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The US National Greenhouse Gas Inventory uses the component ratio method (CRM), a volume conversion
approach that incorporates models for tree biomass components, for forest carbon assessments. However,
the performance of the CRM relative to other methods, as well as inﬂuences on its accuracy and precision,
must be evaluated. We constructed a data-driven CRM (n-CRM), used it to predict total tree and component
biomass for six US tree species, and compared this approach to a reference allometric model. We also
assessed the inﬂuence of size, crown dynamics, and stem growth on the performance of both methods.
Results show that the n-CRM was more accurate for four species, resulting from the inclusion of more predictor variables. Both methods had high uncertainty, but the precision of n-CRM predictions was two to eight
times higher for small diameter trees (<10 cm) across all species. Accuracy and precision of the crown component models (i.e. branches and foliage) was low, though better for pines than for hardwoods. Species-level
analysis suggests that poor precision is inﬂuenced by crown traits and the size distribution of ﬁtting datasets.
Our results highlight needed improvements to the n-CRM, and motivate further development of data that
facilitate predictive evaluation of biomass models.

Introduction
For the US, Canada and many other nations with national forest
inventory (NFI) systems, individual tree measurements form the
basis for the monitoring, management and projection of forest
biomass stocks (Lambert et al., 2005; Woodall et al., 2011;
Neumann et al., 2016). Many different methods for tree biomass
prediction have been proposed, but they can generally be broken
down into three classes: (1) biomass equations that predict total
tree or tree component biomass directly from tree measurements, typically stem diameter at breast height (dbh); these are
often referred to as ‘allometric’ equations (Sileshi, 2014); (2) ‘biomass expansion factor’ (BEF) approaches that convert tree total
or merchantable stem volume into total tree biomass by integrating wood density with the stem volume estimates to predict
stem mass and the total tree mass (Segura and Kanninen, 2005;
Westfall, 2012); and (3) ‘hybrid’ approaches that use some elements of the previous two classes (i.e. a BEF for bole volume and
biomass, allometric models for belowground and crown components; e.g. Ver Planck and MacFarlane, 2015).

The Forest Inventory and Analysis (FIA) program in the US
utilizes a hybrid biomass estimation approach referred to as the
component ratio method (CRM; Woodall et al., 2011; Domke
et al., 2012). In the CRM, inside bark bole biomass is estimated
by expanding predictions from an allometric stem volume model with species-speciﬁc estimates of wood density. Stump and
crown components are then directly estimated using additional
allometric models (Raile, 1982; Jenkins et al., 2003), and bark
biomass is calculated using published bark ratio and bark speciﬁc gravity values for North American tree species (Woodall
et al., 2011). The CRM has the advantage of providing biomass
estimates that are consistent with volume estimates calculated
from FIA data, but is limited in that it makes strict assumptions
about several parameters that will affect total tree biomass
estimates, including: (1) wood and bark speciﬁc gravity; (2) average bark to wood ratio of the stem; and (3) allometric scaling
coefﬁcients of branch and foliage biomass models. While previously these assumptions were necessary to ensure consistent
biomass estimates within FIA, new datasets, coupled with datadriven methods for ﬁtting models such as Bayesian estimation
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Recent advances in forestry data science present the opportunity to revisit the CRM, with the aim of addressing these
important issues. These include the compilation of new datasets
that allow for direct evaluation of both total and component
biomass models (Radtke et al., 2017), as well as the proliferation
of new computational approaches that allow for prediction
uncertainty to be conditioned on these data. Bayesian estimation techniques provide a particularly convenient framework for
integrating the uncertainty of component models as in a hybrid
biomass estimation approach and, when speciﬁed with ‘weakly
informative’ priors (Gelman et al., 2003), allow these uncertainty
estimates to be largely informed by the ﬁt of component models to the best available data.
This study presents a new, modiﬁed version of the CRM
(n-CRM) and compares this hybrid approach to a standard allometric approach for estimating total tree biomass, with the
overall goal of understanding how aboveground components of
the hybrid approach (branch, foliage, stump and bark) contribute to the error in total mass estimation. We perform this analysis for six common, widespread species of the eastern US
(three hardwoods and three conifers), and we adopt a Bayesian
simulation approach that allows us to access estimates of prediction accuracy and uncertainty at the tree scale. The speciﬁc
objectives of the study were to: (1) develop and parameterize
the n-CRM and compare it to total mass allometric models for
each of the six study species; (2) analyze a suite of individual
traits to determine which factors have the largest inﬂuence on
the accuracy (i.e. residual error between predicted and observed
biomass) and precision (i.e. relative uncertainty estimates) for
each species; and (3) assess differences among species and/or
taxa (hardwoods vs. conifers) to formulate recommendations
for further improvements of the n-CRM approach.

Methods
Data
Data for this study were drawn from the US Forest Service legacy biomass database, a repository of more than 250 000 individual tree attribute records that has been collated from published and unpublished
sources, for the purposes of developing and calibrating tree-scale biomass and volume models (LegacyTreeData, 2016), along with data from
an ongoing project to enhance the legacy database (Radtke et al.,
2017). The key data for constructing and ﬁtting the n-CRM were: (1) bole
volume to a 10 cm top; (2) wood speciﬁc gravity; (3) bark ratio (i.e. bark
volume as a fraction of wood volume) of the bole; (4) bark speciﬁc gravity; and (5) aboveground biomass and component biomass (i.e. stem,
branch, foliage) data. Wood speciﬁc gravity, bark speciﬁc gravity and
bark ratio data were used to estimate both stem and stump biomass.
Total aboveground biomass, dbh and total height measurements for the
trees were used for ﬁtting the standard allometric model. The legacy
database is a data compilation, so while it is the best resource available
for ﬁtting models of US tree species, it is not a systematic sample of tree
attribute data. Consequently, we conﬁned our analyses to six species in
the dataset, three hardwood species (red maple (Acer rubrum L.), sweetgum (Liquidambar styraciﬂua L.), and white oak (Quercus alba L.)) and
three pine species (loblolly pine (Pinus taeda L.), slash pine (Pinus elliottii
Engelm.) and longleaf pine (Pinus palustris Mill.)). Each of these species
had reasonable samples (i.e. >100 observations of each attribute) of the
aforementioned variables across a range of tree sizes and locations
(Table 1).
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techniques, provide an opportunity to expand the CRM to better
account for among and within species heterogeneity in overall
biomass assessments.
A key issue for any biomass estimation approach is accurately predicting total tree biomass, which is important for veriﬁable national forest carbon inventories. However, an ideal
biomass estimation method should also accurately predict biomass components, as these are relevant to the valuation of
wood products and usage of the tree (Domke et al., 2012;
MacFarlane, 2015). However, for hybrid approaches such as the
CRM simultaneously estimating total and component biomass
with sufﬁcient accuracy and precision is challenging. Using a single allometric equation to directly estimate total biomass generally gives better results than adding up the sum of predicted
components (e.g. stems, branches, leaves), because of the additive errors of each of the predicted components (Parresol, 2001;
MacFarlane, 2015). BEFs extrapolate total biomass from the
stem, so their total mass estimation is limited by the accuracy
of the underlying stem volume equations, which are not necessarily well correlated with the volume and biomass of crown
components. A recent analysis by Radtke et al. (2017) showed
that the CRM underestimates live tree biomass in the eastern
US by ~6–17 per cent and that direct estimation via speciesspeciﬁc allometric models was more accurate than any of the
volume conversion methods they considered. Similar discrepancies between volume conversion and allometric modeling
approaches have been observed for population-level biomass
estimates in the US (Domke et al., 2012), as well as in
Scandinavia (Jalkanen et al., 2005). While small, this body of evidence corroborates a recent review of biomass methods by
Weiskittel et al. (2015) who suggested that allometric models
are ‘probably’ more accurate; at least for total biomass estimates. However, given that NFIs are typically used for both
volume and biomass stock assessments, BEFs and hybrid
approaches, such as the CRM, as well as models used by most
European nations (Neumann et al., 2016), have become common and relatively widespread. Ensuring consistency between
biomass and volume stock assessments is a great beneﬁt of
these methods, as it facilitates the accounting of carbon ﬂuxes
related to harvested wood products (Domke et al., 2012).
Given the competing these needs (e.g. consistency between
bole biomass and volume estimates, accurate estimation of components), hybrid approaches such as the CRM are a good compromise solution. Separate estimation of branch and foliage
components via allometric models allows for greater ﬂexibility in
predicting these biomass pools, which is preferable given the variable nature of tree crowns. However, in order to guarantee accurate and precise estimation of both total and component biomass,
the performance of these sub-models must be carefully evaluated
when embedded into a hybrid approach such as the CRM.
Currently, the CRM uses component ratio equations developed
based on biomass ‘pseudodata’ by Jenkins et al. (2003), yet previous work has shown that this approach exhibits signiﬁcant
bias and uncertainty in the prediction of crown components
(MacFarlane, 2015; Clough et al., 2016a, b). Further, the impact
of component models on the overall accuracy and precision of
total biomass estimates from hybrid approaches is unknown.
Since hybrid approaches are likely to remain commonplace for
NFIs that report both carbon and volume estimates, addressing these methodological gaps is an important priority.

Testing a new component ratio method for predicting total tree aboveground and component biomass

Table 1 Summary statistics for ﬁtting and validation datasets.
CRM datasets
Bole volume

Bark speciﬁc gravity

Red maple
Sweetgum
White oak
Loblolly pine
Longleaf pine
Slash pine

dbh2h (cm2*m)

N

Mean

SD

Mean

SD

N

Mean

SD

137
470
236
567
449
469

0.34
0.44
0.57
0.87
0.69
0.46

0.29
0.5
0.6
0.66
0.5
0.5

12 272.98
16 064.42
20 339.48
25 063.26
22 662.05
15 710.22

10 451.93
17 248.41
20 894.66
18 731.39
15 817.77
15 414.63

193
732
297
1808
625
831

0.52
0.37
0.53
0.32
0.38
0.35

0.05
0.07
0.07
0.1
0.1
0.05

Wood speciﬁc gravity

Red maple
Sweetgum
White oak
Loblolly pine
Longleaf pine
Slash pine

Red maple
Sweetgum
White oak
Loblolly pine
Longleaf pine
Slash pine

Bark ratio

N

Mean

SD

N

Mean

SD

233
745
306
3814
626
1723

0.49
0.47
0.64
0.46
0.56
0.51

0.06
0.02
0.03
0.05
0.07
0.06

348
745
333
567
799
1114

0.13
0.14
0.14
0.19
0.14
0.22

0.03
0.04
0.04
0.06
0.07
0.09

Branch biomass (kg)

Foliage biomass (kg)

dbh (cm)

N

Mean

SD

Mean

SD

Mean

SD

142
323
199
531
159
409

86.98
46.38
135.65
38.23
66.34
30.34

245.93
55.72
167.12
39.15
78.51
28.78

6.02
3.86
15.04
9.51
13.63
9.45

7.35
4.55
18.06
9.83
13.95
9.65

20.82
21.02
24.12
21.63
23.5
18.94

9.44
8.9
11.32
10
11.41
7.5

Allometric model and validation data
Fitting datasets
Total biomass (kg)
N
Red maple
Sweetgum
White oak
Loblolly pine
Longleaf pine
Slash pine
Validation datasets
Red maple
Sweetgum
White oak
Loblolly pine
Longleaf pine
Slash pine

Mean

dbh (cm)
SD

Mean

SD

142
323
199
531
159
409

269.75
239.11
467.78
241.57
348.53
190.75

485.57
278.51
534.65
331.92
349.13
253.3

20.82
21.02
24.12
21.63
23.5
18.94

9.44
8.9
11.32
10
11.41
7.5

58
155
48
369
95
152

311.95
526.85
1372.14
184.8
600.77
260.25

855.96
723.34
1747.97
270.46
455.15
381.67

17.28
27.11
36.58
19.98
29.05
20.68

14.43
14.9
19.73
7.87
10.75
10.3

Note that the CRM utilizes several data sources (stem volume, wood and bark speciﬁc gravity, biomass components) while the allometric model
uses only total aboveground biomass.
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Volume (m3)

Forestry

Modeling approach

Model ﬁtting
We adopted a Bayesian inferential framework for model ﬁtting. Bayesian
inference integrates prior information with likelihood functions drawn

Model validation and accuracy assessment
The summary output from the ﬁtted n-CRM and allometric models was
used to obtain tree-scale estimates of accuracy (residuals between posterior predicted means and observed values in the validation data) and
precision (relative uncertainty, deﬁned as the ratio of the posterior 95%
uncertainty interval and the posterior predicted mean) for all six species.
We assessed the role of ﬁve traits available from the validation data
in accounting for the accuracy and precision of the n-CRM and allometric
approaches: crown ratio (CR); ratio of foliage biomass to total aboveground biomass (FR); ratio of leaf biomass to stem area at dbh (FSR);
total height (ht; m); and diameter at breast height (dbh; cm). We
included the crown characteristics, in addition to height and diameter,
because the n-CRM separately estimates crown components (i.e.
branches, foliage) and because we expected large uncertainties associated with predicting these pools (Wirth et al., 2004; Wutzler et al.,

Table 2 Equations, and relevant references, related to the tree attributes that were simulated based on legacy data for each approach.
CRM

Attribute
Bole volume
Stump volume
Wood speciﬁc gravity
Bark speciﬁc gravity
Bark ratio

Allometric model

Biomass components (stem, branch,
foliage)
Total aboveground biomass

Equation
ln (Vol) = α + βln (dbh2ht ) + ε
π (dbh)2 ⎡
30.25 2⎤ α
2
2
Svol =
β ⎥
⎢ (α − β ) + 11β (α − β ) ln (ht + 1) −
4 (144) ⎣
h+1 ⎦β
WSG ~ Weibull (μ, τ )
BSG ~ Weibull (μ, τ )
BR ~ Weibull (μ, τ )

References
Woodall et al. (2011)

ln (BM) = α + β1 ln (dbh) + β2 ln (ht ) + ε

Clough et al. (2016a, b)

ln (BM) = α + β1 ln (dbh) + β2 ln (ht ) + ε

Jenkins et al. (2003)

Raile (1982)
n/a

For details on the conversion of n-CRM attributes to aboveground biomass estimates, see Woodall et al. (2011) and Appendix A.
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The ﬁrst step was to construct a data-informed hybrid model, modiﬁed
from the currently used CRM approach, which follows Woodall et al.
(2011). In brief, Woodall et al.’s (2011) approach uses standard regional
volume equations and species-speciﬁc tree density estimates within a
BEF approach to estimate bole biomass (Domke et al., 2012), with separate estimates for wood and bark density, as well as a model for stump
volume, based on the volume equations of Raile (1982). These are
expanded to give total biomass and then other component biomass
pools are estimated via component ratio models developed by Jenkins
et al. (2003) which predict the fraction in each pool from dbh. For more
complete details on the CRM approach, refer to Woodall et al. (2011).
The n-CRM employed in our study followed the protocols outlined in
Woodall et al. (2011), but with several important differences. Of course,
the most important is that rather than using ﬁxed scaling coefﬁcients
and expansion factors, we allow all n-CRM parameters to follow statistical distributions, and therefore reﬂect the uncertainty of each component in biomass estimates. Under the standard CRM approach, wood
and bark speciﬁc gravity are ﬁxed values, drawn from published
tables (Miles and Smith, 2009) and the bark ratios are predicted from
allometric models using dbh (Jenkins et al., 2003). In n-CRM, we allowed
the latter parameters to vary, following a statistical distribution derived
from the legacy data. Additionally, we also adopted some changes to
the component allometric models used in CRM. Speciﬁcally, n-CRM used
allometric models that estimate stem, branch and foliage biomass directly,
rather than using the component models of Jenkins et al. (2003), since
Clough et al. (2016a, b) suggest that this is a more accurate approach for
predicting biomass components. Each of these components was predicted
from tree dbh and height. Finally, the CRM applies an additional adjustment
when predicting sapling biomass, but given that we have observed biomass
data across a range of tree sizes we did not adopt this approach in n-CRM.
Since the legacy data do not possess observations of stump volume, we
follow the CRM in calculating the volumes of stump wood and bark empirically using models deﬁned by Raile (1982). Table 2 outlines the set of component models used within n-CRM.
Total tree biomass was predicted as a function of dbh (cm) and total
tree height (m) to provide a reference model to compare the n-CRM to
(Table 2). Both the dependent and independent variables were log transformed and then to ﬁt a linear function. Several authors have suggested
that a log-linear speciﬁcation reduces residual error in total tree biomass
predictions (Sileshi, 2014; Radtke et al., 2017).

from models ﬁtted to the data, allowing for generation of posterior predictive distributions for independent observations (i.e. validation data;
Gelman et al., 2003). In this way, Bayesian models naturally account for
uncertainty resulting from the model as well as data-level variance, and
are an ideal system for assessing the precision of different elements of
the biomass models.
Fitting of both the n-CRM and the allometric model was accomplished using Stan (Stan Development Team, 2015), based on 1000
Markov chain Monte Carlo iterations following a ‘warm up’ period of
1000 iterations from four Markov chains (i.e. a total of 2000 iterations).
To develop posterior predictive biomass estimates for the n-CRM
approach, we generated 2000 posterior simulations of the following
attributes for each observation in the validation datasets: (1) bole volume; (2) bark ratio; (3) wood speciﬁc gravity; (4) bark speciﬁc gravity; (5)
bole biomass; (6) branch biomass; and (7) foliage biomass. In addition,
we generated posterior simulations of total aboveground biomass using
the standard allometric model described above and in Table 2. This
approach resulted in tree-scale posterior predictive distributions (i.e.
2000 posterior simulations per tree) for the validation datasets of each
study species, generated using both n-CRM and allometric modeling
approaches. We summarized these distributions into mean estimates
and posterior uncertainty interval ranges (i.e. 95% uncertainty interval of
each posterior predictive distribution), which were used both to compare
overall performance of the two approaches for each species by root mean
squared percentage error and percent mean bias. We use these relative
measures to allow for better comparisons across species, where the datasets differed in tree size distribution. Additionally, model residuals and relative uncertainties for each prediction were saved for the traits-based
analysis aimed at assessing sources of uncertainty in each method.

Testing a new component ratio method for predicting total tree aboveground and component biomass

Results
Performance of n-CRM and allometric models for
predicting total tree biomass
Overall, our results suggest that the n-CRM tended to provide
more accurate predictions of total tree biomass, as evaluated
with root mean squared error (RMSE, see Table 3), in comparison
with species-speciﬁc allometric models. The n-CRM was more
accurate for four species (longleaf pine, slash pine, sweetgum
and white oak), with fairly large differences in accuracy for the
two pines (i.e. 20–30 per cent relative improvement) and much
narrower gains for the hardwood species (i.e. ~3 per cent). The
allometric model performed better for loblolly pine and red
maple, although for red maple the result was heavily inﬂuenced
by greater under-prediction of one large (~6 000 kg) tree in the
Table 3 Root mean squared percentage error and percent mean bias for
n-CRM and allometric models applied to each of the study species.
CRM (%)

Loblolly pine
Slash pine
Longleaf pine
Red maple
Sweetgum
White oak

Allometric (%)

RMSE

Mean bias

RMSE

Mean bias

29.82
18.31
19.74
19.74
72.71
27.91

8.42
−7.95
−4.88
−4.88
−17.23
−5.88

23.67
23.31
29.51
29.51
47.10
28.70

−2.41
−13.29
7.94
7.94
−8.71
3.52

validation dataset (Figure 1). In general, prediction performance
of both methods was poor for large (>1000 kg) red maples,
although only three such individuals were available for ﬁtting models. In the case of loblolly pine, the difference in RMSE between the
two methods was narrower, mainly arising from a tendency of the
n-CRM to over-predict the biomass of small trees (Table 4). Most
species showed opposing signs in bias estimates for the n-CRM
and allometric models, though these trends were not consistent
across species. For example, the n-CRM showed a negative bias
and the allometric model a positive bias for slash pine, but the
opposite was true of loblolly pine. In the case of longleaf pine both
methods under-predicted observed values (Table 4), though the
bias was less severe for the allometric model. White oak showed
similar bias between the two methods for smaller trees, but a
greater tendency of the n-CRM to underestimate large individuals.
White oak and sweetgum exhibited poorer accuracy by either
method when compared to the remaining four species.
Examining RMSE and bias for the component models used in
the n-CRM showed a negative bias for branch biomass and positive bias for foliage, with some exceptions (i.e. foliage biomass
for loblolly pine; Table 4). Bias of stem components was negative
for the three pine species and positive for the three hardwoods.
Comparing RMSEs to mean observed component biomass for the
validation data showed much poorer prediction accuracy for the
branch and foliage biomass models when compared to the stem
biomass model. However, accuracy of the branch models for the
three hardwood species was generally poorer than those ﬁtted to
the pines. The same was true of the foliage biomass models for
loblolly and longleaf pine, though the foliage biomass model for
slash pine had higher error.

Inﬂuence of individual traits on accuracy and precision of
n-CRM and allometric models
For the most part, the traits we considered explained little or no
variance for the residuals of both the n-CRM and allometric
model (Table 5). The exception was loblolly pine, where a moderate degree of variation was explained for both n-CRM and allometric model residuals (47 and 29 per cent, respectively). For
this species, CR had the highest importance score for n-CRM
residuals while DBH had the highest for allometric residuals.
Additionally, while the remaining residuals models explained little or no variance, the highest ranking variables were either
related to foliage biomass (FR, FSR) or overall tree size (DBH, HT).
Precision of the n-CRM predictions (i.e. relative uncertainties,
Table 5) was well explained by the traits, with these models
accounting for 54–92 per cent of the variance across all species. In
all cases, the most important variables were some combination of
CR, DBH and HT. The size variables were the most important for
longleaf pine and the three hardwood species, while DBH and CR
were most important for loblolly and slash pine. Allometric model
relative uncertainty was generally not explained by the traits we
considered, though a little more than half of the variance for red
maple was accounted for by size (DBH, HT).
To better understand the nature of the relative uncertainties
they were plotted against dbh for each species (Figure 2). In all
cases, the n-CRM displayed poor precision relative to the allometric model for small individuals (<10 cm dbh), but these differences disappeared for larger trees where the precision of
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2008; Clough et al., 2016a, b) to have a relatively large effect on overall
performance of the n-CRM, particularly in the case of small trees
(<10 cm diameter at breast height (dbh)).
We used a random forests (RF) analysis to assess the impact of individual tree measurements and traits on the performance of n-CRM and
the standard allometric model. We simulated 1000 trees from the RF
algorithm implemented in the ‘randomForest’ package for R (Liaw and
Wiener, 2002), and evaluated the inﬂuence of each trait on the percent
increase in mean squared error associated with each variable left out of
the selected model. This approach provided a quantitative assessment
of the relative impacts of different explanatory variables (i.e. tree size
(dbh and ht)) vs traits such as wood density or crown characteristics) on
the accuracy and precision of the n-CRM. This approach has been previously used to assess the inﬂuence of both plant functional traits and climate variables on forest productivity in the eastern US (Weiskittel et al.,
2011; Russel et al., 2014).
We withheld independent datasets from the available aboveground
biomass data in the legacy data repository for model validation. In general, we selected datasets that were totally independent (i.e. collected by
different authors at different locations) from the ﬁtting data. Since the nCRM uses different attributes than those used for ﬁtting allometric models
and validating predictive performance (i.e. volume, speciﬁc gravity and
component biomass datasets vs total aboveground biomass), this ‘holdout’ predictive approach was necessary. Since all of the relevant variables
are not available for every tree used in our analysis, testing on separate
datasets rather than doing ‘pseudo out-of-sample’ assessments via cross
validation procedures is necessary (Vehtari and Ojanen, 2012). Using fully
independent validation data represents a strong test of predictive performance (Vehtari and Ojanen, 2012), although in this case it also
required that inferences were made on a small number of datasets.

Forestry
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Figure 1 Predicted vs observed biomass for the CRM and allometric models.
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Table 4 Root mean squared percentage error and percent mean bias
for biomass components (stem, branch, foliage) according to the
component models used in n-CRM approach.
Stem (%)

Branch (%)

Loblolly pine
Longleaf pine
Slash pine
Red Maple
Sweetgum
White oak

25.1
21.3
17.2
58.8
19.8
20.9

−2.3
−13.8
−1.0
0.1
5.0
5.5

66.0
59.5
92.1
289.1
107.3
105.5

Mean bias RMSE
4.2
−11.0
−21.4
−52.2
−35.1
−42.0

Mean bias

50.6 −3.0
46.0 −16.0
185.8
72.6
127.7
27.7
75.5
16.0
262.7 161.4

both approaches is generally comparable. This trend is particularly apparent for red maple, where relative uncertainties were
very high (up to 700 per cent) for small trees, which agreed with
the ﬁnding that dbh and ht inﬂuenced prediction precision for
red maple even if size did not have a large impact for other
hardwoods. In slash pine and red maple, the n-CRM maintains a
small but notable higher uncertainty even for larger individuals,
while the remaining species show comparable performance
between the two methods. Note however that the validation
dataset contains only four red maples >1000 kg in biomass. In
all cases, the relative uncertainties for the n-CRM method
exceed that of the allometric models, indicating greater precision with the allometric approach. However, the relative uncertainties were generally large (greater than 75 per cent, and in
most cases greater than 100 per cent) across all species, indicating very poor precision in these data-ﬁtted models regardless
of whether a n-CRM or allometric equation is used.
Since the n-CRM also gives component biomasses, in addition
to total biomass, we were also able to examine how the parts
contributed to prediction of the whole for this method
Examining the same relationships (i.e. posterior relative uncertainty plotted against dbh) for aboveground biomass components provides further context for the patterns in overall
biomass uncertainty (Figure 3). In components the uncertainty/
size relationship was less severe, with the exception of branch
and foliage biomass for red maple, which showed a relationship
between relative uncertainty and dbh. Hardwoods showed generally higher relative uncertainty in branch and foliage predictions when compared with the three pine species. In particular,
red maple and sweetgum show relative uncertainties >200 per
cent for foliage biomass, and uncertainties between 150–200
per cent for branch biomass. By contrast relative uncertainties
for foliage were lower for softwoods, although both branch and
foliage relative uncertainty were comparable to that of white
oak. Relative uncertainty of the stem model was fairly comparable across all six species, although in loblolly pine the relative
uncertainty of all three components was similar and higher
than stem relative uncertainty in the other species.

Discussion
Our analyses revealed several important trends related to tree
biomass estimation via n-CRM relative to a standard allometric
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RMSE Mean bias RMSE

Foliage (%)

approach which only uses dbh and height. First, our results
show that n-CRM can at least provide comparable predictive
performance to standard allometric approaches for predicting
total tree biomass, and for some species may offer improvements in prediction accuracy. However, it also needs to be
recognized that the n-CRM uses considerably more information
to do so (Table 2). Both the n-CRM and the allometric models
here used height and dbh as baseline predictors, but the n-CRM
also used wood density, which has been shown to improve both
component and total tree mass estimation (MacFarlane, 2015).
Though less accurate in four of six cases, the allometric models
had lower uncertainty overall and a generally constant invariance over the size range. This suggests that standard allometric
models are more precise than the n-CRM-type approaches, particularly for small trees, but may have greater bias. This bias
likely comes with the assumption of constant scaling across
size, which is a hallmark of allometric scaling theory (Enquist
and Niklas, 2001), although our results indicate that these
trends may be less consistent for crown components.
Second, the crown component (branches, foliage) models
used in the n-CRM showed poor prediction accuracy and precision (relative uncertainty) when compared to stem biomass,
particularly for hardwood species. Previous work by Clough et al.
(2016a, b) highlighted substantial uncertainties that arise when
predicting component biomass pools such as foliage with hierarchical models ﬁtted to biomass data, and application of similar component biomass models within the CRM in this analysis
ﬁts with this pattern. Crown components occupy a much larger
proportion of total biomass at smaller size classes, so uncertainty in foliage and branch biomass accounts for the much
poorer precision of the CRM when applied to smaller diameter
trees. This effect is particularly apparent for red maple, which
was also the only species to show substantial size dependence
(i.e. poorer precision for small trees) in the relative uncertainty
of its biomass components as well.
Third, results of posterior predictive assessment show size
dependence in precision of CRM predictions across all species,
which is linked to both dimensional and crown attributes by the RF
analysis. The pattern of exponentially decreasing relative uncertainty across size from the CRM, with constant relative uncertainty
from the allometric model, is particularly striking. These results
agree with a stand-level comparison of BEFs and allometric models conducted by Jalkanen et al. (2005), who found that BEFs produced higher relative standard errors than allometric models
across all age classes, with generally poorer precision of both
methods among younger trees. However, unlike Jalkanen et al.
(2005), we found that the relative precision of the two approaches
were strongly size dependent (i.e. Figure 2). This disagreement is
probably explained by methodological differences: their study used
a BEF to convert stem volume to total aboveground biomass, while
our approach followed Woodall et al. (2011) in using a BEF to calculate bole biomass and separate allometric equations for crown
components. Thus, while our results generally conﬁrm the CRM as
a comparable method for biomass estimation of major North
American tree species, they also reveal important gaps in the CRM,
such as the very poor precision of predictions for small diameter
trees relative to standard allometric models. Such issues inﬂuence
the overall precision of biomass stock assessments calculated
from NFIs, but also highlight the role of predictive model assessment for improving forest biomass estimation procedures.
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Table 5 Variable importance scores (%IncMSE) and ﬁt statistics (R2; MSE) for the residuals for the full model and two variable models ﬁt with the RF
algorithm.
Variable importance (% increase in MSE)

Loblolly pine
CR
FR
FSR
HT
DBH
R2
MSE
Longleaf pine
CR
FR
FSR
HT
DBH
R2
MSE
Slash pine
CR
FR
FSR
HT
DBH
R2
MSE
Red maple
CR
FR
FSR
HT
DBH
R2
MSE
Sweetgum
CR
FR
FSR
HT
DBH
R2
MSE
White oak
CR
FR
FSR
HT
DBH
R2
MSE

22.3*
18.7
17.78
19.57**
14.22
0.47
562.8

n-CRM relative
uncertainty

Allometric residuals

Allometric relative
uncertainty

34.5**
19.8
23.2
29.4
39.1*
0.92
0.002

16.7
22.2**
18.2
16.1
31.4*
0.29
1166.2

16.7*
15.6
5.8
15.7**
11.9
−13.71
9.00E-04

3.4
13.4**
19.8*
10.3
7.9
8.57
7020.1

14.3
11.6
9.5
28.3*
28.1**
85.86
2.00E-03

3.9
10.4
12.1**
12.7*
8
4.66
9068.2

9.3
12.1**
8.7
8.1
13*
1.92
1.00E-04

6.4
9.1**
10.2*
1.7
−3.9
−5.61
2611.8

25.8**
14.4
13.4
25.1
29.6*
93.85
2.00E-03

5
11.6**
9.1
12.3*
9.4
−5.3
3925.9

9.6
9.9
2.8
10**
13.6*
−16.03
2.00E-04

9.5*
3.2
8**
1.7
1.3
−19.74
5122.3

11.5
14.2
10.7
14.6**
17.2*
54.22
5.00E-04

5.5
2.4
8.8*
6.5**
−1.7
−14.27
16 284.9

9.5
13.4
8.8
15.7**
17.4*
54.9
5.00E-04

6.8
11.1**
12.6*
2.9
10.2
−0.17
10 541

28.5
15
13.9
29.7**
30.8*
94.55
2.00E-03

2.2
12.2*
10.8**
−4.7
0.7
−27.43
14 841.9

10.5
7.8
2.9
11.2*
12.5*
−25.06
3.00E-04

2.52
−1
−1.6
9.7**
17.6*
−5.94
51 795

15.5
12.3
5.7
20.7**
21.5*
87.9
0.01

−2.5
−2.9
−3.8
14.1*
13.6**
−10.63
140 989

1.2
8.9
10.2**
5.7
12.7*
2.66
2.00E-04

Separate models are presented for n-CRM and allometric model, as well as the relative uncertainties, for each of the study species. * Indicates the
most important variable of the two variable model and ** indicates the second variable.
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n-CRM residuals

Testing a new component ratio method for predicting total tree aboveground and component biomass

Species-related inﬂuences on results
The species-level traits that inﬂuenced performance of both the
CRM and allometric models highlight possible ways to improve
the overall accuracy of biomass stock assessments.

The differences in accuracy and precision of component biomass models between pine and hardwood species may be
related to general differences in whole-tree architecture and
growth between the two taxa. Conifers tend to have an
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Figure 2 Relative uncertainty of biomass predictions (posterior 95% uncertainty interval/posterior mean) vs diameter at breast height (dbh) for the
component ratio model (CRM) and allometric model (Allometric).

Forestry

excurrent, vertical crown structure (i.e. low width and but relatively high depth in the canopy) and strong vertical growth,
which distributes branch and foliage biomass along a similar
vertical axis to stem biomass. By contrast hardwood tree species typically exhibit decurrent crowns where most or all of the
crown biomass arises from a single plane at the top of the stem

584

and large branches may account for a signiﬁcant proportion of
the overall tree biomass (MacFarlane, 2010). These differences
have been previously noted as reasons why incorporating crown
dimensions into models of bole volume might be less effective
for conifers than for hardwoods (Thomas and Parresol, 1991;
Valentine and Gregoire, 2001). In conifers, crown dimensions
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Figure 3 Relative uncertainty of component biomass predictions (95% posterior uncertainty interval/posterior mean) vs dbh.

Testing a new component ratio method for predicting total tree aboveground and component biomass

Future application of n-CRM in the US’ NFI
The CRM is the current approach for quantifying forest biomass
in the US National Greenhouse Gas Inventory (EPA, 2016), and
our results highlight a need for model improvements to increase
the precision of overall biomass stock assessments. Most
importantly, our results provide both an overall assessment of
the uncertainty in biomass CRMs, as well as some indication of
the most important contributors to overall error. Taken together,
these results present a case for both data-driven approaches to
biomass estimation, as well as the ‘hybrid’ estimation approach
relative to allometric models. However, they also indicate

speciﬁc methodological improvements to the current CRM that
may improve the accuracy of biomass predictions.
The scale of prediction uncertainty from n-CRM, as well as
the distribution of precision estimates among species and size
classes, is perhaps the most important ﬁnding of our work in
that it presents a strong case for utilizing data-driven approaches
to estimate biomass within NFIs. The current CRM method
assumes that both BEFs as well as allometric scaling coefﬁcients
are ﬁxed (Woodall et al., 2011), which does not allow for prediction
uncertainty to be directly assessed at the tree scale. By contrast,
n-CRM uses the Legacy Tree Database to ﬁt models via Bayesian
estimation techniques, which naturally allow for posterior uncertainty assessments that capture both model and residual error to
be derived. This is advantageous over CRM because accurate quantiﬁcation of error in biomass stock assessments is part of the
United States’ reporting commitments under the United Nations’
Framework Convention on Climate Change (EPA, 2016), and the
current CRM approach ignores tree-scale model error (Clough
et al., 2016a, b). Of course other the n-CRM approach could be
adopted to other statistical frameworks, particularly when point
estimation is the main goal and uncertainty assessments are not
necessary. However even in these cases the Bayesian framework is
useful for continuous updating of models, where previous predictions and parameter estimates act as priors for updates to n-CRM.
This feature provides a convenient workﬂow for continuously
expanding models (Gelman et al., 2003), which is useful since the
Legacy data and other data resources will grow as additional sampling efforts are undertaken.
From the perspective of obtaining accurate biomass estimates,
our results provide some evidence to prefer component ratio
approaches over allometric models. Overall, we demonstrate that
the n-CRM is capable of producing better or comparable accuracy
to allometric models, but exhibits poor precision when predicting
biomass of smaller trees across a range of softwood and hardwood species. The trait analysis we conducted, along with the posterior uncertainties of branch and foliage biomass, indicates that
this pattern is driven by large posterior prediction uncertainties in
crown components, particularly foliage biomass, which make up a
large proportion of overall biomass in smaller trees. The models in
our CRM implementation use dbh and height as predictors, but
our trait analysis supports the inclusion of auxiliary variables
such as crown diameter (MacFarlane, 2015) or metrics (potentially drawn from remote sensing datasets; e.g. Jucker et al.,
2017) to increase both precision and accuracy. However, while
precision of CRM predictions was explained by some of the
traits we considered, model residuals were generally not well
accounted for, suggesting additional factors which inﬂuence
the accuracy of the CRM approach. In general, our results suggest that standard allometric modeling approaches may be
suboptimal for addressing the overall architecture and variation in crown biomass in conifers, particularly pines, and that
therefore n-CRM is likely to produce better component biomass
estimates. Given that n-CRM also provides the advantage of
consistent biomass and volume assessments, and that accuracy was better or comparable to allometric models for the six
species we assessed, our results provide support for the application of component ratio approaches within NFIs.
However, our work also suggests that improvements are
needed to the CRM method if it is to be applied for developing
national biomass stock assessments. In particular, our posterior

585

Downloaded from https://academic.oup.com/forestry/article-abstract/91/5/575/5060316 by National Forest Service Library user on 01 July 2019

are generally proportional to overall tree size, so they add little
new information to a bole model (MacFarlane, 2010). However,
a more uniform crown structure should mean that allometric
functions for predicting crown components based on tree size
should perform better for conifers than for hardwoods. Our
results provide some indication of this, at least when comparing
the pine and hardwood species considered by our study. The
better prediction accuracy of the component models for the
pine species suggests that separately modeling biomass components as in the CRM might be a better approach for conifers
than for hardwoods. It should also be noted that all three hardwoods we analyzed are at least relatively shade tolerant species, which may have denser wood and shorter boles that can
support large crowns, even in sub-canopy positions (Ninements
and Valladares, 2006). However, the legacy data we employed
are a compilation of studies collected from multiple locations,
so disentangling the effects of management (i.e. plantation vs
natural stands), competition and other site-speciﬁc factors
which many inﬂuence biomass allocation to crowns is challenging and beyond the scope of our study. So, while our results
point to some general patterns, fully evaluating whether these
results generalize to other sites and/or species requires a more
diverse sample of crown biomass data.
In addition to accounting for general differences in tree
architecture, directly modeling biomass components may
account for other methodological gaps as well. Allometric scaling theory assumes that branching networks such as tree
crowns are volume ﬁlling, but the pine species we studied can
exhibit substantial variation in relationships between crown volume and tree size (Chmura et al., 2007). Additionally, branch
senescence, which is common in pines, is poorly accounted for
by allometric models, unless they incorporate an auxiliary variable such as CR (Mäkelä and Valentine, 2006). In these cases,
directly predicting component biomass with their own allometric relationships (i.e. dbh-branch; dbh-foliage), rather than integrating these into a whole-tree biomass estimate, may
represent a more accurate approach. This notion is partly validated by our comparison of total aboveground biomass predictions for the CRM and allometric model, where the former
tended to perform better for the pine species. The exception is
loblolly pine where the allometric model showed a modest relative improvement in accuracy that seems to be related to lower
bias in predicting small diameter trees. However, given the
broad morphological and biological similarities between these
three pine species, this difference likely arises from broad differences in site level factors such as management regime.
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analysis suggests that substantial improvements to crown component models are necessary if the CRM is to be relied upon for
producing accurate, precise biomass predictions within national
forest inventories. In particular improvements to crown component models are necessary, and more ﬂexible approaches for
modeling stem biomass may help reduce prediction uncertainty
in hardwoods and small stems. Radtke et al. (2017) also demonstrate signiﬁcant gains via alternative model formulations
with the CRM, though ultimately conclude that allometric models still provide more accurate biomass stock assessments. The
methodological changes considered in their study should be
considered for implementation, and our work extends these
results by arguing for additional exploration of key plant traits
which may account for variation in component ratio models.
While the inferences in our study are based on a small number
of validation datasets owing to the hold-out predictive approach
necessitated by the CRM/allometric model comparison, the
trends across hardwood and softwood species in our study suggest that future work should seek to understand how these patterns generalize for larger, more representative biomass
datasets. The ‘out of sample’ prediction we performed is akin to
applying ﬁtted models to independent tree measurements
within NFIs, so our results indicate that the largest expected
inﬂuences would be for early successional forests and resourcelimited ecosystems, where trees maintain small stature such as
the ‘pine barrens’ forest types found throughout the Atlantic
coastal plain in the eastern US.
Finally, these analyses would not be possible without large,
independent data resources such as the legacy tree data repository used here. These are invaluable for conducting robust predictive evaluation, and for critiquing the performance of
different models as we do here. As data for more species and
sampling locations are added worldwide (e.g. Jucker et al.,
2017), additional inferences on traits driving variation in biomass stock estimation procedures, as well as more robust comparisons of alternative biomass model formulations, will be
possible. Additionally, the overall large relative uncertainties we
observed (i.e. greater than 75 across all species regardless of
the method applied) indicate that, regardless of the approach,
allometric model error requires consideration as a source of
uncertainty when predicting biomass at stand to regional levels.
Resources such as the legacy data are crucial for ensuring that
these uncertainties are accurately captured and accounted for
in biomass stock assessments.
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Appendix A
This appendix extends the description of the n-CRM approach in the
main body of the paper with additional details related to the computation of total aboveground biomass (AGB). Computing AGB with n-CRM
involves separate estimation of tree-scale attributes using several component models, described in Table 2, which are then converted to
whole-tree biomass using expansion factor and additive approaches.
The n-CRM is closely related to the component ratio method described
by Woodall et al. (2011), and computational procedures closely mirror
methods used by those authors. For this reason, our treatment here is
brief and readers should refer to Woodall et al. (2011) for further background on the component ratio method.

Before discussing computation of AGB, few additional notes on the statistical methods underlying n-CRM are warranted. As discussed in the
Methods section, n-CRM is ﬁt as a Bayesian model in Stan, with each
sub-model ﬁt separately and resulting posterior predictions used to general posterior estimates of individual tree total biomass. The speciﬁcation of a Bayesian model requires the selection of prior distributions for
model parameters, and we generally chose ‘weakly informative’ prior
distributions that were designed to facilitate efﬁcient Markov chain
Monte Carlo (MCMC) sampling without placing any prior information on
the posterior parameter estimates, and thus allowing these to be fully
informed by the ﬁtting legacy data. For regression coefﬁcients such as
those in the stem volume, total biomass, and component biomass models these were normal priors with a mean of zero and a scale equivalent
to several standard deviations (i.e. β~N (0, 25) , although precise speciﬁcations varied depending on the scale and units of the data. Scale parameters, including both data-level variances and variance of regression
coefﬁcients were speciﬁed with weakly informative half-Cauchy priors
(i.e. τ~Cauchy (0, 5) ). Once sub-models were speciﬁed, the 1 000 posterior simulations were drawn from 4 MCMC chains following a ‘warm up’
period to allow for model convergence (2 000 total iterations). Posterior
predictive draws were taken for each tree in the ﬁtting data simultaneously and saved as n x 2 000 matrices of predicted attributes where n
= 1,…,N observations in the validation datasets. In the proceeding section the computation of total biomass is described for one point estimate, but it should be understood that in our procedure these
calculations were done using every row of these matrices of posterior
predictions, thus generating 2 000 posterior estimates of AGB.
Computing AGB via the n-CRM
Our algorithm for converting posterior predictions of the sub-models in
Table 2 to posterior estimates of total biomass proceeds as follows:
Step 1: Calculating stem wood, stem bark, and bole biomass
Posterior predictions of stem wood volume (Vol ) and bark ratio (BR ) are
generated by ﬁtting relevant equations in Table 2 to the ﬁtting data.
From these stem wood volume arises naturally while bark volume is
subsequently estimated as:

Volbk = Vol ∗ BR

(A.1)

where all three elements are n × 2 000 matrices of posterior predictions, and these dimensions should be assumed for all subsequent calculations. Once wood and bark volumes are obtained
they are expanded into biomass using posterior predictions of
wood speciﬁc gravity (WSG) and bark speciﬁc gravity (BSG) as:

BMwood = Vol ∗ WSG ∗ k

(A.2)

BMbark = Volbk ∗ BSG ∗ k

(A.3)

where k is constant that converts biomass estimates to green
weight (kg). Once estimates of wood and bark biomass are
obtained, total bole biomass is calculated as:

BMbole = BMwood + BMbark

(A.4)
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Step 2: Calculating CRM adjustment factors

Volsbk = Volsosb − Volsisb

CRMadj =

BMbole
BMstem

(A.5)

where BMstem is predictions of stem biomass from the dataﬁtted stem allometric model described in Table 2.

Stump wood and bark biomass are then calculated using the same
expansions described in (A.2) and (A.3), but substituting stump wood
and bark volume for bole wood and bark volume. Stump biomass is
then calculated as:

BMstump = (BMstumpwood + BMstumpbark ) ∗ CRMadj

(A.7)

Top biomass is calculated as the sum of predictions from the branch
and foliage allometric models in Table 2, with the CRM adjustment factor applied:

BMtop = (BMbranch + BMfoliage ) ∗ CRMadj

(A.8)

Step 3: Estimate component (stump, branch, foliage) biomass
Step 4: Calculate total aboveground biomass
As described in the Methods section, the legacy data do not possess
measurements of stump biomass or volume, so we use an expansion
factor approach that synthesizes our data-estimated posterior distributions of WSG and BSG with empirically calculated estimates of stump
vole using the equations of Raile (1982; Table 2). In brief, these models
separately estimate stump outside bark volume (Volsosb ) and inside bark
volume (Volsisb ) and then obtain stump bark volume as:
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In the ﬁnal step, total aboveground biomass is calculated as the sum of
the bole, stump, and top components:

BMagb = BMbole + BMstump + BMtop
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The approach used by Woodall et al. (2011) applies ‘CRM adjustment factors’ to estimates of component biomass obtained via the CRM. The purpose of these adjustments is to correct biomass estimates obtained via an
expansion factor approach relative to those obtained using component
allometric equations (Jenkins et al., 2003). While it is unclear that these corrections are necessary when performing a data-ﬁtted hybrid approach
such as n-CRM, we preserved this step to remain consistent with current
USFS procedures. Given the general posterior mean agreement between nCRM and the allometric model (e.g. Figure 1) the practical impact of these
adjustments on our work is small. The adjustment factor is calculated as:

(A.6)

