Oregon (Ochoco Mountains) where
surveyors also failed to record complete data.

DISCUSSION

Past criticism of survey data use for forest reconstructions has
usually focused on the impacts of surveyor selection bias. The
general argument has been that the bearing trees recorded at
corners were a biased sample of the forest and were not the
closest trees within each quadrant (section corner) or section
(quarter corner). This argument is best stated by Grimm
(1981, p. 24): ‘The common assumption by ecologists that
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bearing trees were the closest trees to the corners is unreason-
able and unwarranted.” Our data show that surveyors did
record the closest tree to the corner within quadrants or
sections at a rate of 95% to 98% for all corners evaluated
(n =384 corners and 812 trees). Two other studies, in
Montana ponderosa pine forests, evaluated selection bias
directly using a resurvey of corners, and found results similar
to ours. Habeck (1994) evaluated 29 corners and found that no
tree over 10.2 cm (4 in) was selected against (100% of the trees
were the closest). White (1976) evaluated 37 corners and found
selection bias against four trees; this is a 3.6% bias rate per tree,
and thus 96.4% of the trees were the closest. Surveys prior to
1910 were undertaken through private contracts and were paid
by each mile surveyed (Stewart, 1935). In more open forests,
such as ponderosa pine, common wisdom suggested that
surveyors would not walk further than necessary to record
bearing trees (Schulte & Mladenoff, 2001), which is validated
here by few cases of observed bias. The assumption by
ecologists, that bearing trees were the closest trees to the
corners, appears reasonable and warranted for our study areas.

Although selection bias was rare, when it did occur trees
<30 cm (12 in) were most likely to be selected against, and,
therefore, may be slightly under-represented in GLO data (e.g. in
Fig. 2). White (1976) similarly found that the trees selected
against ranged from 13 to 20 cm (5 to 8 in). We found that large
trees (e.g. >80 cm) were not selected against. As hypothesized,
there was no particular pattern of selection bias by species, as the
number of species available at a corner was low. Surveyors
avoided selecting trees near quadrant boundaries, but no
particular tree characteristic appeared to be involved.

Bourdo’s (1956) statistical analyses were mostly successful in
detecting possible surveyor selection bias. First, a highly
significant difference in mean distance to tree species was
detected on the Mogollon Plateau and in the Blue Mountains,
suggesting a possible species bias, but our direct data showed
only two instances of species selection bias. For Bourdo’s
methods, differences in the mean distance to trees of different
species could mean either that certain species were preferen-
tially selected, or that certain species were generally found in
denser stands (Grimm, 1981). The latter seems likely in our
study areas, which is a violation of Bourdo’s test assumption of
equal mixing of species throughout the sampling area (Bourdo,
1954). If the user does not know whether this assumption is
met, the results of this test may be misinterpreted. Second, a
significant difference in mean distance to diameter class or
presumed size selection bias was correctly detected by Bourdo’s
method in the Front Range but not correctly detected in the
Blue Mountains (although results were nearly significant
Fss0) = 1.9, P = 0.065). Furthermore, size selection bias
was not detected on the Mogollon Plateau either through
our direct method or through statistical analyses. Thus,
Bourdo’s methods correctly identified the presence or absence
of selection bias in two of three areas. Finally, Bourdo’s
methods were successful in identifying a location bias within
quadrants in both the Blue Mountains and Front Range and in
rejecting a bias on the Mogollon Plateau. Conversely, the
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unequal distribution of trees within quadrants in the Front
Range, which caused a rejection of the null hypothesis, could
not entirely be explained by the documented location bias we
found from resurveys. Selection bias was found only near
quadrant boundaries in the direct methods, but Bourdo’s
analysis showed bias at both quadrant boundaries and in the
middle of quadrants.

Bourdo’s methods have been criticized as invalid because of
the violation of statistical assumptions (Grimm, 1981), but the
tests appear, for our data, to have identified possible selection
bias correctly in most cases. This result is surprising because
the assumptions of Bourdo’s tests were not met in our study
areas. The disadvantage of Bourdo’s methods is that, although
they might correctly identify the presence of selection bias, the
rate and threshold of the detection of bias are unknown. We
found a possible bias rate per tree of 1.8% to 4.8%, and thus
surveyors chose the closest tree to the corner 95% to 98% of
the time. This low bias rate, although not without associated
problems, should not invalidate forest reconstructions. In
short, Bourdo’s analyses might not provide enough informa-
tion to decide whether a particular data set has sufficient bias
to invalidate results.

Recording errors, outside of species identification, are an
often overlooked source of error in survey data (but see Wang,
2005). To our knowledge, only one other paper has directly
documented recording errors. White (1976) documented 21
instances for which data in the survey notes did not exactly
match the numbers in his remeasurements. Excluding nine
cases that appear to be measurement errors, not recording
errors, White’s data yield a 2.7% azimuth-error rate per tree,
which is much lower than our range of 7.4% to 13.7%. There
are few ramifications for forest reconstructions from azimuth
errors, unless a researcher is using the random pairs method
(Cottam & Curtis, 1949). White (1976) also found a 2.7%
distance error rate per tree, which is within the 0% to 4.9%
range we found. Distance errors were relatively rare events but
do have the potential to impact density calculations and have
compounding impacts on other metrics, such as basal area
(Bouldin, 2008).

Species-identification recording errors are rare in ponderosa
pine/dry mixed conifer forests in the West. White (1976)
found an error rate of <1%, similar to our range of 0% to
0.3%. The most likely reason for the low species error rates in
these forests is the low number of species. In contrast, Fritschle
(2007) found a 21% error rate in species identification in
Redwood National Park, California, where the forest is much
more diverse than other forest types in the West.

One important error with the potential to impact forest
reconstructions significantly is omitted trees (Table 1). When-
ever a tree is omitted, certain data are lost (e.g. species and
diameter), and other data (e.g. density) must be corrected
(Warde & Petranka, 1981; Dahdouh-Guebas & Koedam, 2006;
Kronenfeld & Wang, 2007), albeit with unknown error. Errors
of omission can substantially reduce the accuracy of recon-
structed forest metrics, because calculations with corners
having missing trees are adjusted (e.g. Warde & Petranka,
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1981). For all available quadrants, an average of 0.2 to 15%,
among study areas, contained an omitted tree. Because most
of these errors were from only a few surveyors, it would be
best to avoid using their surveys, if these surveyors can be
identified.

Outside of recording errors, few researchers have asked how
accurate the surveyors’ measurements were. These have been
assumed by researchers to have been either estimated by
surveyors or measured using instruments. It is most likely that
surveyors actually measured the bearing and distance to
bearing trees using the survey instruments. Surveyors’ bearing
(converted to azimuth) and distance accuracies were generally
high (Table 2). Scaled estimates of accuracy were quite good,
with an RMAE of only 4 to 7% (93 to 96% accurate) for both
azimuth and distance. Fritschle (2007) also examined surveyor
accuracy, in her case using original and government resurveys.
She found a lower MAE of 2.7° for azimuth and an MAE of
0.15 m (0.7 links) for distance. Our study revealed relatively
accurate measurements, and only one biased measure (distance
in the Blue Mountains, but with a low RMAE of 4.9%).
The general absence of surveyor measurement bias means
that surveyors were both under- and over-estimating param-
eters, and that measures should not be biased in any one
direction.

None of the survey manuals that were used in our study areas
specified the height at which tree diameter was to be estimated.
White (1976) first suggested that surveyors were estimating
diameters at stump height in the western USA. White’s (1976)
data (White’s Table 2, p. 31) give an average error of 5.3 cm
(2.1 in) when considering d.b.h. as the appropriate tree height;
he states that the error for d.s.h. was lower. He also noted that the
surveyors’ estimates of diameter were biased (measurement
bias), as 9 out of 10 were overestimates. Bourdo (1954) found
that for 17 trees the actual diameter was only 1.5% less than the
estimated value, although this was based on new bearing trees
recently measured by government surveyors. Habeck (1994) did
not assess surveyor measurement accuracy of diameter, but did
core random trees at d.s.h. and d.b.h., stating that data
‘confirmed’ that diameter was estimated at d.s.h. These
estimates of accuracy are better than the values of MAE of
7.0 cm (2.8 in) to 10.6 cm (4.2 in) and the values of RMAE of 24
to 27% we found among study areas, although estimates were
unbiased in two of three areas. It appears likely that most, but
not all, surveyors estimated diameter at stump height, based on
data in our study and in White (1976) and Habeck (1994).

Our data also confirm that surveyors did visually estimate
the diameter of trees, as they still do today (Bourdo, 1956;
Grimm, 1981). We did not, however, find that surveyors
selected a particular range of medium-sized trees, as suggested
by other researchers (Bourdo, 1954; Grimm, 1981; but see
Manies et al., 2001). The relatively large RMAE for diameters
(Table 3) suggests that classed data rather than raw values
should be used. Because trees were most often recorded in
multiples of even integers (inches), it has been suggested that
diameter distributions should be analysed with 5-cm (2-in)
bins. Our data suggest, however, that a 10-cm (4-in) bin would
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be more appropriate if higher confidence is desired, as the
lowest estimated accuracy was close to 10 cm (Table 3).

Problems with changes in surveyor guidelines appear to be
minimal in our study areas. Few surveying manuals were used
in the West (Galatowitsch, 1990); the first surveys were
initiated in the early 1850s and were mostly covered by the
1855 manual, after which there were few changes. It also
appears, contrary to Grimm (1981), that the surveyors were
informed of new changes in successive survey manuals.
Consequently, assumptions made by researchers about survey
instructions after 1855 are likely to be correct.

Although it is improbable that all sources of error can be
eliminated from GLO data, there are a few ways to reduce
potential problems. One way to reduce error is to screen the
data for potential fraud using both the original plat maps and
line description information from the survey notes. Irregular-
ities in topography such as stream or mountain position are
common in fraudulent surveys and can be compared with
modern topographic maps. In some cases, a particular
surveyor is recognized in subsequent resurveys to have
produced fraudulent information and those surveys can be
avoided. In addition to fraudulent surveys, some surveyors
simply recorded fewer than the required number of trees
(omission errors). These surveyors commonly record one or
two fewer trees than the normal number and also often write
‘no other trees within limits’ in the corner description. If these
occur often, particularly along forested section lines where they
should be rare, the surveyor may have done poor work and
might be skipped. In more meticulous surveys, actual missing
trees normally occur along lines within scattered timber or
near open parks. The last obvious screening technique is to
check survey data for repeating diameters, azimuths or
distances among trees and to see if most numbers are coarsely
rounded to the nearest 5 or 10 inches, degrees or links. If the
numbers are repeated throughout a township, this might imply
that the surveyor fabricated data. If the surveyor appears to have
severely rounded measurements, then the azimuths or distances
may not have been truly measured but visually estimated or
paced by foot, and the diameter not visually estimated with
much rigour.

Even with a judicious screening process, some errors will
always remain. Any type of selection bias by surveyors will
result in decreased estimates of tree density and possibly other
forest parameters, but the impacts of other errors will vary
depending on specific circumstances.

Without a direct comparison of GLO survey data at PLSS
corners using the original bearing trees, the rate of bias and
error is unknowable (but see quadrant configuration errors in
Kronenfeld & Wang, 2007). Nevertheless, all studies of direct
comparison to date show that selection bias is rare and most
other error rates are low. Recently, Kronenfeld & Wang (2007)
developed methods to correct survey data for quadrant
configuration inconsistency, bearing angle bias and species
bias. Although we found that less than 1% of all trees
conformed to these categories, survey data for some areas may
contain anomalous amounts of bias and error. Where this is
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the case, we recommend that these corrections be made, if the
assumptions of the correction methods are met. Furthermore,
for the more common error of omitted trees, corrections are
available in Warde & Petranka (1981) and Dahdouh-Guebas &
Koedam (2006).

CONCLUSIONS

This study provides evidence that GLO survey data, the only
data available for detailed landscape-level reconstructions of
historical forest structure and disturbances, are an acceptable
source for guiding forest-restoration goals. Measurements
made by surveyors were generally accurate. Bearings were
measured on average to within 5° of the truth, distance was
measured to within 4-7% of the truth, and diameter was
visually estimated to within 7-14 cm of the truth. Although
rates of bias might vary with forest type, results from our three
dispersed study locations suggest that the actual rate of
surveyor selection bias was quite low. However, other sources
of error, such as recording (0 to 14% of all trees) and omission
(0 to 15% of all trees) errors, were identified by our study as
limitations that could affect reconstructed forest parameters
if data are not screened judiciously or corrected.

Bourdo’s statistical methods correctly detected many selec-
tion biases, but did not quantify their rate. Direct analysis of
resurvey data is the only effective method for quantifying bias
and error rates, needed to evaluate whether detected bias and
error rates are ecologically important. Indeed, surveyor
selection bias, identified as a major impediment and liability
for the use of survey data in the past, was not shown to be a
major source of error in surveys in the western USA. In fact,
data limitations posited for surveys in the eastern USA, such as
species identification problems and changing survey instruc-
tions, are minor concerns in the forests we studied. Further-
more, findings from this study are likely to be applicable not
only to forests in the western USA, with simpler composition
and more open structure, but also to forests in the eastern USA
where similar surveying guidelines were used.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Selection bias, recording errors, measurement
bias, and accuracy from comparison of surveyor data and plot
re-measurements for individual surveyors.

As a service to our authors and readers, this journal provides
supporting information supplied by the authors. Such mate-
rials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset. Technical support
issues arising from supporting information (other than
missing files) should be addressed to the authors.
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