
Article

Allometric Equations for Estimating Biomass and Carbon
Stocks in Afforested Open Woodlands with Black Spruce and
Jack Pine, in the Eastern Canadian Boreal Forest

Olivier Fradette 1,*, Charles Marty 1, Pascal Tremblay 2, Daniel Lord 2 and Jean-François Boucher 2

����������
�������

Citation: Fradette, O.; Marty, C.;

Tremblay, P.; Lord, D.; Boucher, J.-F.

Allometric Equations for Estimating

Biomass and Carbon Stocks in

Afforested Open Woodlands with

Black Spruce and Jack Pine, in the

Eastern Canadian Boreal Forest.

Forests 2021, 12, 59. https://doi.org/

10.3390/f12010059

Received: 18 December 2020

Accepted: 31 December 2020

Published: 6 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Carbone Boréal Research Infrastructure, Université du Québec à Chicoutimi,
Chicoutimi, QC G7H 2B1, Canada; charles.marty1@uqac.ca

2 Département des Sciences Fondamentales, Université du Québec à Chicoutimi,
Chicoutimi, QC G7H 2B1, Canada; Pascal_Tremblay@uqac.ca (P.T.); Daniel_Lord@uqac.ca (D.L.);
Jean-Francois_Boucher@uqac.ca (J.-F.B.)

* Correspondence: Olivier_Fradette@uqac.ca

Abstract: Allometric equations use easily measurable biometric variables to determine the above-
ground and belowground biomasses of trees. Equations produced for estimating the biomass within
Canadian forests at a large scale have not yet been validated for eastern Canadian boreal open wood-
lands (OWs), where trees experience particular environmental conditions. In this study, we harvested
167 trees from seven boreal OWs in Quebec, Canada for biomass and allometric measurements. These
data show that Canadian national equations accurately predict the whole aboveground biomass for
both black spruce and jack pine trees, but underestimated branches biomass, possibly owing to a
particular tree morphology in OWs relative to closed-canopy stands. We therefore developed ad hoc
allometric equations based on three power models including diameter at breast height (DBH) alone
or in combination with tree height (H) as allometric variables. Our results show that although the
inclusion of H in the model yields better fits for most tree compartments in both species, the differ-
ence is minor and does not markedly affect biomass C stocks at the stand level. Using these newly
developed equations, we found that carbon stocks in afforested OWs varied markedly among sites
owing to differences in tree growth and species. Nine years after afforestation, jack pine plantations
had accumulated about five times more carbon than black spruce plantations (0.14 vs. 0.80 t C·ha−1),
highlighting the much larger potential of jack pine for OW afforestation projects in this environment.

Keywords: allometric equations; black spruce; jack pine; boreal forest; open woodland; afforestation;
carbon sequestration

1. Introduction

Forest ecosystems cover about 31% of the global land area [1], of which 347 million ha
(nearly 9% of world’s total forest area) are located in Canada [2], particularly in the boreal
zone (270 million ha) [3]. The forest sector can play a major role in mitigating greenhouse
gas (GHG) emissions by increasing the C sink of forests through adapted sylvicultural
practices and afforestation of unproductive lands [4]. It is also important for forestry actors
and countries to have precise estimates of the amount of C sequestered in their forests
when evaluating whether GHG emission targets are being met. Forest growth dynamics,
productivity, and C stocking can be estimated at a large scale through models that use
measurements of woody biomass collected in the field [5–7]. These models rely partly on
allometric equations that estimate the aboveground and belowground biomasses of trees
from easily measurable biometric variables.

The power law model (in the form Y = β1 Xβ2) has been widely used to describe
the relationship between tree diameter at breast height (DBH) or height (H) and biomass
because it is simple and yields accurate results among species and sites [8,9]. The method
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for adjusting this model to data has however been the subject of debates. Using Monte
Carlo simulations, Xiao et al. [10] demonstrated that the error distribution determines
which method performs better, with non-linear regression better characterizing data with
additive, homoscedastic, normal error, and linear regression on log-transformed data better
characterizing data with multiplicative, heteroscedastic, log-normal error.

National-scale equations have been developed for Canada from data collected as part
of the ENFOR research program [11]. These data have been used to produce a new series
of equations that split tree aboveground biomass (AGBM) into four compartments (foliage,
wood, branches, and bark). These equations use either DBH only or a combination of DBH
and H as allometric variables [12,13]. Although these national equations are well suited
for large-scale studies, locally derived equations may be more appropriate for regional-
scale assessments of biomass or C stocks [12–14]. The national equations produced by
Lambert et al. [12] were developed for species-specific, closed-canopy forests. Other sets
of equations have been produced regionally to estimate the biomass of black spruce and
jack pine aboveground biomass [15–18] or roots [19,20]. However, none of these equations,
whether national or regional, have been validated for different stand structures, for instance
low-density stands, such as boreal open woodlands (OWs) in eastern Canada. Furthermore,
the national equations do not provide equations applicable for the roots compartment,
which represents both an important fraction of a tree’s total biomass and a large C pool.

The natural forest dynamics that led to the creation of OWs are well
documented [21–26]. Over 50 years, beginning in the mid-1950s, about 9% of the closed-
crown forest in Quebec transformed into OWs; this forest type now accounts for approxi-
matively 7% (1.6 million ha) of the closed-crown boreal forest in the province [27,28]. Boreal
OWs have been described as alternative stable states of spruce-feathermoss forests [26],
i.e., they tend to maintain their open structure over time [29].

Afforestation of OWs can be viable with proper site preparation [30–32]. Soil scarifi-
cation can, for instance, create seedbeds that are receptive to black spruce and favorable
to the growth of natural seedlings [33–35]. Biomass gains through afforestation could be
quite important over the long term, even under low-plantation-yield scenarios [28], and
biomass accumulation can be improved through appropriate management practices [6].
The theoretical potential of C sequestration in the planted OWs of eastern Canada has been
estimated at between 57 to 97 t C·ha−1 over 70 years [6,28]; this estimate varies according
to the applied silvicultural approach and the choice of planted species.

Although these estimates of C sequestration clearly illustrate that the afforestation of
OWs has the potential to create net C sinks, they are not necessarily suitable at the stand
level for afforestation projects because these estimates are based on generic biomass and
yield equations, not yet validated for OWs. To date, no studies have developed allometric
equations for natural or planted trees in OWs, although one can hypothesize that the
particular site conditions of OWs—higher light availability, lower soil moisture, and a
higher exposure to wind—may alter tree growth, biomass allocation, and canopy structure
relative to trees in closed-forest stands.

This study aimed to develop allometric equations for the two dominant tree species
of the eastern Canadian boreal forest, black spruce (Picea mariana [Mill.] B.S.P.) and jack
pine (Pinus banksiana Lamb.), growing in OWs of Quebec’s spruce-feathermoss and balsam
fir–white birch bioclimatic domains. Trees of different sizes from seven boreal OWs were
harvested for biomass and allometric measurements to develop a set of equations using
either trunk diameter (DBH or diameter at stump height (DSH)) as a single biometric
variable or in combination with tree height. The measurement of tree height in the field
can be time-consuming and unprecise; it is, therefore, insightful to assess whether this
measurement significantly improves biomass estimates in OWs. Given the particular
conditions prevailing in OWs, such as higher light availability, lower tree density, and
thinner organic horizon relative to closed-crown stands, we hypothesized that the Cana-
dian national equations [12] would not accurately predict the aboveground biomass and
particularly its allocation among stem, branches, and needles. Finally, we used the ad hoc
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equations to estimate the amount of C accumulated in tree biomass in OWs afforested with
either black spruce of jack pine nine years after afforestation.

2. Materials and Methods
2.1. Study Sites

This study used part of an approx. 300 ha pre-existing experimental area, which was
established in 1999–2001 to study various aspects of afforestation in boreal OWs of north-
ern Quebec, Canada (for further details of this experimental area, see Hebert et al. [31]).
We established seven experimental sites located within the spruce-moss and the balsam
fir–white birch bioclimatic domains [36] (Figure 1). These OWs are characterized by a tree
crown cover of <40%, a shrub layer dominated by ericaceous species, including Kalmia
angustifolia, Rhododendron groenlandicum, and Vaccinium spp., and ground vegetation domi-
nated (ground cover >40%) by lichens of Cladina spp. and Cladonia spp. [31]. Black spruce
was the dominant tree species at all sites—representing at least 75% of the basal area—and
jack pine was the main companion tree species.
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Regional climate is cool continental with a mean daily temperature of 0.2 ◦C, which
varies from −18.8 ◦C in January to 16.4 ◦C in July and an annual precipitation of 995.8 mm,
of which 312.9 mm (31%) occurs as snowfall (climate normals from 1981 to 2010, Environ-
ment Canada, Chapais 2 station, 49◦47′ N, 74◦51′ W).

Each site was subjected to silvicultural treatments consisting of disk scarification, using
a TTS disk trencher (34% of the total stand area was disturbed), followed by afforestation
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with black spruce (BS) and jack pine (JP) seedlings. The seedlings were grown at the Uni-
versité du Québec à Chicoutimi in conventional containers of 67 cylindrical cavities, 50 cm3

root plug volume per cavity (IPL Inc., Saint-Damien, QC, Canada). Seedlings were planted
at a density of 2500 plants ha−1 in summer 2000 (sites 4–11) and 2001 (sites 15–16) [31].
A description of the seven afforested OWs (sites) is provided in Table 1.

Table 1. Characteristics of the sampled afforested open woodlands (OW), planted with black spruce (BS) and jack pine (JP)
trees. For natural (i.e., not planted) trees, only with DBH over 9 cm were included. All values represent mean (± SE).

Sites
Plantation Density

(Stems ha−1)
Planted Tree Mean Height

(m)
Natural Tree

Density
(Stems ha−1)

Dominant Tree
Mean Height

(m)

Dominant
Tree Age

(Years)BS JP BS JP

4 925 475 0.41 ± 0.12 1.18 ± 0.56 113 8.78 ± 0.87 54
5 275 850 0.54 ± 0.14 1.69 ± 0.67 138 10.56 ± 1.41 67
6 625 700 0.51 ± 0.12 1.31 ± 0.54 200 8.94 ± 1.83 59
9 2350 1925 0.99 ± 0.40 2.85 ± 0.65 0 5.92 ± 0.47 32

11 2175 2125 0.74 ± 0.29 2.3 ± 0.98 275 8.32 ± 0.95 58
15 1500 1650 0.41 ± 0.14 1.37 ± 0.49 500 10.81 ± 0.30 60
16 1875 2000 0.58 ± 0.18 1.54 ± 0.47 113 11.2 ± 2.20 62

2.2. Tree Sampling

We sampled trees and took measurements in spring 2009 and 2010, nine years after
afforestation, from two 400 m2 plots (20 m× 20 m) in each site: one in the portion afforested
with black spruce (BS) and the other in the portion afforested with jack pine (JP), for a total
of 14 plots. Both natural trees (i.e., trees that were already on the sites before plantation)
and planted trees were harvested and measured.

For natural trees, we recorded DBH and H on all trees >1.3 m in H within each plot.
We then assigned trees to four classes based on their DBH (four quartiles): dominant,
co-dominant, intermediate, and oppressed. The use of quartiles ensured that there was
an equal number of trees in each class per plot. We then randomly selected two trees per
class for conducting biomass measurements, for a total of 112 trees. We harvested the
selected trees and then measured their diameters at 0, 0.3, 0.6, 1, 1.3, 2.0, and 3.0 m height,
and continued, if necessary, at meter-long intervals to the tip of the stem. We counted all
the branches within each section, and the two opposite branches closer to the center of
each section were identified, and brought to the laboratory to determine their dry mass.
For trees within the oppressed class, we sampled branches on 0.5 m long sections, rather
than 1 m sections, to obtain greater precision because several trees of this class would only
have had two sections with branches. We sampled roots for four out of the seven sites
(5, 9, 11, and 15) on a randomly selected tree per class and per plot, for a total of 32 trees
(4 sites × 2 plots × 4 classes). Each selected tree was cut at the ground level, and the root
system was manually and carefully uprooted so that we could harvest all roots with a
diameter >5 mm. The root system was then identified and brought to the laboratory for
further analyses.

For every planted tree within the 14 plots, we measured H, DSH (15 cm) and DBH
(when trees were >1.3 m). We also harvested the root biomass of the four tallest trees within
each plot (28 BS and 28 JP trees in total). The trees were carefully uprooted to obtain the
entire root system, down to a minimal root diameter of 2 mm. The complete trees were
then brought to the laboratory.

Overall, we harvested 117 BS trees (89 natural and 28 planted) and 50 JP trees
(22 natural and 28 planted). Only 82% of BS trees (96 out of 117) were taller than 1.3 m,
whereas all harvested JP were taller than 1.3 m (Figure S1).

In the laboratory, we placed the harvested stems and branches of both the natural
and planted trees in a greenhouse for a few days for pre-drying. We then separated the
tree material into three compartments: stems, branches, and needles. The sampled root
systems were carefully cleaned to remove all organic matter or mineral soil. Afterwards,
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all samples were oven-dried at 65 ◦C until a constant weight was observed (at least for 48 h
for stems and branches and up to a week for the roots). Samples were then weighed to the
nearest 0.1 mg.

The total branches dry mass was obtained by multiplying the mean dry mass of the
two opposite branches of each stem section by the number of branches counted previously.
The branches biomass of each section was summed to obtain the total branches mass of
each tree. To obtain the total stem dry mass, we determined the volume of the harvested
stem sections from the measured length and diameter values and using Equation (1) [37].
A density coefficient of 481 kg m−3 for BS and 469 kg m−3 for JP was applied to obtain the
wood dry mass [38].

V = 1/3 × π × l × (a2 + ab + b2), (1)

where V is the volume, l is the length of the section, and a and b are the diameters at the
top and the bottom of the section, respectively.

2.3. Fitting Performance of Existing Allometric Equations

Lambert et al. [12] produced DBH-based allometric equations for estimating the
biomass of bark, stem wood, branches, and needles of various boreal tree species. We
tested these equations on 96 BS and 50 JP trees taller than 1.3 m (i.e., with a DBH). In contrast
with Lambert et al. [12], we did not separate the bark from the stem; therefore, the bark
and stem wood masses predicted by Lambert et al.’s equations were summed and then
compared with our stem biomass values. We computed the mean relative error (MRE) of
the models for each tree compartment (stem, branches, needles, and aboveground biomass),
as shown in Equation (2):

MRE = 1/(n − 1) ∑i[(Bmpi − BMmi)2/BMmi], (2)

where BMp and BMn are the predicted and measured biomasses of the tree i, respectively.
As no equation for roots was available in Lambert et al. [12], the root:shoot ratios

(RSr) of the natural and planted trees from the present study were compared to RSr ratios
found in the literature. The RSr was calculated for each tree by dividing AGBM by the
root biomass.

2.4. Development of Allometric Equations

Xiao et al. [10] have shown that using a linear regression on log-transformed data
gives better parameter estimation than a non-linear regression fitted on the original data
set when the error is multiplicative (log-normal distribution). In a first step, we followed
the methodology they developed to assess the error distribution of our data and to con-
clude on whether the data must be log-transformed or not. When the assumption of
log-normal error was better supported by the data (i.e., AICc-norm − AICc-lognorm > 2)
a log-transformation of the data was applied to all compartments for both species. The
relationship between DBH and the biomass of the different compartments is shown in
Figure S2 for both the original and log-transformed data.

For all tree compartments, allometric equations were developed from three power
models commonly used in forestry studies. Depending on the output of the error distribu-
tion analysis [10], the models were fitted on either the log-transformed or original data.

We first tested a simple power model with a diameter variable (Dv) as a single
allometric variable (model 1):

BMi = β1 × Dvβ2 +

Forests 2021, 12, x FOR PEER REVIEW 6 of 18 
 

 

We first tested a simple power model with a diameter variable (Dv) as a single al-
lometric variable (model 1): 

BMi = β1 × Dvβ2 + Ɛ 

The corresponding model with log-normal error on the logarithmic scale was thus: 

Log(BMi) = Log(β1) × β2Dv + Ɛ 

We also tested two power models with both Dv and height (H) as biometric variables. 
A model with two parameters (β1 and β2) (model 2): 

BMi = β1 × (Dv2H)β2 + � 

The corresponding model with log-normal error on the logarithmic scale was thus: 

Log(BMi) = Log(β1) × β2(Dv2H) + Ɛ 

The third model had three parameters (β1, β2 and β3) (model 3): 

BMi = β1 × Dvβ2 × Hβ3 + Ɛ 

The corresponding model with log-normal error on the logarithmic scale was thus: 

Log(BMi) = Log(β1) × β2Dv × β3H + Ɛ 

where BMi is the biomass of the compartment i, Dv is the stem diameter variable, β1, β2 
and β3 the model’s parameters, and Ɛ the error term. 

The plantations included trees with height < 1.3 m and therefore with no DBH values. 
Hence, we developed one set of equations with DSH as a diameter variable (Dv) from the 
sampled trees for which DSH was available: 21 planted BS with H < 1.3 m and 28 planted 
JP with H > 1.3 m. 

We computed R2 and AICc for each model. It is known that the log-transformation 
of the data introduces a systematic bias to biomass values predicted from linear models 
built from log-transformed data. This bias can be corrected by applying a correction factor 
(CF = exp[RSE2/2]) in the back-transformation to the original arithmetic scale [39,40]. 

2.5. Carbon Stocks Calculation in Planted Trees, Nine Years after Afforestation 
The developed allometric equations were used to estimate the total biomass (includ-

ing AGBM plus roots) and, hence, C stocks within each 400 m2 plots based on the diameter 
and height of each planted tree. The total C in each tree was calculated as the sum of the 
dry mass of each tree compartment (needles, stems, branches, and roots), then multiplied 
by 0.5 as suggested by the Intergovernmental Panel on Climate Change (IPCC) [41]. We 
obtained the C stocks in the planted trees by summing the total C in all planted trees in each 
plot and then multiplying by a factor 25 to obtain C stocks in tons (t) per ha. The density of 
trees varied widely among plots (Table 1). To estimate the C sequestration potential of OW 
afforestation with the commonly applied planting density (2000 trees ha−1), C stock values 
in each plot were normalized with tree density. 

3. Results 
3.1. Fitting Performance of Existing Allometric Equations 

The equations developed by Lambert et al. [12] produced a good fit for stem and 
aboveground biomass (AGBM) of both the BS and JP trees (Figure S3). The predicted mean 
AGBM was 9% lower than measured mean AGBM for BS (14.8 kg and 16.3 kg, respec-
tively) and 18% lower for JP (20.0 kg and 24.3 kg, respectively) (Figure 2). This is mainly 
due to a large underestimation of branches biomass, for which the predicted contribution 
to the AGBM was about half of the actual contribution in both species (2.47 kg predicted 
and 4.36 kg measured for BS, 3.4 kg predicted and 7.62 measured for JP, Figure 2). The 

The corresponding model with log-normal error on the logarithmic scale was thus:

Log(BMi) = Log(β1) × β2Dv +

Forests 2021, 12, x FOR PEER REVIEW 6 of 18 
 

 

We first tested a simple power model with a diameter variable (Dv) as a single al-
lometric variable (model 1): 

BMi = β1 × Dvβ2 + Ɛ 

The corresponding model with log-normal error on the logarithmic scale was thus: 

Log(BMi) = Log(β1) × β2Dv + Ɛ 

We also tested two power models with both Dv and height (H) as biometric variables. 
A model with two parameters (β1 and β2) (model 2): 

BMi = β1 × (Dv2H)β2 + � 

The corresponding model with log-normal error on the logarithmic scale was thus: 

Log(BMi) = Log(β1) × β2(Dv2H) + Ɛ 

The third model had three parameters (β1, β2 and β3) (model 3): 

BMi = β1 × Dvβ2 × Hβ3 + Ɛ 

The corresponding model with log-normal error on the logarithmic scale was thus: 

Log(BMi) = Log(β1) × β2Dv × β3H + Ɛ 

where BMi is the biomass of the compartment i, Dv is the stem diameter variable, β1, β2 
and β3 the model’s parameters, and Ɛ the error term. 

The plantations included trees with height < 1.3 m and therefore with no DBH values. 
Hence, we developed one set of equations with DSH as a diameter variable (Dv) from the 
sampled trees for which DSH was available: 21 planted BS with H < 1.3 m and 28 planted 
JP with H > 1.3 m. 

We computed R2 and AICc for each model. It is known that the log-transformation 
of the data introduces a systematic bias to biomass values predicted from linear models 
built from log-transformed data. This bias can be corrected by applying a correction factor 
(CF = exp[RSE2/2]) in the back-transformation to the original arithmetic scale [39,40]. 

2.5. Carbon Stocks Calculation in Planted Trees, Nine Years after Afforestation 
The developed allometric equations were used to estimate the total biomass (includ-

ing AGBM plus roots) and, hence, C stocks within each 400 m2 plots based on the diameter 
and height of each planted tree. The total C in each tree was calculated as the sum of the 
dry mass of each tree compartment (needles, stems, branches, and roots), then multiplied 
by 0.5 as suggested by the Intergovernmental Panel on Climate Change (IPCC) [41]. We 
obtained the C stocks in the planted trees by summing the total C in all planted trees in each 
plot and then multiplying by a factor 25 to obtain C stocks in tons (t) per ha. The density of 
trees varied widely among plots (Table 1). To estimate the C sequestration potential of OW 
afforestation with the commonly applied planting density (2000 trees ha−1), C stock values 
in each plot were normalized with tree density. 

3. Results 
3.1. Fitting Performance of Existing Allometric Equations 

The equations developed by Lambert et al. [12] produced a good fit for stem and 
aboveground biomass (AGBM) of both the BS and JP trees (Figure S3). The predicted mean 
AGBM was 9% lower than measured mean AGBM for BS (14.8 kg and 16.3 kg, respec-
tively) and 18% lower for JP (20.0 kg and 24.3 kg, respectively) (Figure 2). This is mainly 
due to a large underestimation of branches biomass, for which the predicted contribution 
to the AGBM was about half of the actual contribution in both species (2.47 kg predicted 
and 4.36 kg measured for BS, 3.4 kg predicted and 7.62 measured for JP, Figure 2). The 



Forests 2021, 12, 59 6 of 18

We also tested two power models with both Dv and height (H) as biometric variables.
A model with two parameters (β1 and β2) (model 2):

BMi = β1 × (Dv2H)β2 +
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the error term.
The plantations included trees with height < 1.3 m and therefore with no DBH values.

Hence, we developed one set of equations with DSH as a diameter variable (Dv) from the
sampled trees for which DSH was available: 21 planted BS with H < 1.3 m and 28 planted
JP with H > 1.3 m.

We computed R2 and AICc for each model. It is known that the log-transformation
of the data introduces a systematic bias to biomass values predicted from linear models
built from log-transformed data. This bias can be corrected by applying a correction factor
(CF = exp[RSE2/2]) in the back-transformation to the original arithmetic scale [39,40].

2.5. Carbon Stocks Calculation in Planted Trees, Nine Years after Afforestation

The developed allometric equations were used to estimate the total biomass (including
AGBM plus roots) and, hence, C stocks within each 400 m2 plots based on the diameter and
height of each planted tree. The total C in each tree was calculated as the sum of the dry
mass of each tree compartment (needles, stems, branches, and roots), then multiplied by 0.5
as suggested by the Intergovernmental Panel on Climate Change (IPCC) [41]. We obtained
the C stocks in the planted trees by summing the total C in all planted trees in each plot
and then multiplying by a factor 25 to obtain C stocks in tons (t) per ha. The density of
trees varied widely among plots (Table 1). To estimate the C sequestration potential of OW
afforestation with the commonly applied planting density (2000 trees ha−1), C stock values
in each plot were normalized with tree density.

3. Results
3.1. Fitting Performance of Existing Allometric Equations

The equations developed by Lambert et al. [12] produced a good fit for stem and
aboveground biomass (AGBM) of both the BS and JP trees (Figure S3). The predicted mean
AGBM was 9% lower than measured mean AGBM for BS (14.8 kg and 16.3 kg, respectively)
and 18% lower for JP (20.0 kg and 24.3 kg, respectively) (Figure 2). This is mainly due
to a large underestimation of branches biomass, for which the predicted contribution to
the AGBM was about half of the actual contribution in both species (2.47 kg predicted
and 4.36 kg measured for BS, 3.4 kg predicted and 7.62 measured for JP, Figure 2). The
contribution of needles and stem to the AGBM was nevertheless accurately predicted,
although slightly underestimated for needles and slightly overestimated for stem.
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Figure 2. Average biomass allocation to stems, branches, and needles for black spruce (n = 96)
and jack pine (n = 50) trees (height >1.3 m) sampled in open woodlands of Quebec (measured) vs.
predicted allocation by using the allometric equations developed by Lambert et al. (2005).

3.2. Species-Specific Allometric Equations
3.2.1. Black Spruce and Jack Pine Trees with H > 1.3 m

The application of the procedure developed by Xiao et al. [10] indicated that the
assumption of log-normal error was better supported by our data for all compartments in
both species. Hence, data were log-transformed prior to fitting a linear regression. Model
3—combining DBH and H with three parameters (β1, β2 and β3)—yielded the lowest AICc
and highest R2 for all BS compartments (Table 2; Figure 3). Model 3 also yielded the best
results for JP’s roots and stem biomasses but model 2 had equally low or lower AICc for
branches, needles and aboveground biomasses (Table 3; Figure 3).

Table 2. Comparison of fitting performances (R2 and AICc) of the three models for needles, branches,
stem, roots and aboveground biomass (AGBM) in black spruce (n = 96) trees with height > 1.3 m.
R2 and AICc values of the best model are shown in bold for each compartment.

Model 1 Model 2 Model 3

R2 AICc R2 AICc R2 AICc

roots 0.88 58 0.89 52 0.91 50
stem 0.94 120 0.96 84 0.97 40

branches 0.79 222 0.81 216 0.81 215
needles 0.74 226 0.75 221 0.76 219
AGBM 0.86 174 0.88 161 0.89 152
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Figure 3. Roots (a,b), stem (c,d), branches (e,f), needles (g,h) and aboveground biomasses (i,j)
(AGBM) predicted by the three models vs. measured values for black spruce (n = 96) and jack pine
(n = 50) trees (height > 1.3 m) sampled in boreal open woodlands of Quebec.

Table 3. Comparison of fitting performances (R2 and AICc) of the three models for needles, branches,
stem, roots and aboveground biomass (AGBM) in Jack pine (n = 50) trees with height > 1.3 m. R2 and
AICc values of the best model are shown in bold for each compartment.

Model 1 Model 2 Model 3

R2 AICc R2 AICc R2 AICc

roots 0.92 54 0.93 48 0.94 46
stem 0.97 47 0.98 32 0.98 25

branches 0.95 76 0.96 74 0.96 76
needles 0.94 55 0.94 55 0.94 57
AGBM 0.96 49 0.97 41 0.97 42

3.2.2. Black Spruce Trees with H < 1.3 m

The Xiao et al. [10] procedure indicated that the assumption of additive normal error
was better supported for BS trees with H < 1.3 m. Therefore, data were not transformed,
and non-linear regression were fitted on the original data set. Model 2 had the best fitting
metrics for all compartments except for root biomass which was better fitted by model 1
(Table 4; Figure 4).
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Table 4. Comparison of fitting performances (R2 and AICc) of the three models for needles, branches,
stem, roots and aboveground biomass (AGBM) in black spruce (n = 21) trees with height < 1.3 m.
R2 and AICc values of the best model are shown in bold for each compartment.

Model 1 Model 2 Model 3

R2 AICc R2 AICc R2 AICc

roots 0.91 −130 0.90 −127 0.92 −129
stem 0.95 −143 0.95 −145 0.95 −142

branches 0.94 −103 0.94 −105 0.94 −102
needles 0.87 −135 0.90 −140 0.91 −140
AGBM 0.93 −78 0.94 −81 0.94 −78
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Figure 4. Roots (a), stem (b), branches (c), needles (d) and aboveground biomasses (e) (AGBM)
predicted by the three models vs. measured values for black spruce (n = 21) trees (height < 1.3 m)
sampled in boreal open woodlands of Quebec.

3.2.3. Planted Jack Pine Trees

Following the procedure developed by Xiao et al. [10], data were log-transformed for
all compartments prior to fitting a linear regression. Model 2 had better or similar fitting
metrics than the two other models for all compartments (Table 5; Figure 5).
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Table 5. Comparison of fitting performances (R2 and AICc) of the three models for needles, branches,
stem, roots and aboveground biomass (AGBM) in planted Jack pine (n = 28) trees. R2 and AICc
values of the best model are shown in bold for each compartment.

Model 1 Model 2 Model 3

R2 AICc R2 AICc R2 AICc

roots 0.92 8.6 0.93 7.5 0.93 9.5
stem 0.94 −6.8 0.97 −24.5 0.97 −24.5

branches 0.92 12.9 0.93 8.7 0.93 11.4
needles 0.88 11.7 0.88 10.7 0.88 13.1
AGBM 0.95 −8.7 0.96 −18.4 0.96 −15.7
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Figure 5. Roots (a), stem (b), branches (c), needles (d) and aboveground biomasses (e) (AGBM)
predicted by the three models vs. measured values for planted Jack pine (n = 21) trees sampled in
boreal open woodlands of Quebec.

3.2.4. Equations Parameters

The best models were selected according to the highest R2 and the lowest AICc.
Equations for each compartment, tree species, and type are shown in Table 6. Models
parameters and their standard errors are presented in Table S1.
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Table 6. Selected equations for each tree compartment for black spruce and Jack pine trees with H > 1.3 m (n = 96 and 50,
respectively), black spruce trees with H < 1.3 m (n = 21) and planted Jack pine trees (n = 28).

Black Spruce (H > 1.3 m) Jack Pine (H > 1.3 m) Black Spruce (H < 1.3 m) Jack Pine (Planted)

roots 0.135 × DBH0.38 × H1.55 × 1.13 0.018 × DBH0.81 × H1.99 × 1.09 0.006 × DHS4.23 0.006 × (DHS2 × H)0.97 × 1.03
stem 0.104 × DBH0.47 × H1.88 × 1.04 0.045 × DBH0.82 × H1.94 × 1.04 0.015 × (DHS2 × H)1.28 0.019 × (DHS2 × H)0.89 × 1.01

branches 0.225 × DBH0.63 × H1.23 × 1.30 0.030 × (DBH2 × H)0.84 × 1.12 0.042 × (DHS2 × H)1.19 0.005 × (DHS2 × H)1.03 × 1.03
needles 0.278 × DBH0.42 × H1.31 × 1.31 0.092 × (DBH2 × H)0.60 × 1.08 0.043 × DHS0.63 × H2.06 0.020 × (DHS2 × H)0.79 × 1.04
AGBM 0.593 × DBH0.46 × H1.52 × 1.15 0.193 × (DBH2 × H)0.75 × 1.06 0.085 × (DHS2 × H)1.12 0.042 × (DHS2 × H)0.88 × 1.01

3.3. Shoot Root Ratio

There was a relatively strong linear relationship between shoot (AGBM) and root
biomasses in both planted and natural trees (Figure 6). The root:shoot ratio (RSr) was similar
for both species (0.20 ± 0.05 and 0.21 ± 0.06 for BS and JP, respectively), although higher in
natural than in planted trees (0.24± 0.08 and 0.26± 0.06 for BS and JP, respectively; Table 7).
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Figure 6. Relationships between shoot mass and root mass of black spruce (red circles) and jack pine
(green circles) for (a) planted and (b) natural trees. *** indicates p < 0.001.

Table 7. The root:shoot ratio (RSr) of planted (n = 28 for BS and JP) and natural (n = 24 for BS and
8 for JP) trees and their minimum and maximum values. Results presented as mean ± SE.

Planted Trees Natural Trees

Species RSr SE Min. Max. RSr SE Min. Max.

BS 0.20 0.06 0.09 0.33 0.24 0.08 0.08 0.44
JP 0.21 0.06 0.13 0.41 0.26 0.06 0.17 0.37

3.4. C Stocks in Planted Trees

The allometric equations built in this study were used to determine the total C stocks
in all planted trees on the sites. For both species, all the models gave practically the same
biomass estimates (Figure 7). The total C stocks in OWs afforested with JP were on average
more than five times higher than in those afforested with BS (0.14 vs. 0.80 t C·ha−1 for BS
and JP, respectively). There was a large variability among sites partly due to a large variation
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in tree density (Table 1). However, even when C stocks values were normalized with tree
density the variation among sites remained high (large error bars) due to differences in
growth rates, which were significantly higher at sites 9 and 11 for both species (Table 1).
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and jack pine (JP) at a density of 2000 Table 1. Each value is the mean ± SD of seven sites (Figure 1).

4. Discussion

Multiple allometric equations exist in the literature, but their use outside of the
geographical limits or ecological attributes for which they were built can lead to inaccurate
biomass estimates [14]. Although national equations are useful for large-scale applications,
locally derived equations normally produce more precise and site-specific estimates [16].
Unless an equation was developed exclusively for a specific species and study region of
interest, it is very difficult to determine which of several potentially applicable equations
to choose [14]. As with any other climate change mitigation projects requiring reliable
accounting for the C market or regulating obligations [41], the afforestation of boreal OWs
requires a precise estimatation of biomass accumulation over time to quantify the actual
size of this new C sink. The accuracy of national equations for this particular habitat [25,26]
remains uncertain because trees growing in OWs experience very different environmental
conditions than trees in closed-canopy forests [30,32]. These particular conditions can affect
not only total biomass production but also the partitioning of AGBM among the foliage,
branches, and stem [15,42]. Allometric equations made specifically for eastern Canadian
boreal OWs offer much potential as a non-destructive, time-saving tool for estimating
biomass given the total land area of OWs [6,28]. To our knowledge, this is the first study
to explore the allometry of trees in OWs and provide a set of allometric equations for
estimating biomass.
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4.1. Comparison with Existing Equations

Data in the present study show that the biomass predicted by the equations of Lambert
et al. [12] slightly underestimated total AGBM of trees in the studied OWs mainly due
to a large underestimation of branches biomass. Those differences in AGBM partitioning
among the various compartments likely relate to the specific morphological features of
trees growing in OWs [29,43]. Differences in crown structure and allocation exist between
open-grown and understory trees owing to light availability [44]. The underestimation of
branches biomass by Lambert et al.’s equations suggest that trees growing in OWs may
favor axillary rather than apical growth likely because of a higher light intensity. The
trees within OWs may also have a higher branching rate likely due to a greater spacing
between trees, as promiscuity among trees is known to reduce axillary budbreak and
branch size [45].

This discrepancy may also result from methodological differences. In this study, we
did not collect all branches of the studied trees, only two per 1 m section, from which
we extrapolated to obtain the total biomass of the branches. In contrast, the branch and
foliage biomasses of Quebec trees used in the Lambert et al. equations were not measured
directly and were separated through a regression model based on data from other provinces.
These methodological differences could produce a bias in the final biomass estimate of
these compartments.

The wood density coefficient used to determine the biomass of natural tree is also a
factor to account for. We did not measure wood density for each tree but instead used an
average coefficient for each species obtained from many individuals spread over Quebec
territory [38]. The use of an average factor regardless of the characteristics of the trees was
justified by the lack of relationship between wood properties and tree-level attributes in
any species, especially between wood density and DBH [38]. Another study carried out on
several BS stands of all age ranges and site qualities across Ontario has shown wood density
does not significantly vary across stands of various age and site quality [46]. However,
some studies have shown that latitude [47–50] and DBH annual increment [51,52] have an
influence on wood density. Further research on wood density of OW trees would permit
clarification of this.

4.2. Equations Selection

Although complex allometric models involving more than two morphologic variables
can be used to estimate tree biomass [50], simple power models involving trunk diameter
alone or in combination with tree H are the most commonly used, and these models have
been applied to wide range of forest ecosystems and species worldwide [12,53,54]. Here
we tested whether the inclusion of tree H improved estimates of tree biomass. Although
equations using both diameter and H (model 2 and 3) generally produced a better fit
(Table 2), equations based on diameter only (model 1) also offered good estimates, yielding
R2 values often lower by < 0.02. Adding the H variable to the model also had a small impact
on C stock estimates at the stand level, although model 1 tended to slightly overestimate
JP C sequestration (Figure 7). This result agrees with other studies that held diameter as
the most important variable for estimating biomass, even when used alone, because H
measurements only marginally improve estimates in most cases [13,16,42,55,56].

Given that tree H measurements are time-consuming and less accurate, particularly
for tall trees and in closed-canopy forests, our results suggest that the use of diameter as
a single allometric variable (model 1) is appropriate, especially in a context of large-scale
inventories, as adding H to the model only slightly improves the accuracy of the total
estimated biomass. However, height can be included in the inventories when it can be
easily and accurately measured, such as for smaller trees, especially when under 1.3 m tall.

4.3. Root:Shoot Ratio (RSr)

Accurate estimates of root biomass are necessary when the purpose of afforestation
is to deliver C emission offsets; this is especially the case in low-productivity boreal
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stands where root biomass represents a particularly large fraction of total tree biomass [57].
No equations were available for this compartment in the national set of equations [12];
therefore, we required site- and species-specific root allometric equations to properly assess
the C stocks within OWs. The RSr, or the belowground to aboveground biomass ratio,
represents a standard method for estimating root biomass from the more easily measured
shoot biomass [57]. The ratio obtained in this study (0.20–0.26) was lower than the value of
0.39 reported for low-productivity boreal forests (<75 tons ha−1) and that proposed in the
IPCC Guidelines for National Greenhouse Gas Inventories [58]. Mokany et al. [57] found
that in forests with an AGBM > 75 tons ha−1, the ratio was 0.23, a value closer to the one
obtained in the present study and to the value of 0.22 used in the budget model of the
Canadian Forest Sector [59]. A recent study also found RSr in the hemiboreal forest zone to
vary between 0.20 and 0.25 for pine and between 0.21 and 0.30 for spruce [55].

Our lower RSr values, relative to those reported for low-productivity boreal stands,
may result from an underestimation of root biomass because only roots with a diame-
ter > 5 mm were excavated for natural trees. The RSr value for planted trees was however
even lower than that for natural trees although we excavated roots to a minimum diameter
of 2 mm as recommended by the IPCC [58]. Fine roots (<2 mm) are generally excluded
from belowground biomass because they often cannot be distinguished empirically from
soil organic matter and litter; consequently, they are accounted for within the organic soil
pool for greenhouse gas inventories.

Average RSr values must, however, be interpreted with caution because of the marked
intersite variability (Table 7), especially for natural BS trees, for which our RSr estimates
ranged from 0.08 to 0.44. Such a large variability has been reported in low-productivity
(AGBM < 75 tons·ha−1) boreal stands studied by Mokany et al. [57], who observed RSr
values of 0.22 to 0.96. Coniferous trees with DBH values < 10–15 cm generally have a
lower RSr [55]. Of the 32 natural trees analyzed for RSr, only 10% had a DBH > 15 cm,
and 68% had a DBH < 10 cm, possibly explaining why the planted trees had a lower
RSr in our study, and why planted trees had a lower RSr than natural trees. Even if root
biomass was underestimated in this study, our obtained RSr values are very similar to
previous studies, and the estimates are conservative, which is expected for reliable C
balance accounting. Additionally, the fine-root biomass can be assessed via the organic
and mineral soil compartments in the perspective of establishing a complete C balance for
the OWs.

4.4. Estimates of Total Biomass

Based on the allometric equations developed in this study, the total estimated
biomass—and hence C accumulation in tree biomass—was approximately five times higher
in JP than in BS plantations nine years after afforestation (Figure 7). Given the growth rates
observed in this study for BS, the theoretical short-term C balance projected in Gaboury
et al. [28] may not be reached. Their growth simulation was based on a site quality index
(SI) of 6 (the larger the SI the higher the forest productivity), which is higher than the SI
of the present study’s sites determined using the H of the dominant trees [60]. It is worth
mentioning, however, that SI value may be underestimated owing to the young age of the
plantation, as BS grows slower in the first years than many of the trees and shrubs with
which it is associated [61]. The estimated SI for these stands should be reassessed in the
future to clarify this point.

The difference in growth rate between the two species may largely result from differ-
ences in root distribution. The BS root system develops mostly in the humus layer or at the
humus–mineral interface [61,62] whereas JP develops a root system that can go deeper into
the mineral soil [63], which allows this species to reach N sources that are less available to
BS [64]. This indicates that JP is more suited to grow on OWs where the organic soil is thin
or nearly absent, at least during the juvenile growth period of planted trees.

The large variability in total C accumulation in tree biomass between sites resulted
from the combination of a wide range in planted tree density (from 275–2350 stems·ha−1)
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and a large range in tree H for both species. However, the large variability remained even
when tree density was normalized (from 0.06–2.4 t·C ha−1 for JP and 0.008–0.66 t·C ha−1

for BS) (Figure 7). Tree height was much higher at both sites located in the Chibougamau
region (sites 9 and 11), which resulted in much higher biomass values than at the other
sites. Growth rates has been shown to differ between OWs [65] partly due to differences
in humus depth, whereas the adjacent closed-crown stands have a more constant humus
depth. In contrast, OW mineral soil layers likely contain similar available nutrient pools
than in nearby closed-crown forests [66].

5. Conclusions

This study aimed to develop allometric equations for both BS and JP growing in
OWs within Quebec’s spruce-feathermoss and balsam fir–white birch bioclimatic domains.
Existing allometric equations for the Canadian boreal forest tend to underestimate branches
biomass for trees growing in OW stands, likely due to the contrasting aboveground mor-
phology in closed-crown stands vs. OWs. We found that the inclusion of H along with
DBH as variables in the model yielded better fits but that using only DBH did not markedly
impact the accuracy of biomass predictions. Estimations of total planted trees biomass nine
years after afforestation based on the newly developed allometric equations, show large
variation among sites owing to intersite differences in both tree density and tree growth.
Our results show a much higher growth rate for JP than for BS in OWs. Hence, afforesta-
tion of OWs using JP could maximize biomass production and enhance the GHG-offset
potential of boreal OWs [6]. If the site index that we observed in JP plantations persists
over the coming years, the net sequestration may be 1.8–2 times higher than predicted by
previous studies [28].

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
907/12/1/59/s1, Figure S1: Distribution of sampled trees by height (m); Figure S2: Relationship
between DBH and biomass of the different compartments for both the original and log-transformed
data, for black spruce (BS) and jack pine (JP); Figure S3. Predicted mass of stems, branches, and
needles, as well as aboveground biomass, all calculated using the allometric equations of Lambert et al.
(2005), versus the corresponding measured values for sampled black spruce (n = 96) and jack pine (n
= 50). All sampled trees were >1.3 m in height. Residual mean square (RMSE) values are shown on
the graphs; Table S1: Parameter values and their standard errors (SE) for each selected model.
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