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Abstract

Woody detritus biomass estimates are most often achieved by determining the
volume of dead wood and then converting to mass by use of density values.
There have been few studies on how density (mass/volume) of this material
changes during the decay process. The goal of this study was to synthesize
both published and unpublished data on woody detritus density so as to improve
estimates of coarse woody detritus (CWD) and fine woody detritus (FWD)
biomass across the diverse forests of the United States. In the case of CWD, a
total of 88 species were found to have data on densities for five decay classes
that had been published and/or collected in North America from the boreal to
the tropical zones. In general, density declined from decay class 1 to 5 with at
least five density reduction patterns observed. For FWD, our search indicated
approximately 25 species had been sampled. FWD density was a function of
piece diameter and the general state of decay. We determined that by sampling
representative species within a genus, the uncertainty of CWD estimates could
be reduced by up to 50 percent over not having sampled a genus. Our analysis
indicated that the uncertainty of FWD mass estimation ranged from 12 to 19
percent when FWD relative density was estimated. We conclude that a more
systematic sampling of CWD and FWD density is needed for major species if
uncertainties of mass estimates nationwide are to be reduced.
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INTRODUCTION

IMPORTANCE OF WOODY DETRITUS

Woody detritus or dead wood is an important part of forest ecosystems. Although
woody detritus is associated with many ecological benefits (plant and animal
habitat, carbon, nutrient and water storage, as well as soil formation), the
magnitude of these benefits varies with the species of log, the environment

(i.e., climate, soil characteristics, topography), and the amount of dead wood on
a site (Franklin et al. 1987, Harmon et al. 1986, Triska and Cromack 1980). The
same is true for possible negative aspects of this material such as a source of
fuel influencing fire behavior and smoke emissions. Therefore, this material is
increasingly being included in ecological studies and environmental assessments,

and the number of publications on this subject is rapidly growing.

Woody detritus takes many forms. It may range from sound to highly decayed
materials. Woody detritus is present as roots, stumps, branches (including
attached dead branches), standing dead (i.e., snags), downed material, and buried
wood in litter, duff, and mineral soil. Very few inventories measure all these
forms and size classes—snags and downed material being the most commonly
measured. For example, the Forest Inventory and Analysis (FIA) program of the
U.S. Forest Service conducts a national inventory of woody material including
standing dead, FWD (fine woody detritus), and CWD (coarse woody detritus)
(for more details, see Woodall and Monleon 2008). FWD with the exception

of roots is typically less than 7.6 to 10 cm, the former size limit being based on
lag-times of fuels (i.e., the time to equilibrate with the atmosphere in terms of
moisture content; see Burgan 1988). For woody roots the size break is usually

2 mm, which is based on conventions on the maximum size of live fine roots.
CWD exceeds these diameters but also typically must exceed a length of 1 m.

It can either be standing (e.g., snags) or downed (e.g., logs).

MEASUREMENT OF WOODY DETRITUS

Measurements of woody detritus abundance include the number of pieces per
area, volume, mass, and cover (typically either basal area for snags or projected

cover for logs). Many ecosystem functions, such as a fuel for fire, depend on



mass. However, there is a basic problem because the mass of woody detritus is
not easy to directly measure unless the material is very small. Volume is easier

to measure, and most methods, be they transect- or plot-based, measure piece
dimensions to estimate volume (Brown 1974, Harmon and Sexton 1996). Mass
can be derived from volume if the density (i.e., mass/volume) of this material

is known. A similar problem exists with live trees because these are also rarely
weighed directly. Rather, equations to predict volume from more easily measured
dimensions such as diameter at breast height and/or height are established.
Volume can then be converted to mass using the density of wood and bark.
Unfortunately, estimation of woody detritus amounts is not as straightforward

as for live trees. Woody detritus is often irregular in shape relative to live trees
and therefore volume is estimated directly for each piece by techniques such as
line intercepts or dimensional measures in plots. Moreover, rather than a single
density value per species, the density of woody detritus pieces also depends

on the extent of decomposition. This change can be dealt with by recognizing
various decay classes of material and determining the density of each decay class.
When decay class-specific density and elemental concentrations are coupled with
the volume in each decay class, one can estimate the mass, carbon, and nutrient
stores of woody detritus.

The downed woody material (DWM) sampling design of the FIA program uses
line-intersect transects to estimate the volume of downed CWD and FWD, but
not their biomass (Woodall and Williams 2005). Biomass conversion constants
published in the literature are currently used to convert volume to biomass.
Two constants are used: (1) the initial density (i.e., specific gravity) and (2) a
decay reduction factor that accounts for the decline in density as this form of
detritus decomposes. Unfortunately, there are very few published values of the
decay class-specific density or decay reduction factors; these have typically
been available only for a few western tree species (Sollins et al. 1987). The
little work that has been done has shown that species have different patterns of
density decline (Yatskov et al. 1993). Thus, uncertainty in biomass estimates can
be introduced if the incorrect pattern is assumed for a species that has not been
studied. FIA’s own simulation studies have shown that a 15-percent variation in
biomass conversion constants could affect a plot’s total DWM biomass estimate
by 5 percent (Woodall and Lutes 2004). However, because FIA uses decay
reduction factors based on a few western tree species for the entire Nation,
conversion constants may vary in excess of 50 percent causing substantial error

in biomass estimates.



OBJECTIVES

Given the fact woody detritus inventories are rapidly becoming a common
component of forest resource inventories around the world, there is great need

to refine the constants used in biomass estimation procedures for both CWD and
FWD. While the current datasets on changes in wood density with decomposition
are far from ideal, a substantial amount of published and unpublished data

exists. Therefore, the goal of this study was to synthesize both published and
unpublished data on woody detritus density and carbon content to improve
estimates of CWD and FWD biomass and carbon across the diverse forests of the
United States. The specific objectives of this study are to (1) estimate CWD and
FWD density across decay classes for the tree species currently considered by
the FIA inventory, (2) develop a methodology to estimate the uncertainty in these
estimates, (3) provide examples of how these estimates can be used, (4) suggest
future study directions to reduce uncertainty in these estimates, and (5) provide

preliminary biomass to carbon conversion factors.



DATA, METHODS, AND ANALYSIS

DATA

We assembled data from two sources. Over the years a substantial quantity

of decayed wood density data has been generated by the Andrews Long-term
Ecological Research (LTER) program. Some of this data has been published, but
much of it has not, at least in terms of densities for decay classes. This program
has also produced a large dataset on undecayed branch density as part of branch
decomposition studies that have been conducted over the years. The other source
was the published literature, which, although not as extensive as the first source,

does provide information for many systems not sampled (Appendix 1).

FIELD METHODS COMMON TO MOST STUDIES

Steps in Estimating Dead Wood Mass

Estimating the mass of decomposing wood involves several steps. Ideally one
would weigh the mass of woody debris in an area, but realistically this would be
time consuming and physically difficult. The first step is to measure the density
of the wood to be inventoried by sampling wood and bark in a range of decay
states. The second step is to determine the volume of the woody detritus in the
inventory area by decay classes. The third step is to convert the volume to mass
using the decay class-specific density values. Finally, total mass can be converted
to specific elemental stores by knowing the concentration of elements such as
carbon and nitrogen. Unfortunately, volume inventories are often conducted
without knowledge of how density or nutrient contents change with decay class.
While some substitution of these conversion factors is inevitable, it has been
common to use western U.S. conifer values for many temperate biomes and

in some cases tropical ones. This introduces substantial uncertainty in woody
detritus mass and other related estimates (e.g., carbon stocks, fuel loadings,

smoke emissions).

Assessing the State of Decay of Woody Detritus
Decay classes are a subjective way to break the decomposition process, which
is a continuum, into recognizable stages. While continuous methods using

techniques such as ordination exist (Harmon et al. 1987), they are very awkward



to implement in the field. Classes can be defined by the presence of criteria that
tend to be associated with certain decay classes. However, there can be a great
deal of variation within and between pieces of decomposing wood, and this may
cause misclassification of some individuals. By averaging over a large number of

pieces, these errors tend to cancel out.

The number of decay classes used varies from study to study. For CWD, as many
as 13 classes and as few as 2 classes have been used in the past (Harmon et al.
1986). One of the more common systems developed in the Pacific Northwest uses
five decay classes (Sollins 1982). For FWD, a single average number is often
used, although a separation into undecayed or fresh versus decayed has also been
used especially after recent disturbance (Brown 1974). The density of decayed
FWD tends to be highly variable, and it is highly dependent on whether pieces
are added in a pulse or continuously. When added as a pulse, many FWD pieces
have similar densities that decrease through time. When continuously added, the
average density of FWD is likely to be fairly consistent; however, there is a great

range in densities depending on when a particular piece was added.

It has been demonstrated that wood density generally declines as decay advances
with some exceptions. For CWD, some species have very decay resistant
heartwood (e.g., black locust, Robinia pseudoacacia). If the outer decayed
sapwood and bark layers disappear via respiration or fragmentation and the
residual heartwood has little decay, then more advanced decay classes can
theoretically have an increase in density. The same can be true for FWD such as
branches, which often lose decomposed outer wood as decomposition proceeds.
This often results in an undecayed, resin-impregnated core of wood being left; as

the proportion of this resin-impregnated wood increases the density can increase.

Density Determination

Density is expressed as a dry mass divided by green volume in most cases,
although density can be determined in alternative ways. For example, recently
resistance drill systems have been used, although these are usually calibrated to
traditional methods. For FWD it is typical to collect a random sample within an
area or along transects. For CWD a number of logs, snags, or stumps of each
decay class are located and then subsampled with a chainsaw to remove cross-
sections along the stem. Alternatively, a coring device is used to remove samples,
although this can be used only for relatively sound wood. Key characteristics
such as presence of leaves, twigs, branches, bark, cross-sectional shape, wood
hardness, and strength are typically recorded. Volume is determined either by
displacement in water or a particulate solid (e.g., millet seed), taking a known
volume using a core, or by measuring external dimensions. While determining

volume using water displacement is probably the most accurate method for solid



samples, it is relatively slow and works best for small volumes. However, it is
very difficult to use this method for highly decomposed wood and bark, which
means either decay classes with this material are not included or only the more
solid pieces are examined leading to an uncertainty or outright bias for more
advanced stages of decay. Coring suffers from the same problem regarding the
extent of decay present. While volumes determined by external dimensions are
less precise, these measurements can be taken quite rapidly in the field on very
large volumes. This eliminates bias and leads to a better averaging of density

within a piece.

Mass Determination

Mass of samples is typically determined by drying in an oven, often at
temperatures ranging between 55 and 75 °C until mass remains constant. This

can take weeks for even small cross-sections. To speed up drying times, smaller
subsamples are often used. This entails weighing the entire sample and then
subsampling for moisture determination. The ratio of oven dried mass to the fresh
mass of the subsample is used to convert the fresh mass to dry mass of the entire

sample.

As noted above, for FWD, decay classes are not usually noted, although green
versus decayed material generally may be recorded separately. Subsamples are
sometimes taken to determine density for a particular ecosystem, but this is rarely
done and the default values presented in Brown (1974) are often used. When
sampled, volume is determined by measuring dimensions of pieces or by volume
displacement. Mass is determined via oven drying using approaches similar to
that of CWD.

ANALYSIS

Woody detritus density was expressed in two ways: absolute density (mass/green
volume) and relative density (decayed density/undecayed density). Relative
density is alternatively called the density reduction factor in the FIA system. We
used the existing data to estimate both variables for all the species inventoried by
the FIA. In addition to estimating the mean values, we estimated the uncertainty
associated with these estimates of density, with the least uncertainty for species
that had been sampled and the most for genera that had not been sampled. To
estimate densities for species that had not been sampled, we examined the pattern
of density reduction for related species and genera that had been sampled. In

the case of CWD, we compared absolute and relative density among five decay
classes. For FWD, we were able to use only two decay classes (i.e., undecayed

versus decayed), although we did this for three size classes.



Data Processing

When several sources of data for a species, genus, decay class, or size class

were available, we combined the values to estimate an average and standard
error. When sample sizes were listed, we used those to weight the average as
well as the standard error of the samples. When sample sizes were not listed, we
calculated a simple average and used the highest observed standard error as an
estimate of uncertainty. For undecayed wood density of CWD, we used estimates
provided by the FIA database, which is largely derived from the Wood Handbook
(U.S. Department of Agriculture 1999). Although not all FWD studies reported
species-specific values, we assumed that they represented the values of the

dominant species in the ecosystem from which they had been sampled.

CWD Predictions

We used the available information to estimate the CWD density (absolute and
relative) of each species currently encountered in the national FIA inventory.
While it is important to estimate the mean density of decayed wood for all
species, it is even more important to estimate the uncertainty introduced in this
process. We devised a system in which the uncertainty would increase as the
degree of extrapolation increased. Minimal extrapolation was involved when

a species had been sampled and maximum extrapolation was involved when a
genus had not been sampled. The uncertainty was expressed as the standard error

of the mean. There were three levels of uncertainty:

A. Species that had been sampled. In this case the mean was the average
of all the observed values and the uncertainty was represented by the
standard error of the mean. The uncertainty in relative density was
calculated as the standard error of the mean absolute density divided by
the undecayed density. In this case the uncertainty term only involved
sampling error.

B. Genera that had been sampled. If a species had not been sampled, but
others in its genus had been sampled then there was some question as to
where the mean would lie. The mean density was estimated by averaging
the minimum and maximum relative density for the species in the
genus that had been sampled. The absolute density was determined by
multiplying the undecayed density of that species by the mean relative
density. In this case the uncertainty involved not only sampling error, but
also uncertainty about the mean itself. We used the maximum difference
of mean relative density observed in the genus for each decay class to
provide an estimate of uncertainty associated with the genus mean. This
was then increased by two standard errors of the mean of the relative
density for observed species to account for sampling errors. We then

assumed that 95 percent of the estimates of the mean would fall within



that range and divided it by 4 to rescale it to something akin to a standard
error. The uncertainty of the absolute density was then calculated by
multiplying the undecayed density of the species by the uncertainty in the
relative density.

Species and genus not sampled. In this case the mean could lie

anywhere between the minimum and maximum of the observed values.
We therefore estimated the mean as the average of the minimum and
maximum observed values of relative density. The absolute density was
the product of the mean relative density and the undecayed density. The
uncertainty was calculated as when only genera were sampled (section

B above); however, we used the maximum difference in relative density

means of all the species that had been examined.

FWD Predictions

We also estimated green and decayed density of FWD of the species encountered

in the FIA inventory. For undecayed density, we used actual measures or in most

cases derived this from undecayed branch density to undecayed bole density

ratios (branch to bole ratios). For decayed density, we used either means of

observed values or derived them from decayed versus undecayed FWD density

ratios. As with CWD, in addition to estimating the mean value, we also estimated

the uncertainty in FWD estimates based on the level of information available:

A. Species that had been sampled for FWD density. We used the mean

and standard error of the observed values of undecayed and decayed
density. We calculated the relative density by dividing the mean by the
undecayed density. We calculated the uncertainty of the relative density
by dividing the standard error of decayed density by the mean undecayed
density. When the standard error had not been reported for a species, we
multiplied the maximum relative variation of species where this statistic
had been reported by the mean density of the species in question to
provide some estimate of uncertainty.

Species lacking undecayed FWD density values. We used the mean bole
density multiplied by the mean ratio of branch to bole density to estimate
undecayed FWD density. The uncertainty in undecayed FWD density
using this method was determined by multiplying the standard error

of this ratio for all species with observations by the bole density of the
species that was being estimated.

Species lacking decayed FWD density. Estimates of decayed FWD
density for species that have not been sampled were computed from the
product of the mean ratio of decayed to green branch density for species
and the green density of the species to be estimated. The uncertainty in
the decayed FWD density for this set of species was estimated by:



U = sqrt (ID?**U, 2 +DGR**U

2
Decayed FWD DGR )

where U, . is the uncertainty in decayed FWD density, ID is the
ecayed FWD

mean initial density, U, is the uncertainty in initial density, DGR is the

decay to undecayed ratio, and U, is the uncertainty in the undecayed

ratio. This formula accounts for the fact that uncertainty for decayed

FWD density is a function of two uncertainties. Our formula assumed no

correlation between the uncertainties.

Analysis of Uncertainty on CWD Mass Estimates

We analyzed the uncertainty of CWD mass estimates caused by using current
knowledge about relative density of decay classes. This was achieved by
applying various density reduction patterns that are commonly observed to the

following likely decay class volume distributions:

A. Normal distribution. The distribution of decay classes with respect to
volume depends on the time interval that the decay class represents as
well as the nature of the inputs. For the five decay class system we used,
the tendency is for the time interval represented to increase geometrically
as decay classes advance. For example, decay class 2 lasts about twice
as long as decay class 1, and decay class 3 lasts roughly twice as long
as decay class 2, etc. If the input of dead trees to the forest is uniform
over time, this tends to result in a peaked volume distribution. Decay
class 3 has the most volume because it includes a relatively long period
relative to decay classes 1 and 2 and has not lost a great deal of volume
to decomposition relative to decay classes 4 and 5. A steady input of
CWD, therefore, leads to a normal distribution of decay classes in terms
of volume (Harmon et al. 1986).

B. Exponential distributions. If there is a pulse in dead tree inputs, one can
also have a peak in volume that advances from decay class to decay class
as the forest ages. To assess a situation in which there had been a recent
pulse of input, we used a negative exponential volume distribution. To
look at a pulse that occurred in the distant past, we used the complement
of this distribution (i.e., classes 1 and 5 were switched, etc).

C. Uniform distribution. Although not common, a uniform distribution was
used where the volume of each decay class was equal to determine an
“average” uncertainty.

D. Observed distribution. This was based on large-scale summaries from
the FIA databases for Maine and gives a sense of the actual operational
uncertainty likely to be encountered. The data were taken from 200 plots

and involved approximately 2,400 CWD pieces.
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To calculate the uncertainty in CWD biomass estimates, the relative volume in
each decay class was multiplied by a range of relative density reduction patterns
to assess the range of mass estimates that would occur. The relative density
reduction patterns that were investigated included (1) a steady decrease from
decay class to decay class, (2) an asymptotic pattern with decay classes 4 and

5 similar, (3) a mid-plateau in density decline with decay classes 2 and 3 being
similar, and (4) the pattern for Douglas-fir (the most commonly used pattern in
previous studies). We also assessed the uncertainty for a well-sampled species
(Douglas-fir) and a well-sampled genus (pines) as well as the minimum and
maximum relative values observed. The latter two patterns place upper and lower
uncertainty bounds on species or genera that have not been sampled. For most
cases, the products of relative volume and relative density for each decay class
for each relative density reduction pattern were summed and then compared

to the value for Douglas-fir, which serves as a useful reference given that this
pattern of density change has been used frequently. The exception was that for
the overall minimum and maximum relative densities we used the mean of all

species as the reference.

Analysis of Uncertainty on FWD Mass Estimates

We assessed the importance of two facets of uncertainty for estimates of FWD
mass. The first aspect was the effect of having directly determined the relative
density of decayed FWD; this was assessed by comparing the uncertainty in
relative density of species that had actual samples versus those that did not. The
second aspect involved the fact that the current system estimates an average
FWD relative density, but does not account for the effect of pulses of input.
Given that many sound branches and tops are left after disturbances such as
harvests, pulses of FWD input are common. Immediately after a disturbance,
FWD density is likely to be close to the undecayed density. As the time since
the disturbance increases, the overall density of FWD is likely to decline at least
until new material replaces it. To mimic this situation, we tracked the abundance
and relative density of two sources of wood: a pulse and that due to regular
mortality processes. For the pulse, we assumed the abundance of this FWD pool
would follow a negative exponential decline. We assumed the density of the
pulse would also decline, but that density would asymptote to reflect the presence
of decay resistant portions of branches (i.e., knots). For the FWD generated by
regular mortality processes, we assumed that pool would gradually accumulate
and that the density would decline to a lesser degree given that undecayed wood
is being added regularly. This asymptote was assumed to equal the average value
we found in our analysis of the FWD dataset. We assumed the rate the pulse
FWD was lost was the same as the rate the new FWD accumulated. Given that
the accumulation rate is often close to the disappearance rate, this assumption

is reasonable (Olson 1963). We explored the effect of not knowing the decay



state of FWD by varying the size of the pulse from 5, 10, and 20 times the size
of the regular FWD pool. We also varied the asymptotic density of the pulse of
FWD from a relative density of 0.1 to 0.4 as well as explored the effect of the
decomposition rate of FWD. We then noted the difference between the minimum
and the average relative density because this indicated the uncertainty that might

be introduced by not noting the decay state of FWD.

Biomass to Carbon Conversion Factors

We reviewed the literature to find estimates of the carbon concentration of dead
wood in various states of decomposition. Given the paucity of data, we averaged
across all species within CWD decay classes to derive a mean estimate. For FWD
we averaged across all species for undecayed and decayed wood. We used all
available data to derive a standard error of carbon concentration, weighting these

estimates by the sample sizes reported in the publications.

11



12

RESULTS

QUALITATIVE CHANGES IN CWD DECAY CLASSES

The following describes the general qualitative changes observed as logs
decompose. While not all species move through this exact progression, many
do; major exceptions are noted. Decay class 1 logs are the least decomposed,
with most having leaves still attached and all having intact bark, fine twigs, and
branches. Logs originating from cutting may not have branches and twigs, but
the cuts appear fresh and have not yet turned gray due to sun bleaching. Decay
class 2 logs are ones starting to decompose, leaves largely are absent, and many
of the fine twigs have fallen off the larger branches. Bark is typically loose, but
only starting to fall off the log. An exception would be for the genera Betula and
Prunus, which tend to retain bark throughout decomposition. For all species,
there is evidence the surface layers of the wood are decomposing, but the inner,
central region of the wood is undecayed unless previously infected with heart
rots. For logs originating from cutting, the ends are gray from sun bleaching.
Decay class 3 logs have only a few large branches remaining, often in the form
of stubs, the bark is falling off in large patches, and evidence of sloughing of
sapwood is also evident. The outer wood is easily crushed by hand, although the
inner portions can appear completely sound. Despite the large amount of decay,
decay class 3 logs are able to support their own weight along most of their length.
For certain genera with decay resistant heartwoods, such as Calocedrus, Quercus,
and Thuja, decayed sapwood may fall off to the extent that relatively sound
heartwood may form the outer surface. Decay class 4 logs cannot support their
own weight and most of their length conforms to the contours of the underlying
ground. Although circular cross-sections can remain, much of the log forms an
elliptical cross-section. Branches, if present, are short stubs, which move when
pulled. This indicates decay has spread to the innermost portions of the log and
has weakened the wood considerably. Bark, if present, is in small loose patches
on the log and found in piles alongside or under the log. In the case of the genera
Betula and Prunus, the bark loosely surrounds the inner, highly decomposed
wood. Decay class 5 logs are the most decomposed, of elliptical shape (the

long axis is often many times that of the short axis), and are beginning to be

incorporated into the forest floor. The wood is extremely decayed, usually in the



form of cubical brown rot that can be easily crushed by hand. Bark is not evident
from the surface (except for the genera Betula and Prunus) and in most cases

underlies the extremely decomposed wood.

DENSITY OF DECOMPOSING CWD

A total of 88 species were found to have data on CWD decay class densities

that had been published and/or collected from North America from the boreal

to the tropical zones. Most species (53) were from either boreal or temperate
ecosystems. A total of 49 genera had some data about CWD decay class density,
most of which were represented by one species. Of the species compiled, 60 were

hardwood and 28 were softwood species.

Examining all the species that have been sampled reveals that wood density of
CWD decay classes declines as expected, but that it is highly variable (Fig. 1).
Much of this variation is associated with variation in the initial density, which
ranges from 0.25 to 0.95 g/cm®. Expressed as a percent, minimum and maximum
initial densities are 52 percent lower and 95 percent higher than the mean value,
respectively. The relative variation appears to increase through decay class

3 and then declines for decay classes 4 and 5. This pattern may be caused by

decomposition and wood’s lack of structural integrity below a certain density.
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a species that has been
sampled for each decay
class.
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Figure 2.—Density

of hardwood versus
softwood by decay
class. The mean as well
as the minimum and
maximum for each class
are displayed.
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Comparison of hardwood and softwood mean density indicates that softwoods
have a slightly lower density than hardwoods for decay classes 1 to 3 (Fig. 2).
However, the mean densities of decay class 4 are quite similar for softwoods and
hardwoods. Hardwood density, at least for undecayed wood and decay classes 1
to 3, appears more variable than softwood density. The variation, expressed as a
range, within these groups is much higher than the variation between these two
groups. This classification would therefore not seem to be a useful way to stratify
unsampled species, although the uncertainty for softwood density is considerably

lower than that for hardwoods.

CWD DENSITY REDUCTION PATTERNS

When all species that have been sampled are considered, there is a clear decrease
in relative density as CWD decay class advances (Fig. 3). Although the mean
relative density exhibits a steady decline, the maximum and minimum relative
density can be as much as 60 percent higher or 40 percent lower than the mean,
respectively. The greatest differences between the minimum and maximum
appear in decay classes 2 and 3, but even for decay class 1 there is considerable
variation. Despite the high level of variation observed, relative density is less
variable than absolute density. This indicates that removing the effect of initial
density can help reduce uncertainty when estimating density of unsampled

species.

As with absolute density, dividing the species into hardwoods and softwoods

does not appear to help reduce uncertainty in estimating relative density.

1.00

. —&— hardwood —&— softwood
0.90 N - A= hardwood max = A= hardwood min
- ®- softwood max - ®- softwood min

0.80 -
0.70 - "A. .
0.60 -
0.50 |
0.40 |

0.30 +

Mean Density (g/cubic cm)

0.20

0.10

0.00 : : : >

Decay Class




1.00 =
\\ —<&—mean relative density
0.90 - \ —a— max relative density
0.80 - \\ - 4 - min relative density
0.70 - .
= .
(2] B .
2 0.60 .
& 050
2 8
© 0.40 .
& .
0.30 . Figure 3.—Relative
----- . density of all species by
0.20 - el N decay class. Each point
represents a species
0.10 -
that has been sampled
0.00 for each decay class.
1 2 3 4 5 The relative density is
the observed density
Decay Class divided by the initial or
green density.

Although the mean relative density of hardwoods is slightly lower than that of
softwoods (Fig. 4), these differences are very small compared to the range in
values observed. For example, the relative density of decay class 3 hardwoods
is 0.1 relative density units lower than that for softwoods. However, this is
approximately one-third the difference between the minimum and the mean
for hardwoods. The range for softwoods is lower than that for hardwoods,

but as with absolute density it completely overlaps that of hardwoods. This
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class are displayed.
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Figure 5.—Mean
relative density for
common temperate
genera.
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indicates that separating species by hardwood versus softwood classes will not
substantially decrease the uncertainty in prediction of mean relative density.
However, separation into these two classes might reduce uncertainty below using
the maximum and minimum of all species because the uncertainty range for

softwoods is lower than that for hardwoods.

At least 18 temperate genera have been sampled, about half of which contain
multiple species. Several patterns of relative density decline are evident in the
mean for each genus, which suggests that perhaps stratifying by genus would
reduce uncertainty (Fig. 5). However, plotting the minimum and maximum
relative density for well-sampled genera indicates there is considerable variation
(as much as 0.2 relative density units) within each genus (Fig. 6). This variation
is quite high relative to the typical standard error of the mean for a species, which
generally ranges from 0.02 to 0.05 relative density units. This indicates that while
genus may be used to predict unsampled species, the uncertainty would be as

much as tenfold higher than for species that have been sampled.

Examination of the mean of each species indicates a number of repeated patterns
in relative density declines (Fig. 7). The simplest pattern, a steady decline in
density (hereafter referred to as the S pattern), was observed for 15 species

(Fig. 7a). In this case, density appeared to decline by approximately an equal
amount between decay classes 1 to 4 and then to a lesser degree from decay

class 4 to 5. The most common pattern, a lag followed by steady decline (the
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LS pattern), occurred in 30 species (Fig. 7b). In this pattern, decay class 1 is
similar in density to fresh wood and then there is a steady decline in density.

A lag that lasted into decay class 2 was evident in five species, and this was
typically followed by a steady decline of density in decay classes 3 to 5 (the SLS
pattern; Fig. 7¢). For six species, it appears that a steady decline is followed by
an asymptote in decay classes 4 and 5 (the A pattern; Fig. 7d). This pattern is the
one followed by Douglas-fir, the most common species used to represent density
reduction patterns. The most complex pattern involved an initial decline in
density to decay class 1, followed by a mid-plateau, and finally a steady decline
in density (the MP pattern; Fig. 7e). This pattern was followed by seven species.

Understanding the causes of these patterns might be helpful in predicting
unsampled species. Unfortunately, we can only hypothesize about possible
controls of these patterns. It is possible that the lags we observed in the LS

and SLS patterns are associated with the progression of exterior indicators of
decay versus the loss of wood via decomposition. In species or environments
in which the exterior indicators develop quickly relative to the rate of wood
decomposition, the interior wood does not have “enough time” to lose density.
Thus, a “lag” in density decline appears. Conversely, if exterior indicators take
longer to develop, then the wood can decompose to a greater degree and a steady
density decline appears. This difference might not be caused by the species per
se, but the environment. In cold and wet environments, bole decomposition
rates can be very slow due to waterlogging (Harmon et al. 1986). The same

limitation would not be evident for leaves, twigs, and branches; therefore, their
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Figure 7.—Relative
density reduction
patterns. The mean,
minimum, and
maximum relative
densities are presented
for each pattern.

A: steady decline (S);
B: lag followed by
steady decline (LS);

C: super lag followed by
steady decline (SLS).
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decomposition would proceed ahead of the bole’s decomposition. The cause of
the asymptotic pattern (A) might be related to the presence of a relatively small
resistant core of wood, although this is unlikely in the case of Douglas-fir. The
most complex pattern, the MP, is possibly associated with a proportionally large
amount of highly resistant wood. This would be typified by western redcedar.

In this case, sapwood decomposition is quite rapid leading to a decline to

decay class 1. The remaining heartwood is, however, very resistant to decay
and although certain indicators of decay class 3 develop (e.g., the sloughing of
sapwood) the underlying wood remains relatively sound. Eventually this wood
begins to decompose and weaken leading to the characteristics typical of decay

class 4.
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Although these density reduction patterns are useful for descriptive purposes, at
this time they cannot be used for predictive purposes. First, as discussed above,
the mechanisms causing the differences are not known. Second, determining
the degree to which these patterns are statistically different is problematical. In
some cases, patterns might differ for only one decay class (e.g., S versus the LS
patterns) and therefore for most decay classes they are statistically the same.

In others cases, the mean relative density of two patterns are quite different,

yet the range for both patterns overlap considerably. Third, while it is logical

to hypothesize density reduction patterns would be similar within a genus, we
saw little evidence to support that hypothesis in the genera that had been well

sampled.

FINE WOODY DEBRIS DENSITY

Relatively few species have had FWD density determined. Our literature search
indicated approximately 25 species have been sampled, although some of these
“species” represent mixtures named after a dominant species. Most studies

appear to have been from northern regions.

The density of undecayed or green FWD decreased as diameter increased

(Fig. 8). For example, in the smallest size class (0-8 mm diameter) the mean
density of undecayed FWD was 0.61 g/cm?. In contrast, for the largest size class
(25 to 76 mm diameter) the mean undecayed density was 0.50 g/cm?. Regardless
of diameter, undecayed density was highly variable with values ranging between
0.1 and 0.95 g/cm’. Given the few species in which undecayed FWD has been
determined, the ratio of undecayed branch density to bole wood density is a
useful variable from which to predict the undecayed FWD density of species
that have not yet been studied. These ratios also decline as diameter size class

increases, reflecting the decrease in FWD density as the size class increases
(Fig. 9).

Density of decayed FWD also decreases as diameter size class increases

(Fig. 10) from 0.44 to 0.38 g/cm® from the smallest to largest size classes.
Relative density of FWD as indicated by ratios of decayed to undecayed pieces
increases as size class increases (Fig. 11). This indicates that large diameter
pieces are less decomposed than smaller ones. Specifically, the largest pieces
have a mean relative density of 0.88, whereas the smallest ones have a mean
relative density of 0.61. This might be caused by the increased surface area to
volume ratio of the smaller pieces, which might allow faster colonization by

agents of decomposition.
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Figure 9.—Observed
ratios of green or
undecayed bole to
branch density for three
size classes (1=0-1 cm,
2=1-5 cm, 3=5-12 cm).

Figure 10.—Density of
decayed FWD pieces
for three size classes
(1=0-1cm, 2=1-5cm,
3=5-12 cm).

Figure 11.—Relative
density of decayed
FWD for three size
classes (1=0-1 cm,
2=1-5 cm, 3=5-12 cm).
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UNCERTAINTIES OF CWD MASS ESTIMATES

Douglas-fir has been the most commonly used species to estimate decay class
densities of unsampled species based on the assumption that all species density
reduction patterns are similar. Using this as a standard to assess the differences
with other possible density reduction patterns indicates that considerable error
might have been introduced into CWD biomass estimates (Fig. 12). The size

of the error depends on both the density reduction pattern and the volume
distribution. For example, if the steady density decline pattern (S) actually
occurred, then depending on the distribution of volume for the decay classes,

the CWD mass might have been 4 to 12 percent higher than calculated using the
Douglas-fir density reduction pattern. While many of these volume distributions
are theoretical, it is important to note that the observed volume distribution
indicated using Douglas-fir density reduction patterns would have led to 12
percent less CWD biomass than was actually there if the S density reduction
pattern was followed. Likewise for the LS pattern (lag-steady), there might have
been 20 to 35 percent more CWD biomass present than calculated using Douglas-
fir density reduction patterns. Douglas-fir density reduction patterns seem to
underestimate for the MP (mid-plateau) pattern as well; there might have been 14
to 44 percent more CWD biomass if the MP pattern was followed. As with the S
pattern, the largest errors for the LS and MP patterns occurred for the observed
distribution. The overall conclusion is that use of Douglas-fir density reduction

patterns has probably underestimated CWD biomass in FIA inventories.
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Figure 13.—Uncertainty
in CWD mass estimates
based on the ranges
expected for a well-
studied species, a
well-studied genus,

and all the species
sampled. The volume
distributions included
uniform, peaked,
negative exponential,
and observed.
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Comparison of the uncertainty for a well-sampled species (Douglas-fir) to that
when a genus has not been sampled indicates that uncertainty of CWD biomass
estimates could be reduced fourfold to tenfold by actually sampling species

(Fig. 13). By sampling representative species within a genus, the uncertainty
could be reduced by up to 50 percent over not having sampled a genus. Sampling
species within a genus could result in a fivefold to sevenfold reduction in
uncertainty if values for well-sampled genera (e.g., pines) are typical. Depending
on the volume distribution used, uncertainty in CWD biomass for a well-sampled
species ranged from +4 to 7 percent. For a well-sampled genus, the uncertainty
ranged from £21 to 38 percent. In contrast, if a species followed the maximum
density reduction pattern, then the estimate of CWD biomass would be 38 to

56 percent higher than if it followed the mean for all species. Similarly, if a
species followed the minimum density reduction pattern observed, then the
CWD biomass estimated would be 39 to 54 percent lower than if it followed the
mean for all species. This indicates that if the density reduction pattern was not
known for a genus or species, then there is considerable uncertainty in estimates
of CWD mass. Although these uncertainties are a function of the volume
distribution assumed, it is important to note that some of the highest uncertainties

(£55 percent) were for the observed volume distribution.

UNCERTAINTIES OF FWD MASS ESTIMATES

Our analysis indicated that when FWD relative density is actually measured,
the uncertainty is 0.01 to 0.03. Expressed as a percent, this would mean an

uncertainty of mass of 1 to 3 percent when species are sampled. In contrast, when
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relative density has to be estimated, the uncertainty of FWD mass estimation
ranges from 12 to 19 percent. Sampling FWD density for species, therefore,

would decrease uncertainty by up to an order of magnitude.

These conclusions need to be tempered with the realization that density is likely
to vary considerably when pulses of FWD occur. Regardless of the size of the
FWD pulse, there was a dip in the FWD relative density (Fig. 14). This was
caused by the changing proportion between the pulse-related FWD and that
added by regular mortality. Varying the decomposition rate of the pulse of FWD
did not influence the range of relative densities that occurred. The larger the

size of the pulse, the greater the dip in density as time since the pulse increased.
Moreover, as difference between the average and the asymptotic density of the
pulse increased, the uncertainty in the FWD relative density also increased. This
sensitivity analysis indicates that even if the mean FWD density is known, there
are times after disturbances when density could be at least 20 percent higher or
lower than the average. For a less conservative set of parameter values, there are
times after a disturbance that relative density could be less than half the average
relative density. This indicates that the uncertainty introduced by not knowing the

history of the stand could introduce as much error as not sampling a species.

BIOMASS TO CARBON CONVERSION FACTORS

There appears to be no consistent trend in carbon concentration as wood
decomposes (Tables 1 and 2). The mean carbon concentration of CWD across

all decay classes was 49.8 percent; the lowest mean concentration for a decay

Pulse size

—10X
—5X
- = 20X

Mean Relative Density

O T T T T
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Time Since Pulse

Figure 14.—Possible
changes in FWD
relative density caused
by pulses of undecayed
FWD of various sizes
relative to background
levels. In this case

the pulse of FWD was
assumed to disappear
at a rate of 10 percent a
year to a relative density
of 0.2. The averaged
relative density for

FWD from regular
mortality processes was
assumed to be 0.8. The
size of the pulse relative
to regular mortality
varies between lines.
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Table 1.—Biomass to carbon conversion factors for CWD based on
percent carbon of samples

Decay class Mean Standard error Minimum Maximum

percent carbon

1 49.9 0.7 47.8 51.5
2 48.8 0.7 42.4 53.6
3 48.6 15 42.4 51.6
4 51.8 0.9 48.2 55.2
5 50.1 13 41.8 55.2

Source of data: Busse (1994); Currie and Nadelhoffer (2002), Lang and Forman (1978), Harmon et al.
(1987), Lambert et al. (1980).

Table 2.—Biomass to carbon conversion factors for FWD based on
percent carbon of samples

Decay class Size class Mean Standard error Minimum  Maximum
cm percent carbon
Undecayed 1.0-2.5 50.8 2.0 51.5 50.3
Undecayed 2.5-5.0 49.8 1.2 50.0 49.5
Undecayed 5.0-10.0 49.1 0.1 49.1 49.1
Decayed 1.0-25 51.3 1.9 52.0 50.6
Decayed 2.5-5.0 51.6 29 52.4 51.0
Decayed 5.0-10.0 50.5 2.9 50.9 49.8

Source of data: Currie and Nadelhoffer (2002).

class was 48.6 percent and the highest was 51.8 percent. For FWD the mean
carbon concentration was 50.8 percent, with a range of 49.1 to 51.6 percent.
Although the range of values within decay and size classes was up to 10 percent
of the mean, the uncertainty in carbon concentrations used to convert biomass to
carbon is very low relative to densities. As a first approximation, using a mean

concentration of 50 percent with an uncertainty of 2 percent would be adequate.



DATABASES OF DENSITY ESTIMATES

We have created three databases, two CWD and one FWD, that can be
combined with woody detritus volume data to calculate the mass of this material
(Appendices 2-4). For both FWD and CWD, we present the density in either
absolute or relative terms. In the case of FWD, we report the estimates for
absolute and relative density for each of three size classes in one database. For
CWD, we report the estimates for the five decay classes in separate absolute
and relative density databases. For each estimate, except undecayed CWD, we
present a code for the method of estimation, which, as described in the methods,
determines the uncertainty of the estimate. While the absolute density values are
probably the easiest to use, the relative density values help one understand how
the absolute densities were calculated. In addition to an estimate of the most
likely value (i.e., the mean or median value depending on how the estimate was
made), we also present an uncertainty value. This is analogous to one standard
error of the mean; therefore, to approximate the 95 percent confidence intervals,
the estimated uncertainty needs to be multiplied by 2 and then added and
subtracted from the most likely value.

For both FWD and CWD, most species have not been sampled and therefore the
uncertainty is generally high. For CWD, of the 260 species considered by the FIA
inventory, 53 (20 percent) have been sampled for at least some decay classes.
While sampling more species and genera would improve estimates, it should be
noted that many major genera have been sampled. For FWD, very few species-
size class combinations have been sampled, with only 25 of the possible 1,046
combinations with actual data. The low proportion of combinations sampled

(2 percent) has led to a very high uncertainty in FWD density estimates.
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EXAMPLES OF USE

Estimating the most likely value of mass of FWD or CWD is straightforward.

If using the relative density values, then one needs to multiply the undecayed
density by the relative density for each decay or size class, and then multiply that
number by the volume in each decay or size class. Summing the masses for each
decay or size class gives the total mass. If using the absolute density database,
one multiplies the decay or size class density by the volume in each class and

then sums to get the total mass.

Estimating the uncertainty in mass is complex with only an approximation of
uncertainty. However, it is better to have some sense of this uncertainty than

to not report it. Given that uncertainty can only be approximated, one needs to
adopt several guiding principles. The first is that it is better to overestimate than
to underestimate uncertainty. Therefore, when there is a choice between using
calculation methods that can give either higher versus lower estimates, the higher
one should be selected as long as it represents a reasonable set of assumptions.
Second, uncertainty estimation in a complex set of calculations can be broken
down hierarchically: there is no reason to calculate all uncertainty terms at once.
Third, understanding the correlation between variables is important to estimating
overall uncertainty because as uncertainty terms for the parts are combined

the degree of correlation determines whether the uncertainty is increased or
reduced. For example, if all the uncertainties for each decay class are perfectly
and positively correlated, then the total uncertainly will be maximized (i.e., the
masses are either all the minimums or all the maximum masses). If, on the other
hand, the uncertainties are perfectly and negatively correlated, then the total
uncertainty will be minimized (i.e., some maximum masses are being offset by
minimum masses). When there is no correlation between uncertainties in the
decay classes, then the total uncertainty is intermediate. In the case of woody
detritus mass estimates, the least likely case would be for all the uncertainties

to be negatively correlated because there is no specific mechanism to cause this

pattern.

Given the complexity of the problem there is no single formula to estimate

uncertainty. One method would be to perform a Monte Carlo analysis drawing



from the distributions for the decay- and size-class databases. As an alternative,
we combine uncertainties using calculations based on summary statistics. In the
following sections, we present a series of calculations to provide examples, but
because each project is likely to have data structured in different ways, it is best
to use the examples only as guidance and not as a substitute for a project-specific
analysis. To provide a hierarchical framework, we start at the finest level of detail
(e.g., sampled species) and work toward more assumptions (e.g., unsampled
genera). In this particular set of examples, we use subscripts to indicate the level
within the hierarchy being considered (DC=decay class; Sp=species; S=site). Our
example considers CWD, but a similar set of calculations could be performed for
FWD if size classes were also considered. Specific examples for each level in the

hierarchy are given in Appendices 5 and 6.

WITHIN A DECAY OR SIZE CLASS FOR A SPECIES AND SITE

To calculate the uncertainty for a decay class for a species at a particular site (or
plot), the uncertainty can be estimated by multiplying the volume by the absolute

density uncertainty values:

Uncertainty Mass DCSps VolumeDC_sp_S*Uncertainty DensityDC_Sp_S

WITHIN A SPECIES AND SITE

To calculate the uncertainty for species with estimated densities at a particular
site (or plot), this term can be approximated by adding uncertainty in mass for all

the decay classes:

Uncertainty Mass ¢ =X Uncertainty Mass, . ¢ ¢

This assumes there is a perfect positive correlation of uncertainties for the decay
classes, which reflects the fact that an unsampled species is systematically
underestimated or overestimated in terms of decay class specific densities.

In other words, there is a consistent pattern for a species relative to the mean
estimates. However, for species that have been sampled, it is likely that there
are few systematic differences, and a random relationship would be more

appropriate:

Uncertainty Mass sps = Sqrt % (Uncertainty Mass

2
S DC-Sp-S )

where the uncertainty of each decay class is squared and then summed. By taking
the square root of this term, the total uncertainty for a species within a site can
be estimated. This is based on the notion that the square of uncertainties are

additive, but the uncertainties are not (i.e., variances are additive).
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WITHIN A SPECIES FOR ALL SITES

To calculate the uncertainty for species that have not had density estimated when
multiple sites (or plots) are combined, we assume the total uncertainty in mass

can be estimated by adding uncertainty in mass for all the sites or plots:

Uncertainty Mass o= = Uncertainty Mass

This assumes a perfect positive correlation in uncertainty, which is the most
likely case for species that have not been sampled. In this case, all decay classes
for a species at all places were likely either underestimated or overestimated

to the same degree. For species that have been sampled for density, it is more
realistic to assume that the uncertainties are not correlated and the uncertainty

represents random variation in the population:

Uncertainty Mass s = Sqrt X (Uncertainty Masssp_sz)

where the uncertainty of a species mass for each plot is squared and then
summed. By taking the square root of this term, the total uncertainty for the

species for all sites can be estimated.

WITHIN A SITE

The uncertainty in mass for a site would combine the mass of all the species at
a site. Because there is no reason to believe that uncertainty in one species is

correlated with another, the overall uncertainty would be approximated by:
Uncertainty Mass = sqrt £ (Uncertainty Masssp_sz)

where the uncertainty of each species is squared and then summed. By taking the
square root of this term, the total uncertainty within a site can be estimated.

ALL SITES

Assuming that the uncertainty in mass for each species for all sites has been
estimated, the uncertainty for all sites would be computed by assuming there is

no correlation between sites:
Uncertainty Mass_= sqrt X (Uncertainty Massspz)

where the uncertainty of each species for all sites is squared and then summed
over all species. Taking the square root of this term gives the total uncertainty at

all levels.



FUTURE NEEDS

While the databases we created will be helpful for improving FWD and CWD

mass estimates, they have several notable problems that limit their usefulness.

In the case of CWD, it is essential to separate the pieces inventoried into the
decay classes. To be effective, the decay classes used in inventories need to

be better defined so that they are repeatable. Most decay class systems are
based on Douglas-fir decay patterns; however, species can differ in substantial
ways. While adjustments inevitably are made in the field, these are not always
documented, and therefore uncertainty about their meaning is introduced. This
uncertainty could be reduced by consistently describing decay classes so that

actual differences between species and locations can be documented.

A more systematic sampling of CWD for species and locations is needed. Past
sampling of CWD density has been ad hoc or related to studies of decomposition
rates, the main focus of ecological studies. Ideally, all the major species would be
studied, the decay classes defined in objective and systematic ways, and the wood
density as well as carbon content determined. Currently many major species

have not been sampled or decay classes within species have been inadequately
sampled (< 5 samples). By sampling the most abundant species, uncertainty

of mass estimates could be reduced to approximately 5 percent, a considerable

improvement over the current uncertainty, which could be as high as 50 percent.

FWD densities have rarely been sampled and although the current database is a
logical starting place, it could be significantly improved. Current publications
often do not report sample numbers or variation. Mixtures of species are often
reported, and while this makes sense when working within a uniform forest
type, it is not efficient when mixtures of species change from place to place. A
more flexible system might be derived if species values were reported because
mixtures could be created continuously from this data structure. The separation of
undecayed versus decayed FWD is helpful in estimating density, but separation
of FWD into decay classes would reduce uncertainty. It would probably not

be reasonable to classify each piece of FWD into a decay class, but a system

to characterize decay state quickly would greatly reduce uncertainties in mass

estimation of this pool.
31



32

Despite the lack of data on carbon concentrations in decaying wood, our review
indicated that this variable does not change greatly with size or degree of decay.
Compared to the uncertainty related to wood density, carbon concentrations are

relatively certain. While additional sampling would be desirable, it would not be

a priority relative to wood density.

Finally, it should be noted that most of these improvements are static in nature:
they can be applied to a set of inventory-based volumes, but they do not allow
one to incorporate decomposition induced density reductions over time. To make
dynamic adjustments, it would be extremely valuable to know the decomposition
rates of FWD and CWD. Knowledge of these rates would also allow one to
directly estimate fluxes from a single inventory rather than a series of inventories.
This information would also allow one to better interpret why inventory estimates

are changing over time.
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APPENDIX 5.—Examples of estimates of the mean and
uncertainty for various levels in the calculation hierarchy (red
spruce, Picea rubens) on five FIA sample plots in Maine with
the assumption that density was not directly measured

Within a Decay or Size Class for a Species and Site

In plot 407074 there is a total of 18.13 m*/ha of decay class 3 CWD.
The estimated mean density is 0.316 Mg/m’ and uncertainty in density is
0.112 Mg/m*. The mean mass and the uncertainty are therefore:

Mass =18.13m*/ha*0.316Mg/m* = 5.73 Mg/ha

DC-Sp-S

UncertaintyMass =18.13m*ha*0.112Mg/m’* = 2.031 Mg/ha

DC-Sp-S

Within a Species and Site

In plot 407074 there were pieces in decay classes 2-4 and none in decay classes
1 and 5. Because the density of this species was not measured directly, density

of all decay classes is likely either underestimated or overestimated to the same
degree and we can assume the uncertainties in these decay classes are positively

correlated. Therefore, the mean and uncertainty of mass for this plot are:

Mass (= 0 Mg/ha+0.519 Mg/ha+5.73 Mg/ha+1.39 Mg/ha+0 Mg/ha

=7.64 Mg/ha

S

Uncertainty Mass sps = 0.07 Mg/ha+2.03 Mg/ha+0.31 Mg/ha = 2.41 Mg/ha

S

The relative uncertainty is therefore 31 percent.

Within a Species for All Sites

There are five plots each with its own mass and uncertainty estimate. Assuming
density in all plots is underestimated or overestimated to the same degree, the

total mass and uncertainty are:

Mass ¢ =7.64 Mg/ha+15.15 Mg/ha+t1.34 Mg/ha+1.45 Mg/ha+1.42 Mg/ha
=27.00 Mg/ha

Uncertainty Mass o= 2.41 Mg/ha+4.02 Mg/ha+0.21 Mg/ha+3.76 Mg/ha
+0.35 Mg/ha = 10.75 Mg/ha

The relative uncertainty is therefore 39.8 percent.

(continued on next page)
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APPENDIX 5 (continued)

Within a Site
The uncertainty in mass for a site combines the mass of all the species at a site.
Because there is no reason to believe that uncertainty in one species is correlated

with another, the mean and uncertainty would be:
Mass_ = 7.64 Mg/ha+5.99 Mg/ha = 13.64 Mg/ha
Uncertainty Mass_ = square root (2.412+0.612) = 2.49 Mg/ha

The relative uncertainty is therefore 18 percent.



APPENDIX 6.—Examples of estimates of the mean and
uncertainty for various levels in the calculation hierarchy (red
spruce, Picea rubens) on five FIA sample plots in Maine with
the assumption that density was directly measured

Within a Decay or Size Class for a Species and Site

In plot 407074 there is a total of 18.13 m*/ha of decay class 3 CWD.
The estimated mean density is 0.316 Mg/m’ and uncertainty in density is
0.112 Mg/m*. The mean mass and the uncertainty are therefore:

Mass =18.13m*/ha*0.316Mg/m* = 5.73 Mg/ha

DC-Sp-S

UncertaintyMass =18.13m*ha*0.112Mg/m’* = 2.031 Mg/ha

DC-Sp-S

Within a Species and Site

In plot 407074 there were pieces in decay classes 2-4 and none in decay classes
1 and 5). Because the density for all decay classes was measured, the uncertainty
is related to random sampling error. Therefore, the mean and uncertainty of mass

for this plot are:

Mass ¢ =0 Mg/ha+0.519 Mg/ha +5.73 Mg/ha+ 1.39 Mg/ha+0 Mg/ha
.
=7.64 Mg/ha

Uncertainty Mass ¢ = Square root (0.072 +2.03% + 0.31?) = 2.06 Mg/ha

S

The relative uncertainty is therefore 27 percent.

Within a Species for All Sites

There are five plots each with its own mass and uncertainty estimate. There is
no reason to believe the uncertainty in the plots is correlated. Therefore, the total

mass and uncertainty are:

Mass ( = 7.64 Mg/ha+15.15 Mg/ha +1.34 Mg/ha+ 1.45 Mg/ha+1.42 Mg/ha
=27.00 Mg/ha

Uncertainty Mass ¢ = square root (2.06* +2.89% + 0.13* +0.27* + 0.28?)
=3.57 Mg/ha

The relative uncertainty is therefore 13 percent.

(continued on next page)
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APPENDIX 6 (continued)

Within a Site

The uncertainty in mass for a site combines the mass of all the species at a site.
There is no reason to believe that uncertainty in one species is correlated with
another. Therefore, the mean and uncertainty would be:

Mass, = 7.64 Mg/ha + 5.99 Mg/ha = 13.64 Mg/ha
Uncertainty Mass, = square root (2.06*+0.28%) = 2.08 Mg/ha

The relative uncertainty is therefore 15 percent.
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