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INTRODUCTION

Levine et al. (2019; LE hereafter) claim our land-
scape-scale method for reconstructing historical forests
fails, based on updated modern tests in six disjunct small
plots, half located in highly altered forests, but here we
show our method works even at these inadequate sites.
LE is a correction of Levine et al. (2017; LE2017 here-
after). In Baker and Williams (2018; B&W hereafter), we
showed that LE2017 did not correctly test our method
in these same small plots.
LE admit and correct flaws in LE2017, compelling evi-

dence that LE2017 needs retraction. In LE, new code is
used that effectively repudiates all code and findings of
LE2017, which had implied in its title, methods, and con-
clusions that it accurately tested our method (Williams
and Baker 2011). However, we showed in B&W that
LE2017 did not replicate our method, and was thus an
invalid test of it and its application in the Sierra (Baker
2014). LE2017 and its Erratum (LE Appendix S2) devi-
ated so much from our method that they effectively cre-
ated and tested their own, baseless, Voronoi-based
estimator that (1) derived estimates primarily from diam-
eter breast height (DBH; 1.3 m from the ground) tree
data, not diameter at stump height (DSH; 30 cm from the
ground) data usually recorded in GLO surveys (Williams
and Baker 2010), (2) calculated a key measure, mean
neighborhood distance (MND) at 21 fixed points, instead
of at each corner using its witness trees, (3) analyzed sec-
tion-corner and quarter-corner data separately, instead of
in essential mixed six-corner pools, and (4) averaged val-
ues using the arithmetic, not the also-essential harmonic
mean. LE reports their new code remedies these differ-
ences. However, LE still calculate DSH as about
1.13 9 DBH (LE Appendix S2), which still underesti-
mates basal swell (Biging 1984). Our retesting here used
1.23 and led to lower error (Appendix S1: Section S1,
Table S1), which LE also demonstrated at YOSE.
Historical tree density, the focus of this exchange, is a

key property of forest structure that historically shaped
habitat and vulnerability to natural disturbances, yet

forest managers setting thinning goals often lack suffi-
cient data on landscape-scale variability in historical tree
density. General Land Office (GLO) witness-tree data
and our Voronoi-based method (Williams and Baker
2011) can provide historical tree-density reconstructions
across very large landscapes (! 1.9 million ha in B&W).
The Voronoi-based method was cross-validated with
independent historical sources and in a large modern
accuracy test and shown to be quite accurate (B&W).
Here we evaluate LE’s updated, but still incorrect,

tests. We show our method is highly accurate in much
larger modern and historical tests. We show that LE’s
small modern tests used our equations incorrectly in
altered and disjunct stands where these equations are
not valid. When we used corrected equations, overesti-
mation disappeared. Our methods thus remain accurate
in both key historical tests and these modern tests, new
evidence that LE2017 needs full retraction.

MODERN ACCURACY TESTING MUCH LESS IMPORTANT

THAN HISTORICAL RECONSTRUCTION ACCURACY

LE appear to infer that their modern testing shows
that our method produces historical tree-density esti-
mates (Baker 2014) that are too high for Sierran mixed-
conifer forests. LE use three highly altered Sierra stands
and three disjunct stands far outside the Baker study
area (B&W). Their introduction mentions using GLO
data and our method to reconstruct historical forests.
Yet, LE is entirely focused in modern forests, does no
testing of the ability of our method to reconstruct histor-
ical forests, and does not mention or review previous
extensive testing of our method in reconstructing histori-
cal forests (B&W). LE’s testing thus only allows infer-
ence about how well our derived equations work in
modern forests. However, modern forests frequently
have legacies of past land uses (e.g., logging, fire exclu-
sion) that limit their relevance to historical forests. This
requires focusing modern testing in less-altered forests,
but LE’s plots were half in highly altered Sierra forests
and half in distant areas not calibrated by Baker (2014).
LE’s conclusion: “Based on this new analysis of
data. . .MHVD overestimates tree density” lacks the key
caveat: “in three highly altered modern stands and three
disjunct stands far outside the Baker (2014) study area.”
Researchers must also place their work in the context

of previous research, but LE claimed that their tests were
“robust and powerful,” without reviewing past evidence.
LE did not even mention or review our much larger mod-
ern tests, that had already shown our method had high
accuracy (B&W). Williams and Baker (2011) completed
large modern tests at 499 corners in three states (Arizona,
Colorado, and Oregon, USA) for reconstructions that
use equations fitted across all tree species. That testing,
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unlike LE’s, repeated the historical GLO survey method
in modern forests across contiguous sets of 21 corners
representing 10,878 ha in each state. In the eastern Cas-
cades, Baker (2012) used species-specific equations, and a
small modern trial there (15 corners) showed that these
equations reduced errors a few percent. In the case of
LE’s tests, six disjunct 4-ha plots between the Sierra and
Baja California cannot provide robust and powerful test-
ing of any method. At most, LE’s sample of six corners
represents about 1% of 520 total corners (514 in our stud-
ies, 6 in LE) where modern testing has occurred. If LE’s
modern tests correctly found a problem, which we refute,
it is confined to a trivial 1% of tests.
Tests of GLO methods in modern forests can be useful,

but cross-validation of GLO reconstructions with inde-
pendent historical records and other reconstructions is
really the acid test, as this is the key goal of GLO recon-
structions. For 18 total specific historical cross-
validations, where an overlay of the GLO reconstruction
polygon(s) on the location of an independent historical
inventory or other reconstruction was possible, accuracy
was high in tests across study areas in Arizona, Califor-
nia, and Oregon (B&W). Mean RMAE (relative mean
absolute error, the absolute difference between the GLO
estimate and the other historical estimate as a percentage
of it) was a low 10.4–11.2% (B&W Appendix S1:
Table S4). Eleven of these cross-validations were in the
Sierra, where mean RMAE was also a low 10.3%. LE dis-
miss the need to review this evidence, claiming they have
a “robust and powerful design.” LE did not review this
available evidence that shows that our method works well
in these key historical tests. LE mention a new study
(Johnston et al. 2018) they think shows our GLO meth-
ods are “unreliable,” but it is more likely the studies clo-
sely agree (Appendix S1: Section S2). LE’s study is
neither robust nor powerful in testing the ability of our
method to reconstruct historical forests, its primary goal.
Here we add new evidence that further refutes LE’s

implied inference that their modern testing means that
our method overestimates historical forest density. As a
general historical cross-validation, we pooled and ana-
lyzed the distribution of all 30 available independent
estimates of historical tree density (B&W Appendix S1:
Tables S4, S9). This pooled sample is likely not strictly
random, as sources had diverse purposes, but it spans
many locations and is likely the best non-GLO sample
of historical tree density currently available for Sierran
mixed-conifer forests. The distribution (Table 1) shows
these forests were generally dense (mean = 257 trees/ha,
median = 247 trees/ha), but variable in density, with an
SD of 110 trees/ha and a range from 88–684 trees/ha.
Corroborating this wide variability are 13 early quotes
describing dense forests, 17 describing open forests, and
12 describing scattered trees on rocky sites (Baker 2014,
Appendix A: Table A1). Quartiles show one-quarter of
estimates were ≥294 trees/ha (Table 1), which indicates

very dense forests, although less dense than in many
modern forests. In comparison, quartiles of the distribu-
tion of 548 GLO estimates (Table 1) of historical tree
density in the Sierra (Baker 2014, Table 4) are similar.
These two distributions have overlapping 95% confi-
dence intervals for their means (Table 1). If independent
estimates were the truth, the 293 trees/ha mean of the
GLO distribution has an RMAE of only 14% relative to
the 257 trees/ha true mean, and a similar RMAE for
medians is only 17%, both indicating high accuracy for
the GLO estimates. LE said: “there is no need to refer to
historical evidence.” However, this new historical valida-
tion and our published historical validations (B&W)
provide much stronger evidence, than modern testing, of
the high accuracy of our method for its key purpose, to
reconstruct historical tree density. LE’s overestimation
finding is thus confined to modern testing and 1% of
modern tests.

LE MODERN TEST INSUFFICIENT IN SCALE,
PSEUDO-REPLICATED, AND A BIASED SAMPLE

LE’s modern test is insufficient in scale. The 4-ha
plots in LE are at the same scale as the area covered by
one GLO section corner, which is about 1.1 ha based on
a typical 300-link (60.3 m) surveyor search radius. LE
used 100 samples with a micro-pooling method in each
4-ha plot, but there is only one distinct tree-density esti-
mate. Moreover, the 100 samples were not independent,
but pseudo-replicated, as more than two-thirds of indi-
vidual trees were used more than once (Appendix S1:
Section S3, Table S2). Essentially, their 100 samples just

TABLE 1. Comparison of attributes of the distribution of
estimated historical tree density between independent
estimates and GLO reconstructions in Sierran mixed-conifer
forests.

Attribute

Independent
estimates
(trees/ha)†

GLO
reconstructions

(trees/ha)‡

N 30 548
Mean 257 293
SD 100 477
Minimum 88 47
First quartile 190 139
Median 247 206
Third quartile 294 312
Maximum 684 9147
95% CI for mean 216–298 253–333

† Estimates are from 6 tree-ring reconstructions, 22 early
non-timber inventories, and 2 one-chain-wide early timber
inventories in or near the Baker (2014) study area (Baker and
Williams 2018: Appendix S1: Tables S4, S9).
‡ Estimates are for the 548 GLO reconstructions pooled

across the northern and southern Sierra in Baker (2014) with
these attributes taken from Table 4, except the 95% CI for the
mean, which was estimated from N, the mean, and the SD.
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refine the error for a single density estimate for one small
stand of trees. Even if pseudoreplication had been
avoided, our modern study showed that at the one-corner
level, mean harmonic Voronoi density (MHVD) had poor
accuracy, with a mean RMAE of 62.9% (Williams and
Baker 2011). Six-corner pools across a 518-ha landscape
are needed to estimate tree density with high accuracy
(Williams and Baker 2011). The three Sierran LE plots
together would represent only half of one six-corner pool.
GLO data from corners are spaced about 800 m; density
and other attributes often vary substantially across a
landscape, but can be more uniform in a single 4-ha plot.
The Williams and Baker (2011) method is calibrated to
be a landscape-scale method, not for estimating accu-
rately in small (4 ha) stands. LE’s three Sierran plots are
also a biased sample of Sierran mixed-conifer forests; all
are in the white-fir phase of these forests, which covered
just 20% of the Baker (2014) study area. LE is insufficient
in scale and mostly irrelevant.

ALTERED MODERN FORESTS ARE INAPPROPRIATE TEST

SITES, BUT OUR METHOD STILLWORKS WELL

As explained in the Introduction, the Williams and
Baker (2011) Voronoi-based method requires collecting
calibration data on the relationships of tree DSH, crown

radius, MND, and the tree’s Voronoi area from a diver-
sity of modern natural forests most likely to be similar
to historical forests (Williams and Baker 2011). In the
Sierra (Baker 2014), we specifically avoided collecting
calibration data in logged or other unnatural forests
unlikely to be similar to forests in the historical era. In
contrast, LE chose “three Sierra Nevada stands that
have been subject to 100+ years of fire exclusion” to test
the Williams and Baker (2011) method. There was little
to no fire exclusion in historical forests, thus it is fully
expected that our GLO equations, calibrated to recon-
struct historical forests, might not work well in the
highly altered LE test stands.
Relative to historical forests in the Baker (2014) study

area (Fig. 1a), the three LE stands (Fig. 1b–d) do appear
highly altered, just as LE described them. The three LE
stands have very abundant small trees (<20 cm DSH),
particularly white firs (Abies concolor), which are 80% of
trees <20 cm at YOSE, 75% at TEAK, and 61% at
PLUM. Small white firs were a much smaller percentage
of all white firs in historical forests (Baker 2014: Fig. 3a).
White firs, in general, were a small percentage of all trees
in historical forests (Baker 2014: Fig. 3a vs. Fig. 3h).
To test whether LE’s findings of overestimation also

resulted from them incorrectly using equations not cali-
brated for use in these highly altered modern forests, we

FIG. 1. Diameter distributions (diameter at stump height, DSH) of all trees in the Baker (2014) GLO study area, and at the
three Sierra sites used by Levine et al. (2019), (a) reproduced from Fig. 3h in Baker (2014), (b–d) using the data sets from Levine
et al. (2019), but with DBH multiplied by 1.23 to approximate DSH, as in Baker and Williams (2018).
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refit the Voronoi equations for use in the three stands
that overlap with Baker (2014). We ran the LE code to
get estimates of crown radius, MND, and actual Voronoi
area for trees in 100 runs in PLUM, TEAK, and YOSE.
We then collected a stratified random sample of 20 trees
from each stand (n = 60 total), using five DSH-class
strata (<25 cm, 25–50 cm, 50–75 cm, 75–100 cm, and
>100 cm) to ensure coverage of tree sizes. We refit a gen-
eral Voronoi equation for 59 trees, after removing an
outlier (P < 0.001, R2

adj = 0.456, slope = 0.405, inter-
cept = 1.635), placed these new coefficients in the LE
code, and reran it for the three stands. This refitted
equation had mean RMAE = 13.0% and RE = 0.92 for
the three stands (Table 2). Using this correct refitted
equation, LE’s reported overestimation disappeared.
Overestimation is thus shown to also be an artifact of
inappropriate use of the Sierra Voronoi equation (Baker
2014), which was not calibrated for use in highly altered
forests like those where LE did their testing. The Wil-
liams and Baker (2011) method remains fundamentally
sound and accurate, if appropriately fitted equations are
used.

INCORRECT EQUATION ALSO USED IN LE TESTS IN OUTSIDE

PLOTS

LE’s test also used three plots outside the Baker
(2014) study area in physically different settings. Differ-
ent physical settings mean the relationships of tree DSH,
crown radius, MND, and Voronoi area likely also differ.
The use of the Sierra Voronoi equation, and possibly the
Sierra crown-radius equation, is inappropriate. The only
appropriate Voronoi equation, which was fitted across
large geographical areas, is the original general equa-
tion for mean-based Voronoi area (Williams and Baker

2011; Table 3). There are no available crown-radius
equations fitted across large geographical areas, forcing
a choice among available crown-radius equations.
To test that the original general Voronoi equation is

the correct equation to use for the three stands (BRID,
GRAN, META) outside the Baker (2014) study area, we
simply placed the equation coefficients for this general
Voronoi equation into LE’s code. We did the same with
two possibilities for the CR equation: Sierran (Baker
2014) and Mogollon (Williams and Baker 2011), since
these are the closest areas with GLO reconstructions.
When the LE code was rerun with these equation coeffi-
cients, the original Voronoi equation and Sierra crown–
radius equation reduced RMAE and RE (different but
related measures of error) to low levels, with a mean
RMAE of only 15.6% and RE of 0.84 (Table 3), showing
that these equations work well at all three sites outside
the Baker (2014) study area. Even higher accuracy, with
RMAE averaging only 9.2% and RE only 1.09, came
from using the original Voronoi equation with the
crown–radius equation from the closer Mogollon study
area (Table 3). Overestimation again was gone, showing
that LE’s tests failed because inappropriate equations
were also used at these three sites.

POORLY PREDICTED VORONOI AREAS ALSO DUE TO LE’S
USE OF INCORRECT EQUATIONS

LE found that estimated Voronoi areas underpre-
dicted true Voronoi areas in all six stands (LE: Fig. 2),
but this is an artifact of using incorrect equations.
When correct equations are rerun in all six stands, the
fit between modeled and actual Voronoi area, shown
in LE to be poor and not aligned with a 1:1 line, has
good fit and is aligned with a 1:1 line (Fig. 2). The

TABLE 2. Comparative accuracy of estimated tree density using the Levine et al. (2019) code with the Sierra (Baker 2014) and
refitted Voronoi equations at the three Levine et al. (2019) sites inside the Baker (2014) study area.

Site

Equations Tree density (trees/ha) Accuracy

Crown
radius Voronoi Plot value† Median MHVD‡ Relative mean absolute error (%)§ Relative error¶

PLUM Sierra Sierra 784 1,416 80.6 1.81
TEAK Sierra Sierra 313 568 81.5 1.81
YOSE Sierra Sierra 562 1,149 104.4 2.04
Mean 88.8 1.89
PLUM Sierra Refitted 784 581 25.9 0.74
TEAK Sierra Refitted 313 335 7.0 1.07
YOSE Sierra Refitted 562 527 6.2 0.94
Mean 13.0 0.92

† The plot value is from Levine et al. (2019).
‡ The median mean harmonic Voronoi density (MHVD) estimate is the median of the MHVD outputs for 100 runs of the Levine

et al. (2019) code.
§ The absolute value of the difference between the median MHVD estimate and the plot value as a percentage of the plot value.

Lower values indicate lower error, hence greater accuracy.
¶ The ratio of the median MHVD estimate divided by the plot value, where a perfect match has a ratio of 1.0. Note that the values

reported here are lower than in Levine et al. (2019: Appendix S1: Table S1) because we used DSH from multiplying DBH 9 1.23.
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TABLE 3. Comparative accuracy of estimated tree density at the three Levine et al. (2019) sites outside the Baker (2014) study area.

Site

Equations Tree density (trees/ha) Error

Crown
radius† Voronoi‡ Plot value§ Median MHVD estimate¶ Relative mean absolute error# Relative errork

BRID Sierra Sierra 236 539 128.4 2.28
GRAN Sierra Sierra 159 318 100.0 2.00
META Sierra Sierra 254 869 242.1 3.42
Mean 156.8 2.57
BRID Sierra Original 236 191 19.1 0.81
GRAN Sierra Original 159 143 10.1 0.90
META Sierra Original 254 209 17.7 0.82
Mean 15.6 0.84
BRID Mogollon Original 236 255 8.1 1.08
GRAN Mogollon Original 159 175 10.0 1.10
META Mogollon Original 254 278 9.4 1.09
Mean 9.2 1.09

† Sierra values are species-specific, the Mogollon used one equation for all species.
‡ Sierra values are species-specific, the original Voronoi equation is for all species.
§ The plot value is from Levine et al. (2019).
¶ The median MHVD estimate is the median of the MHVD outputs for 100 runs of the Levine et al. (2019) code.
# The absolute value of the difference between the median MHVD estimate and the plot value as a percentage of the plot value.

Lower values indicate lower error, hence greater accuracy.
k The ratio of the median MHVD estimate divided by the plot value; a perfect match has a ratio of 1.0

FIG. 2. The relationship between estimated and true Voronoi area for the witness trees in each of the six stands from Levine
et al. (2019) using (a–c) the Sierra crown-radius equation and the refitted Voronoi equation for the three stands inside the Baker
(2014) study area and (d–f) the Mogollon crown-radius equation and the original Voronoi equation for the three stands outside the
Baker (2014) study area. The solid black line is the fitted regression equation and the dashed red line is the 1:1 line. See Levine et al.
2019: Fig. 2 for a comparable figure using the Sierra Voronoi equation incorrectly in all six stands.
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Williams and Baker (2011) method, used in Baker
(2014), does not overestimate historical tree density,
nor does modeled Voronoi area underestimate true
Voronoi area even in highly altered modern forests and
forests outside the Baker (2014) study area, if correct
equations are used.

CONCLUSION

Here we showed the errors and limitations in the LE
critique of the Williams and Baker (2011) method and
its application in the western Sierra (Baker 2014). LE
and LE2017 rejected our method without testing it cor-
rectly, and without acknowledging that a landscape
method cannot be adequately tested in small, disjunct
plots, or that prior historical and modern tests were
strong evidence that a fundamental flaw in the method
was unlikely. LE tested equations used in the Sierra
(Baker 2014), that were calibrated for use in historical
forests, not in highly altered modern forests. GLO meth-
ods must be calibrated to particular forests as the allo-
metric relationships of size, tree crown area, and
Voronoi area vary with local conditions (Mark and Esler
1970, Williams and Baker 2011). In LE’s three highly
altered Sierran stands, high accuracy was achieved after
we refit the Voronoi equation for these altered stands.
Also, high accuracy of our original Voronoi equation in
LE’s three outside stands, where this original equation is
the only appropriate equation, further shows the method
is sound. LE’s finding of overestimation is an artifact of
ignoring past testing and of using an inadequate small,
biased sample with incorrect equations. Williams and
Baker (2011) and Baker (2014) remain sound.
We agree that testing and validation of methods

remains important and could be improved for all meth-
ods of reconstructing historical landscapes. Testing land-
scape methods in small areas is insufficient, but could
possibly help improve understanding of the sensitivity of
some parts of methods to variations in parameters. For
example, the evidence in this exchange demonstrates that
crown-radius and Voronoi equations, as well as DSH
data, are important to the method.
Overall, our Voronoi-based method remains well vali-

dated across western dry forests (Williams and Baker
2011) and in the Sierra study area (Baker 2014) in its abil-
ity to reconstruct historical tree density with high accu-
racy. GLO-based tree-density estimates in Baker (2014)
are shown here to be supported by low error (! 14%) in
cross-validation with 30 independent estimates of histori-
cal tree density, 42 early quotes, and by previous specific
and general cross-validations (B&W). There is no other
similarly validated method that has provided accurate
and abundant tree-density reconstructions for historical
dry forests across very large landscapes.
We suspect this exchange with LE is part of an ongo-

ing debate about evidence regarding tree density in

historical dry forests of the West: were these forests
mostly open or mostly dense, or was there great variabil-
ity? This debate bears on whether widespread forest
thinning is warranted and how much to do, whether
modern fires are unnatural, and related issues, poten-
tially affecting land management across large land areas.
Natural variability across large historical landscapes
likely was central to perpetuating biological diversity
and ecosystem functioning (DellaSala and Hanson
2015), thus it is important to have accurate reconstruc-
tions across historical landscapes.
Validated GLO reconstructions across large historical

landscapes can help guide modern landscape manage-
ment. Modern forests, like those at YOSE, PLUM, and
TEAK, may now be denser than historical forests, but
historical Sierran mixed-conifer forests were generally
dense and spanned a large range in densities from very
open to very dense, as shown previously by reconstruc-
tions (Baker 2014), cross-validation of GLO data
(B&W), and new analysis here. This body of jointly
cross-validated evidence together provides the best avail-
able data on natural variability in historical tree density
in Sierran mixed-conifer forests. This body of evidence is
sufficient to guide modern restoration and management
programs, including tree-thinning goals.
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