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a  b  s  t  r  a  c  t

Estimation  of  live  tree  biomass  is  an  important  task  for both  forest  carbon  accounting  and  studies  of  nutri-
ent  dynamics  in forest  ecosystems.  In  this  study,  we  took  advantage  of  an extensive  felled-tree  database
(with  2885  foliage  biomass  observations)  to compare  different  models  and  grouping  schemes  based  on
phylogenetic  and  geographic  variation  for predicting  foliage  biomass  at the  tree scale.  We  adopted  a
Bayesian  hierarchical  statistical  framework,  first to compare  linear  models  that  predict  foliage  biomass
directly  to models  that separately  estimate  a  foliage  ratio  as  a component  of  total  aboveground  biomass,
then  to  compare  species  specific  models  to both  ‘narrow’  and  ‘broad’  general  biomass  models  using the
best  fitted  functional  form.  We  evaluated  models  by  simulating  new  datasets  from  the  posterior  pre-
dictive  distribution,  using  both  summary  statistics  and  visual  assessments  of  model  performance.  Key
findings  of  our  study  were:  (1) simple  linear  models  provided  a better  fit  to  our  data  than  component  ratio
models,  where  total  biomass  and  the  foliar  ratio  are estimated  separately;  (2)  species-specific  equations
provided  the best  predictive  performance,  and there  was  no  advantage  to  narrow  species  groupings  rel-
ative  to  broader  groups;  and  (3)  all three  model  schemes  (i.e.,  species-specific  models  versus  narrow  or
broad groupings  proposed  in  national-scale  biomass  equations)  tended  to  over-predict  foliage  biomass
and  resulted  in predictions  with  very  high  uncertainty,  particularly  for  large  diameter  trees.  This  analysis

represents  a fundamental  shift  in  carbon  accounting  by  employing  felled-tree  data  to refine  our  under-
standing  of  uncertainty  associated  with  component  biomass  estimates,  and presents  an  ideal  approach  to
account  for  tree-scale  allometric  model  error  when  estimating  forest  carbon  stocks.  However,  our  results
also  highlight  the  need  for substantial  improvements  to both  available  fitting  data  and  models  for  foliage
biomass  before  this  approach  is  implemented  within  the  context  of  greenhouse  gas  inventories.
. Introduction

Estimation of live tree biomass from forest inventory data,
ypically using regression models with individual tree measure-

ents as covariates, is important for both forest carbon accounting
nd studies of nutrient flows across whole ecosystems (Houghton,
003; Jenkins et al., 2003; Schroeder et al., 1997). While many mod-
ls have been developed for total tree biomass, it is often desirable
o have individual estimates of particular biomass components (e.g.

eaves, branches, and roots) as these stocks play key roles in many
cosystem processes (Chapin et al., 2002). For example, the bulk of

 tree’s nitrogen is found in foliage (Wirth et al., 2004) while fine
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roots are involved in the exchange of both nutrients and carbon at
the plant–soil interface (Bardgett et al., 2014). However, empirical
observations of tree component biomass stocks are costly and dif-
ficult to collect in the field, let alone during a systematic inventory
of forests at scales ranging from an individual stand to national
efforts (e.g., IPCC, 2006). Models that provide reliable estimates
with realistic uncertainty bounds are necessary for forest ecosys-
tem research, monitoring, and reporting of national greenhouse gas
inventories (Baker et al., 2010).

Despite the need, a consistent methodology for estimating
biomass components from forest inventories is lacking. Felled-tree
data are required to estimate parameters in biomass models, but

studies that have accurately sampled biomass components are rare
relative to those that have sampled whole trees (Jenkins et al., 2003;
Zianis et al., 2005). In addition, component stocks are often highly
variable. Foliage is particularly dynamic, varying both across space
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i.e., individual tree sizes) and time (i.e., leaf longevity). Tree foliage
iomass is influenced by a host of factors including but not limited
o: genetic variation, climate, geography, stand dynamics, and dis-
urbance events (Niinemets, 2001; Reich et al., 2014; Wirth et al.,
004). Understanding these dynamics requires models tailored to
iomass components to both improve predictive accuracy and to
nderstand the scale of uncertainty in component stocks relative
o that of whole tree estimates.

Thus far, two general frameworks have been proposed for mod-
ling foliage biomass (Bartelink, 1998). One approach involves
he relationship between the area of conductive tissue located in
he tree stem at the base of the crown and the amount of leaf
iomass it supports (Mäkelä, 1986; Shinozaki et al., 1964; Valentine
t al., 1985). This approach has been used to construct models
hat directly estimate leaf biomass based on stem cross section
Robichaud and Methven, 1992; Waring et al., 1982; Wirth et al.,
004; Zellers et al., 2012):

n(BMfol) =  ̨ +  ̌ ∗ ln(d) (1)

here BMfol is foliage biomass, d is a proxy of sapwood area (typ-
cally diameter at breast height; dbh), and  ̨ and  ̌ are model
arameters. Although the parsimonious nature of these models is
ttractive, their application may  be limited due to poor relation-
hips between dbh and the area of conductive tissue higher up the
tem (Bartelink, 1996; Bond-Lamberty et al., 2002; Laubhann et al.,
010).

An alternative approach is to estimate total tree biomass as well
s a component ratio for foliage using models dependent on tree
omponent and region (Domke et al., 2012). An estimate of foliage
iomass (or other tree components) can then be obtained for an

ndividual tree by multiplying these two quantities together, which
elies on consistent patterns of resource allocation within species
unctional groups. The component ratio method (CRM) is currently
sed by the United States (U.S.) Forest Service to estimate biomass
omponents in the national Forest Inventory and Analysis (FIA) pro-
ram (Woodall et al., 2011). This approach is appealing because
n that patterns of resource allocation vary in response to predic-
or variables (e.g., tree size, climate, geography; Reich et al., 2014).
owever, most published regression equations for these foliar com-
onents are based on small datasets, while patterns of biomass
llocation across species remain poorly understood (Chojnacky
t al., 2013).

Beyond establishing an appropriate functional form for foliage
iomass, it is also important to consider how tree species will
e grouped to develop general biomass equations. An obvi-
us approach is to use species-specific models, but this may
resent some disadvantages. Because felled-tree data are generally
equired to parameterize biomass models, the absence or under-
epresentation of a particular species in such datasets can hinder
he development of species-specific models. Combining multiple
pecies into functional groups, such as those proposed by Jenkins
t al. (2003) and Chojnacky et al. (2013), can address this issue
y allowing analysts to obtain biomass estimates using data from
pecies assumed to be similar to those absent in observed datasets
Weiskittel et al., 2015). The determination of such functional
roups is often subjective. The method of grouping may  success-
ully categorize the most common species into unique groups, but
etermining how rare and/or infrequent species are accounted for
emains an open question (Picard et al., 2010). For instance, the
0 species groups proposed by Jenkins et al. (2003) were based
n coarse geographic and taxonomic factors, while the 35 groups
stablished by Chojnacky et al. (2013) considered more refined

hylogenetic and allometric relationships. It is important to note
hat neither of these studies were based on actual biomass obser-
ations but instead used pseudodata simulated from a range of
ublished biomass models. This highlights the need for empirical
delling 333 (2016) 79–91

observations of felled-tree total and foliar biomass data to inform
component biomass models.

Given that model development has primarily focused on total
biomass, there is a clear need for a consistent methodology for esti-
mating component biomass stocks that has been validated using
felled-tree datasets. This includes both establishing an appropri-
ate model functional form as well as ideal groupings for nationally
consistent component biomass equations. In this study, we  used an
extensive database of felled tree data compiled from previous pub-
lished and unpublished work to compare multiple models for tree
foliage biomass for the primary species occurring across the U.S. We
focused on foliage since it is a highly dynamic yet poorly understood
carbon pool that is an important parameter in numerous nutrient
budget models (e.g., PnET, CENTURY). Our specific objectives were
to: (1) develop and compare multiple functional models for foliage
biomass (i.e., simple models and component ratio models) at the
species level; and (2) assess the performance of species-specific
equations versus the broad species grouping proposed by Jenkins
et al. (2003) and the narrower grouping of Chojnacky et al. (2013)
(hereafter referred to as “broad” and “narrow” groupings, respec-
tively) when fit to observed foliage biomass data.

2. Methods

2.1. Study area

Data used in our study were collected at 130 locations in the U.S.
and Canada (Fig. 1). The majority of the sampling locations were
in the southeast U.S., though data were also used from the north-
ern states, at several locations from the western U.S. and Canada,
and from one location in interior Alaska. Since previously published
biomass data were employed, it should be noted that the number
of species and sample sizes at each location varied widely.

2.2. Legacy biomass database

For our analysis, we  used an extensive database of felled-tree
biomass estimates, hereafter referred to as “legacy data,” that has
been assembled as part of ongoing efforts to improve the volume,
biomass, and carbon models used by FIA for conducting forest
resource inventories (Weiskittel et al., 2015). The database con-
tains original records of felled tree data, from both published and
unpublished work, collected between 1960 and 2013. For our mod-
eling work we  only retained observations where leaf biomass, dbh,
and total height were measured. We  excluded individuals that
were smaller than 12.7 cm dbh, as biomass allocation patterns in
seedlings and saplings differ from that of mature trees and are typ-
ically modeled separately (Jenkins et al., 2003; Nelson et al., 2014).
We also removed any species with fewer than four observations to
maintain as much diversity as possible within the broad and nar-
row species groups we considered. These filters resulted in a final
sample of 2885 observations from 49 studies. A total of 65 species,
24 of the 35 Chojnacky et al. (2013) narrow species groups, and all
10 Jenkins et al. (2003) broad species groups are represented in this
sample (Fig. 2; A1).

2.3. Design of Bayesian hierarchical model

Bayesian hierarchical models are useful for the development
of multispecies tree component biomass models because they
account for the richness in correlation structures needed in such

analyses, and the analysis of posterior distributions naturally
allows for a complete assessment of uncertainty in biomass pre-
dictions (Finley et al., 2008; Green et al., 1999). In our analysis, we
used the same error structure for each model we considered, so
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Fig. 1. Approximate locations for the 130 sampling sites in the legacy database for which measurements of foliage biomass, dbh, and height were available.

Fig. 2. Graphical summary of mean diameter-at-breast height (cm), total height (m), and foliage biomass (kg), by species, for the legacy data. A detailed tabular summary of
the  data may  be found in the appendix.
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ifferences will only be noted when warranted. A log-linear model
or foliage biomass using the legacy data can be written as:

n(BMij) = ˛j + ˇj ln(dbhij) + �kA + ε, (2)

here BMij is tree foliage biomass (kg) and dbhij is stem dbh (cm)
or i = 1, . . .,  2885 observations, ˛j and ˇj are regression coefficients
or j groups (j = 65 for species-specific models, 24 for narrow groups,
r 10 for broad groups), �k represents a vector of k random effects
o account for variation among the 49 studies in the database, A is a
orresponding k × i study design matrix, and ε ∼ N(0, �2) is a zero-
entered Gaussian distribution of white noise errors with variance
enoted by �2.

In Bayesian hierarchical modeling, our goal is to draw a reason-
ble posterior distribution of model parameter values (˛j, ˇj, �k,
nd �2 in Eq. (2)) by integrating information from the data (the
ikelihood distribution) with a distribution of our prior belief about
he parameters on which we wish to draw inference (Congdon,
006). In a hierarchical model, we can further place hyper-prior
istributions upon the parameters of these prior distributions (i.e.,
ean and variance for a normal prior). This property permits us

o assume exchangeability among groups and to develop a nested
rror structure for our parameter estimates (Gelman et al., 2003).
his is important in our work as we wish to estimate model param-
ters separately for our j species groups, but we believe that the
rocess from which these estimates arise is similar across species.
o accommodate this, we placed the following prior distributions
n the regression coefficients:

j∼N(�˛, �2
˛) (3)

j∼N(�ˇ, �2
ˇ) (4)

We assumed “weakly informative” prior distributions, as is com-
on in applied hierarchical modeling, characterized by a flat shape

nd wide variance (�2) relative to expected estimates (Gelman,
009, 2006). This allowed us to take advantage of the nested struc-
ure of hierarchical models even when little was known about the
oliage biomass parameters a priori. In this case, we specified our
yperpriors as:
∼N(0, 1000) (5)

nd

2∼Unif (0,  x) (6)

Fig. 3. Flow diagram depicting the structure of the hierarchical model a
delling 333 (2016) 79–91

In the case of the variance, we chose a uniform range (0, x) that
includes the full range of expected values, but is small enough
to allow for efficient convergence within a Markov chain Monte
Carlo (MCMC) sampler (Gelman, 2006). Note that we  allowed for
exchangeability among our parameter estimates by estimating a
different mean and variance for the j models, but allowed all of these
to arise from the same hyper-prior distribution. We  employed such
a strategy because we  assumed that, while differences in the rela-
tionship between foliage biomass and the independent variables
among species/groups are expected, the underlying distributions
are likely to overlap.

In addition to parameters related to the independent variables,
we included a set of study random effects to account for the fact
that the data we used was  drawn from a number of different felled-
tree biomass studies (Fig. 2; A1). This approach has previously been
used in the context of linear mixed models for analyzing biomass
data (de-Miguel et al., 2014; Moore, 2010; Pearce et al., 2010;
Repola, 2008; Wirth et al., 2004; Wutzler et al., 2008). Here we
again assumed exchangeability among the studies and placed the
same vague priors on the mean and variance of the random effects
coefficients as in (4) and (5). Finally, we  completed the specification
of our hierarchical model by placing a vague gamma  distribution
on the model variance:

�2∼G(0.01, 0.01) (7)

The hierarchical statistical framework outlined above is
designed to address the challenges associated with analyzing com-
piled legacy biomass data where sampling methodologies, sample
sizes, and distributions across species and size classes may vary
substantially across locations. Two  aspects of the model specifi-
cally account for these factors: (1) the inclusion of study ‘random
effects’ to address variance related to study differences; and (2)
the assumption of exchangeability among group-level estimates of
model parameters. As discussed above the former strategy has been
applied by others within a mixed modeling framework, but the lat-
ter is unique to Bayesian hierarchical model constructions since
it arises as a consequence of specifying hyper-prior distributions
on the priors around regression coefficients. While analyzing data

compilations such as the legacy data undoubtedly introduces addi-
tional uncertainty, such resources remain important for calibrating
biomass models in the absence of large-scale systematic surveys of
tree allometric relationships. Fig. 3 presents a schematic diagram

nd the principle steps of the model fitting and prediction process.
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Table  1
Functional forms and references for the foliar biomass models compared in this
study.

Equation Ref.

BMfol =  ̨ * dbhˇ Bartelink (1998), Shaiek et al.
(2011)

ln(BMfol) =  ̨ +  ̌ * ln(dbh) Robichaud and Methven (1992)
ln(BMfol) =  ̨ + ˇ1 * ln(dbh) + ˇ2 * ln(h) Wirth et al. (2004), Wutzler et al.

(2008)
BMtotal = Exp(˛BM + ˇBM * ln(dbh)

FR = Exp
(

˛FR + ˇFR
dbh

) Jenkins et al. (2003)

ln(BMtotal) = ˛BM + ˇBM * ln(dbh)
ln(FR)  = ˛FR + ˇFR * ln(dbh)

Chojnacky et al. (2013)

Variables in these models are foliage biomass (kg; BMfol), diameter at breast height
(cm; dbh), total tree height (m;  h), total biomass (kg; BMtotal), and foliage component
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of our study. While the nonlinear function had a lower RMSE, the
difference between these two  functions was negligible (<1%), while
the improvement offered by the log-linear model according to MAE
was approximately 15.5%.

Table 2
Mean absolute error (MAE) and root mean squared error (RMSE) for the five models
compared in this study.

Equation MAE  (kg) RMSE (kg)

BMfol =  ̨ * dbhˇ 4.3 7.69a

ln(BMfol) =  ̨ +  ̌ * ln(dbh) 4.56 14.27
ln(BMfol) =  ̨ + ˇ1 * ln(dbh) + ˇ2 * ln(h) 3.64a 7.74
BMtotal = Exp(˛BM + ˇBM * ln(dbh)

FR  = Exp
(

˛FR + ˇFR
dbh

) 4.68 12.48

ln(BMtotal) = ˛BM + ˇBM * ln(dbh) 4.85 12.53
atio (FR). Note that the study ‘random effects’ and model errors are left off these
quations for convenience, but the error structure described within the text was
mployed for all models.

f the hierarchical model structure in relationship to both the data
nputs and output predicted summaries generated in our study.

.4. Comparing multiple leaf biomass models

We  considered several functional forms for predicting leaf
iomass (Table 1), and examined both simple (i.e., models that esti-
ate foliar biomass directly) and component ratio models using

oth linear and nonlinear functions. We  generally confined our
nalysis to models that only included dbh as a predictor, since this
s a common measurement available across national forest inven-
ories. However, we did also include a log-linear model with height
s a covariate since some studies suggest that relative dominance
nfluences leaf biomass (Bartelink, 1998; Wirth et al., 2004). Vari-
bles related to crown dimensions, such as crown ratio or crown
idth, have also been used to predict foliage biomass (Laubhann

t al., 2010; Nowak, 1996; Raymond and McKenzie, 2013). How-
ver, these measurements were not available for most of the
atabase (Greater than 95% of observations lacked crown measure-
ents).
To compare different functional forms for predicting leaf

iomass, we conducted model comparisons using species-specific
odels. We  assumed that the species-specific equations would give

s the most precise estimates and that functional forms appropri-
te at the species level would be applicable for both the narrow and
road groupings as well. We  assessed model fit to the legacy data by
omputing both mean absolute error (MAE) and root mean squared
rror (RMSE) for each function. All model fitting was accomplished
ia Gibbs sampling using the Just Another Gibbs Sampler (JAGS)
oftware (Plummer, 2003), called from R via the rjags package
Plummer and Stukalov, 2014). Following a burn-in period where
0,000 iterations of sample estimates were discarded, we collected
000 samples from each chain to compute MAE  and RMSE by “thin-
ing” from a sample run period of 50,000 additional iterations to
educe autocorrelation between successive Markov chain samples.
n preliminary runs of the model, this procedure resulted in poste-
ior samples that satisfied tests for MCMC  chain convergence with
he Gelman and Rubin (1992) diagnostic as well as by visual inspec-
ion of trace plots and posterior distributions. The best fitted model,
s determined by MAE  and RMSE, was retained for the remainder
f our study.

.4.1. Comparing species grouping schemes for generalized leaf
iomass models
To address the performance of different species groupings, we
ested the ability of each model scheme to generate new leaf
iomass datasets given the observations in the legacy database via
ayesian posterior predictive checks (Gelman et al., 1996; Meng,
delling 333 (2016) 79–91 83

1994). This approach uses the fitted model to generate many sim-
ulated datasets which can then be evaluated with exploratory
graphics and/or frequentist statistical tests (Gelman et al., 2000).
Since we  were operating within a Bayesian framework and thus had
access to posterior distributions of the model parameters, we  sim-
ulated new datasets by taking draws from the posterior predictive
distribution (Ntzoufras, 2009):

p
(

yi
new|y, x, ˛

)
=

∫
p
(

yi
new|�

)
p(�|y, x)d� (8)

where yi
new represents the ith simulated datasets (i = 1, 2, . . .,  1000),

y and x are the dependent and independent variables respectively,
� is the model parameters, and  ̨ is the hyper-parameters placed
on the prior distributions of �. These simulated data were then
summarized by their mean and 95% uncertainty interval bounds
to explore how well each model approximated the distribution
of the observed data (Gelman, 2003). The new datasets were of
the same dimension as the fitting data (n = 2885) and were gener-
ated following a burn-in period of 10,000 iterations to ensure the
model had converged, followed by thinning from a larger sample of
50,000 to reduce autocorrelation within the MCMC chain. This pro-
cedure resulted in 1000 observations of each test statistic, which
were compared to the mean and bounds of the observed data by
plotting histograms, as well as by computing a Bayesian p-value to
test whether the observed quantiles fell within the 95% uncertainty
interval of our posterior predictive results (Meng, 1994). Lastly, to
assess the relative predictive performance of each species group-
ing, we computed root mean squared prediction error (RMSPE)
between observed and predicted values of foliar biomass for each of
the 1000 simulated datasets and compared the means and uncer-
tainty bounds of these distributions.

3. Results

3.1. Comparing functional forms for species-specific leaf biomass
models

Mean absolute error ranged from 3.64 to 4.85 kg for the candi-
date models, while RMSE ranged from 7.69 to 14.27 kg (Table 2). The
log-linear function that predicted log-transformed foliar biomass
with ln(dbh) and ln(height) provided the best fit according to MAE,
while the nonlinear function with dbh as the only predictor was
preferred according to RMSE. The log-linear component ratio model
provided a better fit than the nonlinear equations proposed by
Jenkins et al. (2003), though neither fit the data as well as any of
the simple equations. Based on these results, we  retained the log-
linear model with dbh and height as covariates for the remainder
ln(FR)  = ˛FR + ˇFR * ln(dbh)

a Denotes the best fitted model according to MAE and RMSE. Note that for log-
linear models, both observed data and model predictions were back-transformed
prior to computing the test statistics.
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bserved data.

.2. Comparing groupings for generalized leaf biomass equations

All three model schemes resulted in overpredictions of the
ean, upper uncertainty bounds, and lower uncertainty bounds

Fig. 4). For all three species groupings, the observed mean was
utside of the 95% uncertainty interval of all three quantiles. Hence,
hese tests demonstrated that even our best fitted model resulted
n overprediction across the full range of the distribution of the
bserved data, regardless of the grouping used. The results of these
osterior predictive checks may  be more closely examined by com-
aring the predicted and observed results for each species grouping
Fig. 5). For most of the observations, predictive performance did
ot vary much between the three species grouping schemes. How-
ver, in each case, there were a handful of observations where

oliage biomass was significantly overpredicted with associated
ncertainty very large relative to the distribution of the data.
hese observations contributed to the overprediction of the mean
y each dataset. The large prediction uncertainties around these
r the 1000 simulated datasets. The dashed line represents the quantiles from the

observations doubtlessly contributed to the overprediction of the
upper credible interval by all three model schemes. Interestingly,
these observations did not come from the same dataset, but instead
arose from several different studies within the legacy database and
represent several species. The common feature is that they are all
among the largest trees, in terms of dbh, represented in the data
we analyzed.

Even for observations with narrower credible intervals, the
range of uncertainty is generally large relative to the mean
estimates, suggesting considerable prediction uncertainty when
generating new biomass datasets. There is a general trend of
increasing uncertainty with increasing foliar biomass. This result
corresponds with the composition of the legacy data, which is
comprised mainly of smaller trees (Fig. 2). The species-specific

equations had a lower mean prediction uncertainty than the mod-
els fit to the narrow or broad groups. When considering average
performance over the 1000 simulated datasets, species specific
equations offered relative improvement of about 10% over each of
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Fig. 5. Observed vs. predicted leaf biomass for the full dataset, using each species grouping. The error bars in the upper panels (Fig. 4A–C) represent the 95% uncertainty
intervals of the posterior predictive samples from the 10,000 simulated datasets. The lower panels (Fig. 4D–F) show only the posterior means on a reduced set of axes, to
better  visualize the overall accuracy of each species grouping.

Table 3
Mean root mean squared prediction error (RMSPE) and associated lower and upper quantile bounds from 1000 simulated datasets.

Mean RMSPE (kg) 2.5% C.I. (kg) 97.5% C.I. (kg)

Species specific 16.22 12.28 25.77

t
v
t
9

4

p

Narrow grouping (Chojnacky et al., 2013) 18.03 

Broad grouping (Jenkins et al., 2003) 18.19 

he other groupings (Table 3). While the range of computed RMSPE
alues for the 1000 trials overlap significantly for each grouping,
he species specific equations also have the lowest overall 2.5 and
7.5 percent quantile bounds.
. Discussion

The legacy data we analyzed afforded us the opportunity to com-
are multiple allometric models of foliage biomass for the major
13.3 31.46
13.59 30.58

tree species in North America. We  found that models which directly
estimate foliage biomass provided a better fit than component ratio
models, and that including height as a covariate improved the fit of
a log-linear function. Even among studies focused on single species
or small groups of species, there has been little comparison of dif-

ferent allometric relationships for foliage biomass. At the individual
tree scale, most work has been devoted to analyzing the effects of
including additional covariates on model fit, particularly variables
related to crown attributes (Bartelink, 1996; Loomis et al., 1966;
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onserud and Marshall, 1999; Tobin et al., 2006). However, no
revious studies have compared these types of equations to com-
onent ratio models using felled-tree data, despite the fact that the

atter are widely applied to estimate component biomass stocks at
he national scale (Domke et al., 2012; Jenkins et al., 2003). The poor
elative performance of component ratio models in our analysis
ighlights the difficulty of generalizing biomass allocation patterns,
ven within an individual species. The variation in foliage biomass
s large and driven by a suite of landscape-level and stand-level pro-
esses (Temesgen et al., 2011) that is exacerbated when only basic
ree measurements such as dbh are available (Grier and Waring,
974; Marshall and Waring, 1986; Raymond and McKenzie, 2013;
mithwick et al., 2002). This effect was particularly problematic
or large trees in our study and has been noted by other authors
Van Pelt and Sillett, 2008). In the case of large scale national for-
st inventories where detailed data on variables related to biomass
llocation are typically not available (Weiskittel et al., 2015), sim-
le allometric functions employing basic mensuration data (e.g.,
bh and height) may  provide better predictive performance.

Regardless of the functional form used, national forest carbon
nventories require generalized biomass equations both to account
or species that are poorly represented in felled tree datasets and to
rovide a consistent method for use by both government agencies
nd non-governmental organizations (Cháve et al., 2014; Jenkins
t al., 2003). Reliable general equations, such as those of Jenkins
t al. (2003) and Chojnacky et al. (2013), have been developed for
otal aboveground biomass for many forest ecosystems worldwide.
hese grouping schemes generally rely on similar patterns that
merge when analyzing multi-species datasets and appeal to allo-
etric scaling theory as a unifying concept for applying one set of

oefficients to two or more species (Chojnacky et al., 2013; Enquist
nd Niklas, 2001). In the case of total biomass, comparative studies
ave found that generalized models can perform as well as mod-
ls derived from fitting to site-specific data (Case and Hall, 2008;
háve et al., 2014; de-Miguel et al., 2014; Nelson et al., 2014). How-
ver, most studies have focused on species-specific models. It is
nclear if such models are capable of accurately predicting biomass
omponents when fit to multi-species datasets. In their pseudo-
ata analysis, Jenkins et al. (2003) were unable to resolve general
quations for biomass components beyond separating hardwoods
nd softwoods, though this may  be in part due to the paucity of
ublished equations for predicting biomass components such as
oliage. Since we had felled-tree data available for our analysis,
e were able to apply the broad species grouping (Jenkins et al.,

003) and narrow species grouping (Chojnacky et al., 2013) used
or total aboveground biomass, though our model checking proce-
ure found that both groupings produced less accurate results than
pecies-specific equations when simulating new datasets. It is par-
icularly interesting to note that the models fit to broad groupings
erformed no worse than those that relied on narrow groups, which

ncorporated wood specific gravity to rigorously group species
Chojnacky et al., 2013). As these results are derived from diverse
ata sources, it suggests that assuming common allometric rela-
ionships across multiple taxa when developing biomass equations

ay  be more problematic for determining component stocks than
t is for total biomass. Given the dynamic nature of foliage, such
atterns may  be more difficult to generalize. Therefore, additional

nput variables (e.g., tree crown characteristics) may  be required to
mprove prediction within the context of national forest invento-
ies (Raymond and McKenzie, 2013; Temesgen et al., 2011).

Our results have important implications when determining for-
st carbon stocks and fluxes for reporting in national greenhouse

as inventories. Although foliage biomass is typically a small com-
onent of the total forest carbon stock, errors when calculating
oliage biomass using individual tree models can be important
hen scaled across a large region with diverse forest types and
delling 333 (2016) 79–91

climatic conditions (e.g.,U.S.). Error in foliage biomass estimates is
also important for parameterizing ecosystem models such as CEN-
TURY since it is the primary annual input to soil carbon models
(Kirschbaum and Paul, 2002), and therefore, may have a dispropor-
tionate effect on uncertainty in forest soil carbon projections. We
encountered difficulty in accurately estimating an allocation ratio
for leaf biomass, and therefore, found simple regression equations
to fit our data better than component ratio models. Further, we con-
firmed difficulties associated with estimating foliage biomass using
only stem measurements such as dbh as inputs, which tends to
result in overprediction since it fails to account for crown structure
and the ratio between dbh and sapwood area (Grier and Waring,
1974; Marshall and Waring, 1986; Raymond and McKenzie, 2013).
Our findings may  have implications for estimating additional tree
components, as pointed out by Reich et al. (2014) when observ-
ing foliage-belowground tradeoffs related to climate. Tree roots are
similarly dynamic, with their morphology and total biomass influ-
enced by belowground competition in much the same way  that
foliage is influenced by crown dynamics (Lin et al., 2014). While
it is unknown whether the same patterns we observed for foliage
will be true for other biomass components (Russell et al. Submit-
ted for publication), we  believe our results highlight a need for such
analyses using felled-tree data such as found in the legacy database
(Weiskittel et al., 2015).

The large uncertainties surrounding our predictions of foliage
biomass (i.e., Fig. 3), regardless of the species grouping used, is
an important benchmark from this work. We  used posterior pre-
dictive model checking to simulate many “new” datasets and to
compare features of these distributions to the observed data. Gen-
eralized models (i.e., Jenkins et al., 2003; Chojnacky et al., 2013)
are designed to be applied to predict biomass given independent
data. The approach presented herein provides a better approxima-
tion to “out of sample” prediction than within-sample estimates
(Hooten and Hobbs, 2015; Vehtari and Ojanen, 2012). That the ratio
of our uncertainty bounds relative to the prediction means was so
large is important and suggests that using methods developed for
total aboveground biomass may  lead to systematic underestima-
tion of uncertainty when predicting component biomass stocks.
Uncertainty in biomass estimates has received considerable atten-
tion within the literature with many studies having used MCMC
approaches to account for the error in model coefficients (Lehtonen
et al., 2007; Wayson et al., 2014; Wirth et al., 2004). However, in
most cases such procedures require the analyst to make a priori
assumptions about the dimension of the distributions underlying
model parameters (Zapatas-Cuartas et al., 2012). By contrast, hier-
archical models allow these quantities to be estimated by fitting the
model to observed data, such as we have done here. By also drawing
predictions from a posterior distribution, uncertainty associated
with both model parameters and data is seamlessly incorporated
into new estimates (Ntzoufras, 2009). These features make hier-
archical models an attractive option for developing predictions
in national forest inventories, particularly when a comprehensive
felled tree biomass database is available for model development.

The converse, however, is that predictions conditioned upon
felled-tree observations will reflect any biases that exist in the
fitting datasets. The legacy data we used is compiled from many
studies with differing sampling methodologies, diameter distribu-
tions, and sample sizes. The variable nature of these data makes
it difficult to specifically account for these factors within a pre-
dictive model, beyond including a set of generic ‘study random
effects’ such as we did in our analysis. Improving the geographic and
taxonomic coverage of the legacy data, as well as collecting more

samples of large trees for the most common species of North Amer-
ica, will provide a better resource for understanding contributions
of different sources of uncertainty to allometric models fitted with
felled-tree datasets. Efforts are already under way  to make these
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mprovements (Weiskittel et al., 2015), but in the meantime the
ean and uncertainty estimates we report must be understood
ithin the context of the data available for our study.

Beyond the need for improved data resources, results of our
ork highlight several additional directions for improving com-
onent biomass models. Our work confirmed other studies where
odels based on simple measurements such as dbh and height led

o systematic overprediction of foliage biomass (Grier and Waring,
974; Marshall and Waring, 1986; Raymond and McKenzie, 2013).
ndeed, variables related to crown structure may  be important for
efining leaf biomass estimates (Bartelink, 1996; Temesgen et al.,
011). As a potential application, the U.S. Forest Service collects tree
rown indicator information on a subset of their standard inventory
lots (Randolph, 2013), with the potential for crown measurements
o occur on up to 25% of all FIA plots in the northeastern U.S.
tates. While these measurements represent a sample of the full
IA database, it may  be possible to refine foliage biomass models for
ore broad application through the implementation of adjustment

actors. Remote sensing technologies, including satellite-based
ensors and light detection and ranging (LiDAR) systems, have been
sed to estimate leaf area index (LAI) and crown features at the
tand and landscape level (Detto et al., 2015; Lefsky et al., 1999;
ong, 2013), but little research has focused on integrating these
ata with estimates from individual tree models. Integrating a hier-
rchical statistical model with remote sensing data and landscape
nalyses is a promising approach for up-scaling forest carbon stocks
cross large areas. When only basic tree measurements such as dbh
nd height are available, however, our results indicate that directly
stimating foliage biomass based on these predictors is preferable
o estimation as a ratio of total aboveground biomass.

The hierarchical statistical framework used in our analysis
s an ideal approach for monitoring and verifying forest car-

on stocks, both within the context of local carbon accounting
rojects and national greenhouse gas inventories. The uncertainty
epresented in tree-scale posterior predictive distributions natu-
ally accounts for both data-level and parameter error, and may

ample sizes, summary statistics, and references for the 65 species in the legacy dataset.

Species N dbh (cm) Height (m)  

Mean Min  Max  Mean Min  

Conifers
Abies balsamea 12 20.98 14.73 29.46 16.94 13.59 

Abies fraseri 8 18.57 12.75 24.90 10.68 9.18 

Juniperus osteosperma 21 25.14 13.00 50.50 6.09 4.10 

Picea abies 29 27.89 13.00 43.70 20.78 13.90 

Picea glauca 33 25.68 13.20 50.00 2.33 0.82 

Picea mariana 15 14.94 12.80 20.60 11.22 0.94 

Picea rubens 47 27.02 14.80 71.60 15.19 8.61 

Pinus banksiana 4 14.90 13.90 16.80 12.73 11.50 

Pinus contorta 28 20.21 13.00 37.00 21.76 15.80 

Pinus echinata 98 25.65 12.80 55.12 19.40 9.45 

Pinus elliottii 21 17.99 13.00 31.20 15.46 13.08 

Pinus palustris 13 24.70 18.50 31.00 18.60 16.20 

Pinus ponderosa 37 25.54 12.70 41.91 14.96 4.57 

Pinus resinosa 25 17.97 12.70 28.70 10.97 0.10 

Pinus serotina 18 31.09 14.00 46.20 22.63 13.41 

Pinus taeda 243 26.25 12.70 59.94 19.87 5.21 

Pinus virginiana 6 24.51 17.27 44.20 15.16 7.21 

Pinus monophylla 58 30.82 12.70 115.60 7.35 4.00 

Pseudotsuga menziesii 130 28.66 12.70 96.80 21.30 8.73 

Taxodium ascendens 13 28.04 12.70 55.63 9.21 0.31 

Taxodium distichum 10 21.36 12.70 33.02 21.43 12.19 

Tsuga canadensis 9 37.69 12.70 85.10 18.18 10.16 

Tsuga heterophylla 19 35.92 16.00 61.70 27.46 15.16 

Tsuga mertensiana 5 60.20 43.70 76.20 31.37 24.55 
delling 333 (2016) 79–91 87

be easily propagated into population-level uncertainty estimates.
Population-scale errors allow for robust verification of carbon stock
changes by facilitating the use of basic statistical principles (i.e.,
testing whether changes in carbon stocks significantly differ from
zero), which is not possible when fixed estimates of stocks are
available. In addition a hierarchical model allows for the use of
felled-tree data to constrain predictive models, eliminating the
need to make prior assumptions about allometric relationships. For
local accounting projects, the same general framework can be used
with site or region specific felled-tree data, where available. For
application to NGHGIs, global analyses, or regional analyses where
local data are not available, models may  be fitted using general
tree allometry databases. While in the past such resources have
not been made public some are now available, including the global
Biomass and Allometry Database for woody plants (BAAD; Falster
et al., 2015). The legacy data for the United States and Canada used
in our study will also soon be made public to facilitate development
and calibration of allometric equations for North America. Our hope
is that the availability of such data, coupled with analytical tech-
niques such as we  demonstrate here, will provide both analysts
and managers with improved tools for accurately and precisely
estimating forest carbon stocks.

Acknowledgements

We  wish to thank David Walker, Jereme Frank, Aaron Weiskittel,
and all who have contributed to the U.S. Forest Service Volume
Biomass Project and the Legacy database. In addition we would like
to thank John Stanovick, David Bell, Kenneth Elgersma, and three
anonymous reviewers for their comments on our manuscript. This
research is funded by the U.S. Department of Agriculture, Forest
Service, Northern Research Station and the Minnesota Agricultural

Experiment Station.

A1.

Foliage biomass (kg) # Studies Refs.

Max  Mean Min Max

20.60 14.02 3.71 27.22 1 44

12.72 17.04 4.92 40.34 2 36

9.40 59.26 12.40 145.50 10 31

25.10 44.63 4.30 139.70 1 48

11.09 28.58 1.86 103.01 2 16, 49

16.87 9.55 1.43 18.16 7 16, 39, 49, 50

32.80 47.44 5.42 130.49 3 36, 46

14.40 5.25 4.00 7.00 1 16

28.20 7.26 0.50 36.60 1 11

29.26 7.10 0.10 34.79 7 10, 17, 35, 42, 46, 47

21.90 6.06 1.40 24.60 2 14, 29

22.70 9.67 3.40 22.00 2 14, 26

22.25 12.32 2.72 34.49 1 21

18.96 7.17 0.00 30.16 3 23, 37, 45

26.79 4.51 0.51 10.39 1 26

35.05 11.69 0.19 63.10 11 2, 3, 10, 22, 35, 40, 46, 51

21.34 19.15 4.76 45.17 2 10, 38

14.00 51.01 6.40 140.20 18 31

60.00 19.69 0.60 93.40 10 1, 12, 15, 19, 20, 24, 27

8.04 0.3 0.14 38.10 2 10, 32

25.91 1.49 0.45 2.99 3 10

32.60 18.43 1.71 57.08 2 43, 46

37.30 23.12 3.10 47.90 2 19, 25

37.16 70.62 35.50 90.50 1 25
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A1  (Continued)

Species N dbh (cm) Height (m)  Foliage biomass (kg) # Studies Refs.

Mean Min  Max  Mean Min  Max  Mean Min  Max

Hardwoods
Acer spp. 4 17.77 13.20 25.90 16.97 12.65 24.96 6.77 1.53 15.58 1 26

Acer rubrum 142 21.76 12.70 52.40 19.34 12.19 33.55 6.35 0.41 44.09 16 8, 10, 13, 28, 33

Acer saccharinum 14 28.47 13.72 49.02 24.69 16.15 29.57 8.50 1.91 22.04 1 10

Acer saccharum 54 25.51 14.22 60.70 20.24 14.00 32.40 6.58 0.36 22.04 3 4, 33, 46

Aesculus flava 10 24.09 12.70 48.00 18.23 9.07 29.40 7.56 0.18 33.67 3 36, 46

Betula spp. 44 24.71 12.70 46.99 16.97 1.27 29.87 9.35 0.18 47.67 8 10, 49

Betula lenta 20 20.35 12.95 39.60 19.49 14.94 28.20 5.51 0.65 18.59 3 13, 28, 46

Carpinus caroliana 8 14.19 12.70 16.00 13.94 9.75 17.68 4.08 2.27 6.35 2 10

Carya spp. 102 27.14 12.70 58.67 21.48 9.75 36.58 15.12 0.36 82.92 17 5, 10, 28, 46

Fagus grandifolia 21 26.25 14.48 51.60 17.19 9.39 23.40 11.67 1.41 96.33 4 8, 10, 36, 46

Fraxinus spp. 88 25.89 12.95 59.69 22.86 8.23 32.61 6.83 0.14 45.45 12 10, 46

Liquidambar styraciflua 380 21.36 12.70 48.01 20.50 11.58 33.22 3.91 0.09 29.57 32 10, 26, 46

Liriodendron tulipifera 107 28.67 13.21 55.80 23.38 12.80 39.69 6.75 0.05 24.99 13 10, 13, 26, 28, 46

Magnolia virginiana 5 22.71 16.76 32.51 22.01 17.68 26.82 4.54 1.41 11.97 2 10

Nyssa aquatica 56 19.04 12.95 50.55 17.73 12.19 21.34 1.96 0.50 7.98 5 10, 26

Nyssa biflora 71 27.58 13.21 46.74 20.08 10.36 28.04 6.31 0.45 33.70 1 10

Nyssa sylvatica 20 28.29 13.97 45.21 18.44 10.36 30.48 8.57 1.32 24.36 6 10

Oxydendrum arboreum 11 20.08 13.21 34.60 15.83 10.67 20.50 2.40 0.64 4.37 4 10, 26, 28

Platanus occidentalis 31 30.86 12.95 49.78 24.85 14.63 35.05 14.37 0.23 43.41 8 10

Populus spp. 9 32.89 13.65 50.80 23.73 1.44 32.92 5.03 0.45 10.57 4 10, 18, 36

Populus balsamifera 11 25.54 14.50 46.50 2.00 1.51 2.55 4.78 1.54 8.23 1 49

Populus deltoides 43 22.14 12.70 36.83 22.06 12.47 34.60 8.22 1.13 22.44 2 9, 34

Populus tremuloides 27 18.01 13.06 30.50 10.02 0.78 23.60 2.52 0.76 6.28 3 7, 41, 49

Prunus pensylvanica 6 24.95 13.80 41.90 15.07 1.41 27.00 6.13 1.05 19.70 3 18, 46

Prunus serotina 17 17.14 13.21 23.37 16.24 12.16 20.73 5.62 0.39 15.00 6 10, 13, 36

Quercus spp. 12 17.73 13.46 28.70 17.10 14.17 22.80 4.45 0.17 14.92 2 5, 26

Quercus alba 202 26.02 12.70 64.00 18.45 9.45 33.70 15.18 1.22 89.04 19 5, 10, 26, 28, 46

Quercus coccinea 78 29.82 12.95 56.39 20.45 13.41 32.00 19.12 1.63 82.33 10 10, 28, 46

Quercus falcata 50 27.19 12.95 47.75 20.51 12.50 26.82 14.99 0.95 57.56 8 10

Quercus laurifolia 33 25.81 12.95 43.94 18.24 11.28 27.43 12.72 0.86 51.44 4 10

Quercus nigra 75 22.92 12.70 42.67 21.64 13.11 30.48 11.67 0.77 55.61 9 10

Quercus prinus 71 27.00 12.70 57.50 19.40 8.84 29.50 12.47 1.00 48.40 6 10, 28

Quercus rubra 21 26.06 12.95 72.90 19.40 12.30 30.60 9.86 2.13 40.65 6 10, 28, 46

Quercrus stellata 28 26.02 12.95 53.09 15.65 10.06 20.12 11.06 1.59 36.20 3 10, 46

Quercus velutina 39 30.11 12.70 55.37 21.52 12.50 29.57 12.09 0.09 44.59 5 10

Robinia pseudoacacia 24 26.37 14.22 41.66 20.82 10.97 30.18 7.61 1.81 20.09 4 6, 10, 46

Sassafras albidum 4 16.05 13.46 21.84 16.20 13.40 22.25 2.43 0.68 4.04 2 10, 46

Sorbus americana 4 18.39 12.80 25.70 10.68 8.78 12.59 6.97 2.73 12.34 2 36, 46

Tilia spp. 18 28.11 14.22 41.91 24.86 19.20 32.31 9.08 0.14 22.82 1 10

Tilia americana 4 25.88 17.80 32.80 24.78 23.00 26.30 2.84 0.57 4.95 1 46

Ulmus spp. 19 18.23 13.46 28.45 17.25 12.80 23.47 4.08 0.82 18.37 10 10

1(Archibald, 1983), 2(Baker, 1962; Baker et al., 1974), 3(Baldwin, 1987), 4(Bickelhaupt et al., 1973), 5(Blackmon et al., 1977), 6(Boring and Swank, 1984), 7(Bray and Dudkiewicz,
1963), 8(Briggs et al., 1989), 9(Carter and Smith, 1971), 10(Clark et al., 1986a, 1986b, 1985)11(Comeau, 1976), 12(Devine et al., 2013), 13(Adams et al., 2012),14(Garbett, 1977),
15(Gholz, 1979), 16(Gower and Vogel, 1999), 17(Gyawali, 2008), 18(Harrison, 1981), 19(Harrison et al., 2009), 20(Heilman, 1961), 22(Houser, 1980), 23(Hutnik, 1964), 24(Kline
et  al., 1973), 25(Krumlik and Kimmins, 1973), 27(Marshall and Waring, 1986), 28(Martin et al., 1998), 29(Mead, 1971), 30(Metz and Wells, 1965), 31(Miller et al., 1981), 32(Mitsch
a th, 19
4

e

nd  Ewel, 1979), 33(Mroz et al., 1984), 34(Mueller, 1976), 35(Neisch, 1980), 36(Smi

1(Ruark et al., 1987), 42(Sabatia, 2007), 43(Santee, 1970), 44(Shannon, 1976), 45(Singer, 19
t  al., 2007), 50(Rencz and Auclair, 1980), 51(Metz and Wells, 1965).
77), 37(Nowak, 1996), 38(Olah, 1972), 39(Rencz and Auclair, 1980), 40(Roth, 2010),

64), 46(Sollins and Anderson, 1971), 47(Vaidya, 1961), 48(Jokela et al., 1986), 49(Yarie
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2.

ean parameter estimates, as well as 2.5 and 97.5 percent quantiles, for the best-fitted model according to our analysis (i.e., a log-linear model of foliage biomass with dbh
nd  total height as predictors). Here, ˇ1 is the slope parameter associated with dbh and ˇ2 is the slope parameter associated with height.

Species ˇ0 ˇ1 ˇ2

Mean 2.5% CI 97.5% CI Mean 2.5% CI 97.5% CI Mean 2.5% CI 97.5% CI

Softwoods
Abies balsamea −32.53 −49.53 −18.03 −2.53 −2.88 −2.22 0.40 0.00 0.81
Abies  fraseri −31.17 −46.16 −18.15 −2.55 −2.89 −2.23 0.53 0.14 0.93
Juniperus osteosperma −20.51 −33.27 −10.38 −2.59 −2.96 −2.27 0.86 0.54 1.19
Picea  abies −45.29 −61.60 −32.45 −2.51 −2.81 −2.21 0.82 0.53 1.12
Picea  glauca −19.90 −31.08 −11.86 −2.62 −2.98 −2.31 0.66 0.34 0.98
Picea  mariana −30.58 −45.03 −19.93 −2.55 −2.89 −2.25 0.43 0.09 0.76
Picea  rubens −29.84 −44.61 −19.16 −2.59 −2.94 −2.27 0.61 0.41 0.81
Pinus  banksiana −35.24 −52.26 −21.14 −2.54 −2.87 −2.23 0.43 −0.03 0.90
Pinus  contorta −42.10 −57.70 −30.89 −2.50 −2.83 −2.20 0.30 0.03 0.60
Pinus  echinata −45.52 −60.91 −34.98 −2.51 −2.86 −2.20 0.28 0.09 0.48
Pinus  elliottii −38.04 −55.47 −25.91 −2.50 −2.87 −2.21 0.26 −0.08 0.61
Pinus  palustris −40.98 −59.10 −25.69 −2.49 −2.82 −2.20 0.31 −0.03 0.68
Pinus  ponderosa −34.92 −47.87 −24.10 −2.53 −2.86 −2.19 0.34 0.13 0.55
Pinus  resinosa −51.52 −66.49 −38.97 −2.26 −2.56 −1.96 1.31 1.19 1.43
Pinus  serotina −42.10 −59.90 −27.84 −2.47 −2.79 −2.14 0.07 −0.19 0.35
Pinus  taeda −41.49 −51.89 −32.92 −2.52 −2.77 −2.24 0.14 0.02 0.28
Pinus  virginiana −33.80 −51.58 −18.95 −2.55 −2.89 −2.23 0.49 0.16 0.83
Pinus  monophylla −0.84 −8.28 5.57 −2.52 −2.89 −2.20 1.29 1.08 1.50
Pseudotsuga menziesii −27.02 −37.01 −19.62 −2.57 −2.90 −2.25 0.48 0.35 0.61
Taxodium ascendens −37.61 −53.42 −24.16 −2.49 −2.84 −2.18 −0.18 −0.49 0.16
Taxodium distichum −43.08 −59.10 −31.82 −2.49 −2.79 −2.19 −0.06 −0.20 0.08
Tsuga  canadensis −41.24 −56.12 −29.68 −2.50 −2.82 −2.21 0.41 0.16 0.66
Tsuga  heterophylla −41.70 −57.96 −28.07 −2.50 −2.82 −2.21 0.44 0.22 0.68
Tsuga  mertensiana −37.01 −57.80 −18.05 −2.52 −2.84 −2.21 0.56 0.32 0.81

Hardwoods
Acer  spp. −39.39 −56.15 −25.86 −2.52 −2.84 −2.21 0.40 0.00 0.79
Acer  rubrum −36.33 −47.65 −28.34 −2.49 −2.81 −2.20 0.16 0.02 0.32
Acer  saccharinum −40.10 −55.13 −26.99 −2.50 −2.83 −2.20 0.22 −0.02 0.48
Acer  saccharum −39.73 −52.78 −29.62 −2.50 −2.78 −2.17 0.18 −0.01 0.38
Aesculus flava −40.87 −56.51 −28.80 −2.51 −2.82 −2.21 0.21 −0.07 0.49
Betula  spp. −40.68 −55.14 −30.52 −2.58 −2.90 −2.27 0.21 0.08 0.34
Betula  lenta −32.49 −46.55 −20.86 −2.54 −2.86 −2.21 0.10 −0.15 0.40
Carpinus caroliana −36.22 −53.02 −22.91 −2.53 −2.86 −2.20 0.41 −0.03 0.87
Carya  spp. −43.96 −57.58 −33.67 −2.49 −2.81 −2.16 0.45 0.31 0.58
Fagus  grandifolia −42.82 −58.23 −30.36 −2.47 −2.77 −2.15 0.37 0.10 0.63
Fraxinus spp. −51.60 −65.86 −40.36 −2.43 −2.72 −2.12 0.38 0.22 0.56
Liquidambar styraciflua −40.93 −52.57 −33.42 −2.56 −2.88 −2.29 0.06 −0.06 0.17
Liriodendron tulipifera −38.49 −50.06 −29.65 −2.50 −2.81 −2.21 0.10 −0.03 0.24
Magnolia virginiana −40.91 −59.96 −25.85 −2.48 −2.83 −2.17 0.15 −0.18 0.52
Nyssa  aquatica −37.87 −51.32 −28.21 −2.49 −2.82 −2.21 −0.04 −0.29 0.21
Nyssa  biflora −40.27 −55.25 −28.62 −2.50 −2.82 −2.19 0.25 0.01 0.50
Nyssa  sylvatica −39.11 −53.18 −29.12 −2.54 −2.89 −2.26 0.04 −0.12 0.20
Oxydendrum arboreum −38.01 −53.33 −25.94 −2.51 −2.86 −2.20 0.02 −0.30 0.37
Platanus occidentalis −59.77 −78.25 −46.32 −2.34 −2.65 −2.07 0.72 0.50 0.95
Populus spp. −30.25 −44.08 −19.07 −2.53 −2.87 −2.22 −0.17 −0.36 0.03
Populus balsamifera −35.93 −49.69 −25.45 −2.52 −2.84 −2.22 0.26 −0.27 0.79
Populus deltoides −39.51 −53.51 −28.97 −2.53 −2.85 −2.24 0.32 0.12 0.52
Populus tremuloides −37.13 −49.77 −27.91 −2.51 −2.82 −2.22 0.10 −0.06 0.25
Prunus pensylvanica −39.10 −54.61 −27.04 −2.50 −2.83 −2.20 0.19 −0.09 0.46
Prunus serotina −40.27 −55.71 −26.73 −2.51 −2.85 −2.18 0.40 0.08 0.78
Quercus spp. −42.16 −57.76 −29.31 −2.49 −2.81 −2.18 0.29 −0.05 0.66
Quercus alba −43.75 −54.75 −34.53 −2.48 −2.73 −2.17 0.54 0.40 0.68
Quercus coccinea −36.44 −48.50 −27.24 −2.52 −2.86 −2.22 0.38 0.23 0.54
Quercus falcata −43.05 −55.53 −33.81 −2.49 −2.77 −2.21 0.46 0.29 0.64
Quercus laurifolia −39.93 −54.30 −29.03 −2.52 −2.83 −2.21 0.37 0.13 0.61
Quercus nigra −32.70 −43.67 −23.84 −2.53 −2.84 −2.23 0.24 0.09 0.41
Quercus prinus −40.04 −51.62 −31.55 −2.47 −2.77 −2.18 0.40 0.24 0.56
Quercus rubra −33.37 −47.20 −22.55 −2.52 −2.85 −2.22 0.21 −0.04 0.49
Quercrus stellata −42.78 −56.91 −32.19 −2.50 −2.80 −2.20 0.45 0.20 0.72
Quercus velutina −45.86 −60.23 −34.45 −2.45 −2.77 −2.17 0.39 0.21 0.59
Robinia pseudoacacia −37.94 −55.17 −25.78 −2.50 −2.85 −2.21 0.25 0.00 0.51
Sassafras albidum −39.29 −56.93 −24.44 −2.51 −2.85 −2.21 0.24 −0.20 0.68
Sorbus americana −35.16 −51.71 −21.25 −2.53 −2.89 −2.23 0.44 −0.01 0.89

Tilia  spp. −44.65 −60.87 −32.75 −2.46 −2.78 −2.16 0.36 0.09 0.66
Tilia  americana −46.65 −67.34 −29.97 −2.45 −2.77 −2.14 0.10 −0.28 0.52
Ulmus spp. −40.62 −56.47 −28.34 −2.49 −2.82 −2.21 0.31 −0.03 0.63
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