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Refining volume estimates of down woody debris

Shawn Fraver, Anna Ringvall, and Bengt Gunnar Jonsson

Abstract: Down woody debris (DWD) plays a vital role in forest ecosystem structure and function. Although volume is
likely the most common metric used to characterize DWD, an evaluation of the formulae used for volume estimation on in-
dividual DWD pieces has received little attention. We determined actual volume of 155 diverse DWD pieces (types, spe-
cies, lengths, and diameters) by detailed field measurements. By comparing the actual and calculated volumes from six
commonly used formulae, we assessed their bias, precision, and accuracy. Based on observed DWD forms, we developed a
new formula, namely the “conic—paraboloid”, which was included in the assessment. Among the formulae that require
length and two end diameter measurements, the conic—paraboloid had the lowest bias, highest precision, and hence greatest
accuracy. Newton’s and the centroid formulae had higher accuracy yet require more field measurements. Smalian’s, conical
frustum, and average-of-ends formulae had poor performance relative to the others. Accuracy of all formulae decreased
with increasing piece length. Thus, partitioning pieces into two, three, and four sections for additional measurement im-
proved accuracy. As decay advances, pieces become progressively more elliptical in cross section. Using the cross-sectional
area derived from only the long axis of the ellipse leads to substantial volume overestimates for well-decayed DWD.

Résumé : Les débris ligneux jouent un rdle vital dans la structure et la fonction de 1’écosystéme forestier. Quoique le vol-
ume soit vraisemblablement la variable la plus généralement utilisée pour caractériser les débris ligneux, peu d’attention a
été accordée a 1’évaluation des formules utilisées pour estimer le volume de chaque piece de débris ligneux. Nous avons
déterminé le volume réel de 155 pieces de divers débris ligneux (types, essences, longueurs et diametres) en prenant des
mesures détaillées sur terrain. En comparant les volumes réels et estimés par six formules communément utilisées, nous
avons calculé le biais, la précision et I’exactitude de ces formules. A partir d’observations sur la forme des débris ligneux,
nous avons développé une nouvelle formule, la formule du paraboloide conique, qui a également été incluse dans notre
évaluation. Parmi les formules qui exigent la mesure de la longueur et du diameétre aux deux bouts, la formule du parabo-
loide conique possede le biais le plus faible, est la plus précise et donc la plus exacte. Les formules de Newton et du cen-
troide sont plus exactes mais exigent plus de mesures sur le terrain. Les formules de Smalian, du tronc de cone et de la
moyenne des diametres aux extrémités performent moins bien que les autres. Quelle que soit la formule, I’exactitude dé-
croit avec ’augmentation de la longueur de la piece. Par conséquent, la subdivision des pieces en deux, trois ou quatre
sections pour obtenir des mesures additionnelles améliore 1’exactitude. A mesure que la décomposition des débris ligneux
progresse, leur section transversale devient de plus en plus elliptique. L’utilisation de la surface radiale déterminée seule-

ment a partir du grand axe de 1’ellipse entraine une surestimation substantielle du volume des débris ligneux dont la dé-

composition est avancée.

Introduction

Research over the past two decades has clearly demon-
strated the importance of down woody debris (DWD) in for-
est ecosystem structure and function (see reviews in Harmon
et al. 1986; McComb and Lindenmayer 1999; Siitonen
2001). Volume is perhaps the most common metric used to
characterize DWD on a given site, providing a measure of
substrate quantity for deadwood-dependent organisms, fuel
loading for fire risk assessment, and structural diversity for
geomorphological processes. Likewise, volume is the pri-
mary metric used when comparing DWD between sites, for-
est types, and forest disturbance histories. Field-measured
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volume is also essential for quantifying DWD biomass, a
critical component of carbon budget modeling. Thus, an ac-
curate method of determining DWD volume from field
measurements is clearly needed within a broad range of eco-
logical research.

Recent work has evaluated various field sampling proto-
cols (e.g., plots, transects, line intercepts, and point rela-
scopes) for estimating total DWD volume per unit area
(e.g., Gove et al. 1999; Ringvall and Stahl 1999; Stahl et al.
2001; Woldendorp et al. 2004). These protocols rely on ac-
curate volumes determined from individual DWD pieces
within the area sampled. Determining the volume of individ-
ual pieces presents little challenge, provided that numerous
measurements are obtained for each. However, given the
large number of pieces typically surveyed in ecological stud-
ies, such detailed measurements become impractical. The
challenge then is to estimate DWD volume using a small
number of strategically placed measurements. Workers
generally use one of the following six formulae to estimate
volume: Newton’s, Huber’s, Smalian’s, average-of-ends,
centroid, and conical frustum (see Wiant et al. 1992;
Fonweban 1997; Husch et al. 2003; Table 1).

We had assumed that the six formulae produced similar
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Table 1. Formulae for estimating down woody debris volume (V) including the conic—paraboloid intro-

duced here.

Newton’s V= %(Ab +4Am +Ay)
Huber’s V=LA,

Smalian’s V=@, +Ay)

Conical frustum V =LAy + Ay + VALAL)
Average-of-ends v=lz (Db;‘Du)z

Centroid method
Conic—paraboloid (introduced
here)

Wiant et al. 1992; Patterson et al. 1993a
V= IL—Z(SAb +5A, + 2V/ALAL)

Note: Given the complexity of the centroid method, we refer readers to outside sources. L represents piece length,
A, the cross-sectional area at the base, A,, the cross-sectional area at the longitudinal midpoint, A, the cross-sectional
area at the upper end, D, the diameter at the base, and D, the diameter at the upper end.

estimates; however, while merging and summarizing previ-
ously collected data from various laboratories, we found to
our surprise that estimated volumes differed by as much as
47% for individual pieces and 38% for per-hectare estimates
depending on which formulae were applied.

Given the obvious importance of tree volume in the com-
mercial forestry sector, a large body of literature addresses
volume and biomass estimation for individual tree species
in particular regions (see reviews in Ter-Mikaelian and Kor-
zukhin 1997; Zianis et al. 2005). These estimates form the
basis of growth and yield modeling, forest productivity as-
sessments, and economic forecasting. However, they have
limited utility in typical field studies of DWD because
(i) they are intended for intact trees, not the various bole
segments, broken tops, and large branches typically encoun-
tered in field surveys, (ii) they generally estimate merchant-
able volume only, and (iii) they are based on diameter at
breast height, which does not apply to broken stem sections,
branches, or well-decayed pieces. Similarly, the numerous
“scaling rules” or “log rules” used in commercial forestry
are inappropriate because of their focus on merchantable
volume.

An additional source of inaccuracy in DWD volume cal-
culations results from the collapse of logs during the decay
process. In fact, collapse is often used to assess decay in
the myriad of existing decay stage classifications (e.g.,
McCullough 1948; Sollins 1982; Hofgaard 1993). In the
field, however, workers typically measure the diameter of
decayed logs, using calipers, along the long axis of the el-
lipse (i.e., parallel to the forest floor), given the difficulty
of measuring the short-axis diameter (i.e., perpendicular to
the forest floor), especially when decayed logs are imbedded
in the substrate. Using the cross-sectional area derived from
only the long-axis diameter clearly overestimates the current
volume of well-decayed DWD.

The purpose of this study was thus twofold. First, we
aimed to evaluate the bias, precision, and accuracy of the
six commonly used formulae for DWD volume estimation,
with the intent of determining which is most appropriate for
use in field protocols. Although several of these formulae
have been similarly assessed for intact tree boles after har-
vesting, to the best of our knowledge, this is the first attempt
to do so for the diverse DWD forms encountered during
ecological field surveys. In doing so, we developed a new
formula that has relatively high accuracy and ease of use in
the field. Second, we aimed to demonstrate the degree to

which collapse, if not taken into account, could influence
volume estimates of well-decayed DWD.

The formulae

We present here an overview of the six common formulae
(see Table 1); additional detail can be found in Wiant et al.
(1992), Patterson et al. (1993a), Fonweban (1997), and
Husch et al. (2003). All formulae can be applied to frusta
(truncated forms of rotated solids). All require length meas-
ures but differ according to the number and placement of di-
ameter measures. Huber’s formula requires only one
diameter taken at the longitudinal midpoint; the remaining
formulae require diameter measures at the large and small
ends. Newton’s formula requires an additional diameter at
the longitudinal midpoint, and the centroid method requires
a diameter taken at the center of volume, once calculated.
The centroid can more properly be considered a method, not
merely a formula, and is rather complex relative to the others
(Wiant et al. 1992; Patterson et al. 1993a). Smalian’s and
Huber’s formulae assume that the piece has the form of a
second-order paraboloid, Newton’s formula applies to para-
boloid, neiloid, or conical forms, the average-of-ends formula
assumes the form of a cylinder, and the conical frustum of
course assumes the form of a cone. The three “surname” for-
mulae have been in use a surprisingly long time: Newton’s is
likely attributable to Sir Issac Newton, Huber’s first appeared
in 1785, and Smalian’s simplified formula came into use in
1894 (Prodan 1965, cited in Husch et al. 2003). Fonweban
(1997) pointed out that the average-of-ends formula may be
more commonly used than is thought, as it may at times be
mistakenly referred to as Huber’s formula.

While viewing stem-form graphs of all pieces, we recog-
nized that the typical form was neither conic nor second-or-
der parabolic but rather somewhere in between the two.
Graphs suggested that the conic form would consistently
underestimate and a second-order paraboloid consistently
overestimate volume (see Fig. 1), which was ultimately borne
out by the analyses. We thus simply combined the conical
frustum and Smalian’s formulae, giving each equal weight,
to produce what we refer to as the ‘“conic—paraboloid” for-
mula, which is presented in Table 1. We evaluated its per-
formance along with the six common existing formulae.

Methods

We made detailed measurements on relatively nonde-
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Fig. 1. Stem form for one selected woody debris piece (with radii
at every 25 cm increment) showing that the conical frustum under-
estimates and the second-order paraboloid (assumed by Smalian’s
formula) overestimates the actual volume. These graph forms moti-
vated the conic—paraboloid formula introduced here, which com-
bines the conical frustum and second-order paraboloid formulae.
Vertical axis exaggerated for presentation.
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cayed Norway spruce (Picea abies (L.) Karst.) (n = 65),
Scots pine (Pinus sylvestris L.) (n = 45), and downy birch
(Betula pubescens Ehrh.) (n = 45) DWD pieces located at
numerous sites in north-central Sweden (centered at
62°30'N, 16°30'E). Mean annual temperature is approxi-
mately 3 °C, annual precipitation is approximately 700 mm,
and the mean site elevation is approximately 200 m above
sea level. All sites supported mature stands dominated by
Norway spruce or Norway spruce — Scots pine (various pro-
portions), with downy birch forming a lesser component.
These stands form closed canopies at maturity, meaning
that stem growth form is largely monopodial. DWD pieces
were selected to span a range of large-end diameters, with
pieces fairly evenly spread across the following diameter
classes (as midpoints): 12.5, 17.5, 22.5, 27.5, 32.5, 37.5,
and 42.5+ cm (but 37.5+ cm for downy birch). Pieces were
also selected to cover the range of deadwood types: uproot-
ings, wind snaps, bole segments (either broken naturally or
left after harvesting), broken tops, and logging cull. The
mean and range of large-end diameters, lengths, and vol-
umes are presented in Table 2.

An evaluation of the formulae required that we determine
the actual volume (outside bark by convention) of each
DWD piece. Beginning at the large end, we measured diam-
eters (with calipers to the nearest millimetre) at 25 cm inter-
vals along the entire length. We then calculated actual
volume using two methods for comparison. First, for each
piece, we determined the cross-sectional area at each meas-
ured point, fit a flexible cubic spline to the areas, and inte-
grated the spline to arrive at total volume. Second, given
these short intervals, we assumed that each 25 cm segment
had the shape of a conical frustum and summed segment
volumes accordingly. In no case did the two methods pro-
duce total volumes that differed by more than 0.00155 m3
(mean percentage differences 0.031%, maximum 0.75%).
Results from the latter method were taken as actual volumes
throughout the study.
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On pieces with pronounced basal flare (i.e., “butt swell”,
common on uprootings), we used the diameter just above
the flare as the large-end diameter in formulae evaluation,
as using the extreme flared diameter would result in substan-
tial overestimates. From our combined field experience, this
practice seems entirely reasonable, and we assume that other
workers do the same. We return to this topic in the Results
and discussion section.

We assessed the bias, precision, and accuracy of each for-
mula by comparing calculated and actual volumes. Bias was
estimated as the mean difference between the calculated and
actual volumes, precision was estimated as the standard de-
viation (SD) of the differences, and accuracy was evaluated
by the mean square error, i.e., variance + bias? (Cochran
1977; Fonweban 1997). To express accuracy in the same
units as those measured, we converted to the root mean
square error. The ideal formula would have bias near zero,
high precision (i.e., low SD), and high accuracy (i.e., low
root mean square error).

Our data also allowed us to evaluate the benefit of “sec-
tioning” (i.e., partitioning the piece into two or more com-
ponents, with measures taken on each; see Stahl et al. 2001)
as a means of increasing accuracy of DWD volume esti-
mates. We thus partitioned each DWD piece into two, three,
and four sections, estimating the volume of each by the
average-of-ends, conical frustum, Smalian’s, and conic—par-
aboloid formulae. Estimated section volumes were then
summed to arrive at a presumably more accurate estimated
total volume. We limited this analysis to these two-diameter
formulae because of their flexibility in field applications: di-
ameters could be taken at haphazard, convenient, or ran-
domly chosen locations along the piece length, thereby
defining the section divisions, without the need to calculate
section midpoints. However, for convenience in program-
ming and summarizing our own data, we divided pieces
into sections of nearly equal length. Recognizing that sec-
tioning would only be applied to long pieces, where its ben-
efit would be most pronounced, we also limited this analysis
to pieces over 10 m in length. We note that our method of
determining actual volume is an extreme example of sec-
tioning.

To assess DWD collapse in advanced stages of decay, we
measured width (parallel to forest floor) and height (perpen-
dicular to forest floor) on log cross sections carefully ex-
posed by sawing and excavation (when necessary). These
measurements were made on >25 Norway spruce logs in
each of the four most advanced stages (5-8) in our eight-
stage system of decay described as follows: (5) wood soft,
with crevices and pieces lost, large branches remain, form
may be elliptical in cross-section, (6) wood soft, larger
pieces lost, branch stubs pull out easily, form elliptical in
cross section, (7) wood very soft and easily crumbled but
possibly with a core of harder wood, form clearly elliptical
in cross section, and (8) wood well decayed, form elliptical,
flattened, or sunken into the substrate.

Results and discussion

The formulae can be grouped conveniently according to
the number of field measurements needed. Newton’s and
the centroid formulae require five measures (three diame-
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Table 2. Means, minima, and maxima for various measures of down woody debris sampled.

Large-end diameter (cm)

Length (m) Volume (m?)

Species n Mean Min. Max. Mean Min. Max. Mean Min. Max.
Norway spruce (Picea abies) 65 26.5 10.4 57.9 11.85 3.00 29.25 0.455 0.019  2.862
Scots pine (Pinus sylvestris) 45 25.7 10.7 51.0 10.56 2.75 20.75 0.318 0.018 1.268
Downy birch (Betula pubescens) 45 222 10.0 42.7 8.31 2.25 22.75 0.258 0.015 1.592

ters, length, and an intermediate longitudinal measure),
while the remaining formulae require three measures
(Table 3). When considered across all pieces, Newton’s and
the centroid formulae outperformed the others with regard to
bias and precision and hence accuracy (Table 3). These two
formulae had nearly identical precision; however, Newton’s
had slightly lower bias, making it the most accurate formula
assessed. Among the three-measurement formulae, Huber’s
and the conic—paraboloid outperformed the remainders.
These two differed with respect to bias (conic—paraboloid
preferred) and precision (Huber’s preferred), with Huber’s
having higher overall accuracy. Our results reveal relatively
low accuracy for the average-of-ends, conical frustum, and
Smalian’s formulae (Table 3). Perhaps paradoxically, the
latter two are among the more widely used, including our
own previous studies (e.g., Jonsson 2000; Fraver and White
2005). We note that precision is rather low (i.e., high SD,
Table 3) even for the better formula, indicating that the dif-
ference between actual and calculated volume can still be
relatively high on a given DWD piece. However, for esti-
mates of the aggregated volume of many pieces in an area,
the effect of the SD on the error of the final estimate will
decrease by the factor n2, where n is the number of
sampled pieces. In contrast, bias does not decrease with in-
creasing sample size.

Although formulae have not been previously evaluated for
diverse deadwood types, several studies of recently har-
vested, lower bole segments are available for comparison.
Young et al. (1967) reported results similar to ours, with
Newton’s formula having bias near 0%, Huber’s —3.5% bias
on average, and Smalian’s 9% bias on average based on
conifer boles up to 16 ft (4.9 m) in length. Fonweban
(1997) found Newton’s formula to be the most accurate,
Huber’s and average-of-ends intermediate in accuracy, and
Smalian’s the least accurate based on entire boles from three
tropical hardwood species. In contrast, Figueiredo Filho et
al. (2000) found Huber’s formula to be the most accurate of
six formulae evaluated, including Newton’s, Smalian’s, and
the centroid. Their work was conducted on short basal seg-
ments (to 6 m) of plantation-grown slash pine (Pinus elliottii
Engelm.). Patterson et al. (1993a), Patterson et al. (1993b),
and Wiant et al. (1996) found that the centroid method out-
performed Newton’s, Huber’s, and Smalian’s methods based
on lower bole segments of various species in the southeast-
ern United States. The overall bias of Newton’s, Huber’s,
and Smalian’s formulae from the present study is surpris-
ingly similar to that proposed by Husch et al. (2003), with
the bias from Newton’s being near zero and that of Huber’s
being opposite in sign and roughly one half that of Smali-
an’s (Table 3).

These published results, coupled with a careful reading of
the literature, reveal that previous workers have recognized,

either explicitly or implicitly, that the typical stem form lies
between a cone and a second-order paraboloid (Fig. I).
Smalian (1837, cited in Bruce 1987) derived a general vol-
ume formula for a frustum of a rotated solid, allowing for
varying shape parameters that determine the degree of stem
convexity, which could range from conic to higher order
paraboloid. The commonly used Smalian’s formula is a sim-
plified version of the original, assuming the form of a sec-
ond-order paraboloid. Forslund (1982) described a
geometrical model for entire trembling aspen (Populus trem-
uloides Michx.) trees with the stem form between a cone
and a paraboloid, referring to the form as a ‘“paracone”.
Husch et al. (2003) pointed out that general stem forms can
be described by rotating the curve y = kx” around the x-axis.
Here, y is the radius a distance x from the top of the (entire)
tree, r is a shape parameter that determines stem form (r = 2
produces a cone and r = 1 produces a paraboloid), and k is
the taper rate. Expressed in this form, Forslund’s (1982) par-
acone would have a shape parameter of 4/3 (Lynch et al.
1994), i.e., intermediate between a cone and a paraboloid.
Substituting this shape parameter into Smalian’s (1837)
equation and applying it to our data produced volume esti-
mates with equal precision but slightly higher bias when
compared with our conic—paraboloid formula. Smalian’s
(1837) original equation, however, is likely too complex to
receive widespread use in studies of DWD, and Forslund’s
model applies only to entire trees, making it inappropriate
for such studies. Taken together, this previous work lends
support for the conic—paraboloid formula introduced here.
In summary, although it has long been recognized that the
typical stem form often lies between a cone and a second-
order paraboloid, ours is the first attempt to provide a simple
and accurate formula based on this recognition.

In designing this study, we had not intended to compare
formula performance between length classes, species, or
DWD types. Instead, our objective was to determine if one
formula could be applied, with acceptable accuracy, across
the diverse pieces encountered in field inventories. Never-
theless, some of our results regarding such data subsets are
perhaps worth noting here. For all formulae, accuracy de-
creased substantially with increasing piece length (Table 3),
a finding that is well reported in the literature (e.g., Patter-
son et al. 1993b; Fonweban 1997; Figueiredo Filho et al.
2000). For the two longest classes, the ranking of formula
remained unchanged from that of the pooled data. In con-
trast, for the shortest class, the ranking was disrupted. How-
ever, when applied to short pieces, all formula had relatively
high accuracy, suggesting that formula selection has less
bearing on shorter than on longer pieces. Similarly, when
separated by species, the ranking of formula remained rela-
tively constant (Table 3). The only notable exception is the
performance of the centroid method, which for downy birch
represented an improvement in ranking (making the centroid
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Table 3. Evaluation of formulae for estimating down woody debris volume ranked by decreasing accuracy (i.e., increasing root mean square error (RMSE)).

RMSE by species

RMSE by length class (m)

All pieces

Field measures

Downy birch

(Betula

Scots pine

Norway spruce
(Picea abies)

0.030

pubescens)
0.026

(Pinus sylvestris)

0.022

Bias %bias  SD <10 10-20 >20
0.031

RMSE
0.026

Intermediate

Diameter

Formula

0.048

0.002 0.6 0.026  0.014

-0.011
-0.019

Newton

0.020

0.030

0.059 0.033

0.031

0.026  0.012

-29

0.028

Centroid
Huber

0.038

0.024

0.065

0.104
0.117

0.050

0.045 0.022

5.2

0.048

0.058

0.068 0.027

0.060
0.066

0.055 0.025

0.065 0.022

0.008 22
-7.6

-0.027

0.056

2
2

Conic—paraboloid

0.064
0.094

0.066

0.078

0.166
0.235

0.071

Conical frustum

0.065

0.130
0.146

0.043 12.0 0.094  0.030 0.107
-17.4 0.117

—-0.062

0.104
0.128

Smalian

0.105

0.123

0.313

0.112  0.019

2
Note: Field measures refer to the number diameter and intermediate longitudinal measurements needed for each formula. Percent bias refers to the average residual volume (calculated minus actual)

expressed as a percentage of the average actual volume. Lower standard deviations (SD) indicate higher precision.

Average-of-ends
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the most accurate) but for Scot’s pine representing a reduc-
tion (making it the fourth most accurate). Any further com-
parisons between species or types are confounded by the
strong effect of piece length because lengths differed some-
what between species and types (e.g., Table 2).

Given that accuracy increases with decreasing length
(Table 3), the benefits of sectioning of pieces for additional
measurements can clearly be seen (Fig. 2). Division of
pieces into two sections provides the most dramatic im-
provement, reducing bias and precision to ranges likely ac-
ceptable in most studies. For example, double sectioning
using the conic—paraboloid produces bias and precision
nearly identical to those of Newton’s formula applied to
nonsectioned pieces (Table 3; Fig. 2). While sectioning into
three pieces may be desirable for certain studies, sectioning
beyond three pieces seems to provide little additional benefit
(Fig. 2). We point out that sectioning into two pieces using
formulae shown in Fig. 2 requires the same number of field
measurements as applying Newton’s or the centroid method
to nonsectioned pieces, but without the need for intermedi-
ate length calculations.

Basal flare on lower bole segments (i.e., butt swell) has
long complicated volume estimation in commercial forestry.
Although the volume of the basal flare can be estimated by
the formula for a neiloid (Husch et al. 2003), obtaining an
estimate of the total log volume would require partitioning
the piece into two sections for measurement, with separate
formulae applied to each. Alternately, Bruce (1982) and
Patterson and Doruska (2004) have proposed modifications
to Smalian’s formula for use on such butt logs in an attempt
to reduce bias and increase accuracy. To the best of our
knowledge, this issue has not been addressed in studies of
DWD, perhaps because flared basal pieces represent only
one of many DWD forms typically encountered and because
the original stem form cannot be easily ascertained for well-
decayed pieces. Instead, workers apply one volume formula
to all DWD pieces (but see Busing 2005). Consistent with
this practice, we have not attempted to treat pieces with
basal flare differently from others. For such pieces, we used
in our calculations the large-end diameter immediately
above the flare (see Methods section), producing a slight
underestimate of actual volume on flared pieces (mean =
0.0117, median = 0.0075, maximum = 0.0568 m3).

Selecting a formula for a particular study represents a bal-
ance between accuracy and field efficiency. The centroid
method, although quite accurate, has the disadvantage of re-
quiring a programmable calculator or handheld personal
computer to determine the position at which to measure
center-of-volume diameter once length and two end diame-
ters have been measured. Both Huber’s and Newton’s for-
mulae require field calculation of the longitudinal midpoint,
which adds time and introduces a potential source of error.
Perhaps the most efficient methods are those that require
one length and two end diameters. Among the four such for-
mulae, the conic—paraboloid had the lowest bias, highest
precision, and hence greatest accuracy (Table 3).

Figure 3 presents the mean collapse ratios (height to
width) for the four most advanced decay stages, clearly
showing greater collapse and higher variability in the ratio
as decay advances. We present these ratios primarily to il-
lustrate a point that may be overlooked in studies of DWD.
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Fig. 2. The benefit of sectioning (partitioning the piece into two or
more components for measurement) with regard to standard devia-
tion (an inverse measure of precision) and bias.
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Fig. 3. Collapse ratios (height to width) for the four most advanced
stages of wood decay (our eight-stage system) for Norway spruce
(Picea abies). Assuming circular cross sections when applying the
volume formulae can lead to dramatic overestimation for advanced
decay stages. The midline of each box represents the median ratio,
box boundaries the 25th and 75th percentiles, and the whiskers the
10th and 90th percentiles. Mean ratios are provided below each
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If the intent is to estimate biomass or carbon stocks, to
estimate fuel loads, or to quantify substrate available for
deadwood-dependent organisms, then the elliptical shape of
well-decayed logs should be taken into account to avoid
substantial overestimation (e.g., by approximately 9%, 19%,
37%, and 62% in decay stages 5-8, respectively) (Fig. 3).
Such adjustments appear to be rarely applied (but see Spies
et al. 1988; Fraver et al. 2002). Of course, because wood
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density decreases with increasing decay, it too must be taken
into account for biomass or carbon stock estimation. If the
intent, however, is to estimate the volume of fresh wood
added in the past (useful in studies of forest disturbance),
then a circular shape can be assumed as follows. Given that
volume loss results primarily from collapse, log width does
not change substantially through decay. The roughly triangu-
lar or trapezoidal outline of a log, when viewed from above,
remains relatively constant through all but the most ad-
vanced stages of decay. Thus, the current width, measured
parallel to the forest floor, provides a reasonable estimate of
the fresh diameter and hence volume. Obvious exceptions
are pieces fragmented by mechanical force.

We note also that our collapse ratio determined for the
most advanced decay stage includes considerable uncer-
tainty given that only decayed logs visible as mounds (cov-
ered with ground-layer vegetation) were sampled. The most
advanced (i.e., flattened) pieces were hidden under the
ground-layer vegetation and remained unsampled. Even
when encountered, these pieces present a sampling dilemma
because the most advanced decay stage has no clearly de-
fined endpoint separating decayed wood from organic soil.

Recommendations

Given the range of estimated volumes produced from the
formulae evaluated here, we recommend at a minimum that
workers present the formula used, a detail often overlooked
in published work. Where accuracy is critical, Newton’s or
the centroid formula should be used, as both provide high
precision and minimal bias. Similar accuracy can be
achieved by double or triple sectioning of long pieces, pref-
erably using the conic—paraboloid formula introduced here.
Sectioning into more than three pieces appears to provide
little added benefit. For ease of use in the field, as well as
reasonable performance on nonsectioned pieces, we recom-
mend the conic—paraboloid formula, assuming that a bias of
approximately 2% is acceptable. The conical frustum pro-
vides a reasonable alternative (approximately —4% bias, but
with much lower precision). We recommend against the use
of Smalian’s (approximately 12% bias) or the average-of-
ends (approximately —17% bias) formula unless accompa-
nied by sectioning. If the current volume of well-decayed
pieces is needed, we recommend that the decay-related col-
lapse be taken into account to avoid overestimates arising
from field measurements of only log widths.

Acknowledgements

We thank Brittany Armstrong-Gordon and Mari Jonsson
for assistance in the field and Per Edstrom for mathematical
advice. Thoughtful comments from two anonymous re-
viewers substantially improved the manuscript. Financial
support was provided by the Municipality of Sundsvall,
Sweden. A.R. was partly funded by the Heureka Research
Program at the Swedish University of Agricultural Sciences
and by the Swedish Research Council for Environment,
Agricultural Sciences, and Spatial Planning (FORMAS).

References

Bruce, D. 1982. Butt log volume estimators. For. Sci. 28: 489-503.
Bruce, D. 1987. Butt-log profile equations. For. Sci. 33: 104-115.

© 2007 NRC Canada



Fraver et al.

Busing, R.T. 2005. Tree mortality, canopy turnover, and woody
detritus in old cove forests of the southern Appalachians. Ecol-
ogy, 86: 73-84.

Cochran, W.G. 1977. Sampling techniques. John Wiley & Sons,
New York.

Figueiredo Filho, A., Amaral Machado, S., and Aradjo Carneiro,
M.R. 2000. Testing accuracy of log volume calculation proce-
dures against water displacement techniques (xylometer). Can.
J. For. Res. 30: 990-997. doi:10.1139/cjfr-30-6-990.

Fonweban, J.N. 1997. Effect of log formula, log length, and
method of measurement on the accuracy of volume estimates
for three tropical timber species in Cameroon. Commonw. For.
Rev. 76: 114-120.

Forslund, R.R. 1982. A geometrical tree volume model based on
the location of the centre of gravity of the bole. Can. J. For.
Res. 12: 215-221.

Fraver, S., and White, A.S. 2005. Disturbance dynamics of old-
growth Picea rubens forests of northern Maine. J. Veg. Sci. 16:
597-610.  doi:10.1658/1100-9233(2005)16[597:DDOOPR]2.0.
CO:;2.

Fraver, S., Wagner, R.G., and Day, M. 2002. Dynamics of coarse
woody debris following gap harvesting in the Acadian forest of
central Maine, U.S.A. Can. J. For. Res. 32: 2094-2105. doi:10.
1139/x02-131.

Gove, J.H., Ringvall, A., Stahl, G., and Ducey, M.J. 1999. Point
relascope sampling of downed coarse woody debris. Can. J.
For. Res. 29: 1718-1726. doi:10.1139/cjfr-29-11-1718.

Harmon, M.E., Franklin, J.F., Swanson, F.J., Sollins, P.S., Gregory,
V.J., Lattin, D., Anderson, N.H., Cline, S.P., Aumen, N.G., Se-
dell, J.R., Lienkaemper, G.W., Cromack, K., Jr., and Cummins,
K.W. 1986. Ecology of coarse woody debris in temperate eco-
systems. Adv. Ecol. Res. 15: 133-302.

Hofgaard, A. 1993. Structure and regeneration patterns in a virgin
Picea abies forest in northern Sweden. J. Veg. Sci. 4: 601-608.
doi:10.2307/3236125.

Husch, B., Beers, T.W., and Kershaw, J.A., Jr. 2003. Forest men-
suration. John Wiley & Sons, Inc., Hoboken, N.J.

Jonsson, B.G. 2000. Availability of coarse woody debris in a boreal
old-growth Picea abies forest. J. Veg. Sci. 11: 51-56. doi:10.
2307/3236775.

Lynch, T.B., Wiant, H.V., Jr., and Patterson, D.W. 1994. Com-
parison of log volume estimates using formulae for log center
of gravity and center of volume. Can. J. For. Res. 24: 133—
138.

McComb, W., and Lindenmayer, D. 1999. Dying, dead, and down
trees. In Maintaining biodiversity in forest ecosystems. Edited
by M.L. Hunter, Jr. Cambridge University Press, Cambridge,
U.K. pp. 335-372.

633

McCullough, H.A. 1948. Plant succession on fallen logs in a virgin
spruce—fir forest. Ecology, 29: 508-513. doi:10.2307/1932645.
Patterson, D.W., and Doruska, P.F. 2004. A new and improved
modification to Smalian’s equation for butt logs. For. Prod. J.

54: 69-72.

Patterson, D.W., Wiant, H.V., Jr., and Wood, G.B. 1993a. Log vo-
lume estimations: the centroid method and standard formulas. J.
For. 91: 39-41.

Patterson, D.W., Wiant, H.V., Jr., and Wood, G.B. 1993b. Errors in
estimating the volume of butt logs. For. Prod. J. 43: 41-44.

Prodan, M. 1965. Holzmesslehre. J.D. Sauerlaender’s Verlag,
Frankfurt, Germany.

Ringvall, A., and Stahl, G. 1999. On the field performance of trans-
ect relascope sampling for assessing downed coarse woody deb-
ris. Scand. J. For. Res. 14: 552-557. doi:10.1080/
02827589950154032.

Siitonen, J. 2001. Forest management, coarse woody debris and sa-
proxylic organisms: Fennoscandian boreal forests as an example.
Ecol. Bull. 49: 11-41.

Smalian, L. 1837. Beitrag zur Holzmesskunst. Stralsund, Germany.

Sollins, P. 1982. Input and decay of coarse woody debris in coni-
ferous stands in western Oregon and Washington. Can. J. For.
Res. 12: 18-28.

Spies, T.A., Franklin, J.F., and Thomas, T.B. 1988. Coarse woody
debris in Douglas-fir forests of western Oregon and Washington.
Ecology, 69: 1689-1702. doi:10.2307/1941147.

Stahl, G., Ringvall, A., and Fridman, J. 2001. Assessment of coarse
woody debris — a methodological overview. Ecol. Bull. 49: 57—
70.

Ter-Mikaelian, M.T., and Korzukhin, M.D. 1997. Biomass equa-
tions for sixty-five North American tree species. For. Ecol.
Manag. 67: 1-24.

Wiant, H.V., Jr., Wood, G.B., and Furnival, G.M. 1992. Estimating
log volume using the centroid position. For. Sci. 38: 187-191.
Wiant, H.V., Jr., Patterson, D.W., Hassler, C.C., Wood, G.B., and
Rennie, J.C. 1996. Comparison of formulas for estimating vo-
lumes of butt logs of Appalachian hardwoods. North. J. Appl.

For. 13: 5-7.

Woldendorp, G., Keenan, R.J., Barry, S., and Spencer, R.D. 2004.
Analysis of sampling methods for coarse woody debris. For.
Ecol. Manage. 198: 133-148. doi:10.1016/j.foreco.2004.03.042.

Young, H.E., Robbins, W.C., and Wilson, S. 1967. Errors in vo-
lume determination of primary forest products. Proceedings of
the 14th IUFRO Congress 4-9 Sept. 1967, Munich. Vol. 25.
Part VI. pp. 546-562.

Zianis, D., Muukkonen, P., Mikipdi, R., and Mencuccini, M. 2005.
Biomass and stem volume equations for tree species in Europe.
Silva Fenn. Monogr. 4: 1-63.

© 2007 NRC Canada



