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Abstract: Understanding the contribution of forest ecosystems to regulating greenhouse gas emissions
and maintaining the atmospheric CO2 balance requires the accurate quantification of above-ground
biomass (AGB) at the individual tree species level. The main objective of this study was to develop
species-specific allometric equations for the total AGB and various biomass components, including
stem, branch, and foliage biomass in Khangai region, northern Mongolia. We destructively sampled
a total of 183 trees of five species (22–74 trees per species), including Siberian stone pine (Pinus sibirica
Du Tour.), Asian white birch (Betula platyphylla Sukacz.), Mongolian poplar (Populus suaveolens
Fisch.), Siberian spruce (Picea obovata Ldb.), and Siberian larch (Larix sibirica Ldb.), across this region.
The results showed that for the five species, the average biomass proportion for the stems was 75%,
followed by branches at 20% and foliage at 5%. The species-specific component and total AGB models
for the Khangai region were developed using tree diameter at breast height (D) and D2 and tree height
(H) combined (D2H); and both D and H were used as independent variables. The best allometric
model was lnŶ = lna + b × lnD + c × lnH for the various components and total AGB of B. platyphylla
and L. sibirica, for the stems and total AGB of P. suaveolens, and for the stem and branch biomass
of P. obovata. The equation lnŶ = lna + b × ln(D2

×H) was best for the various components and
total AGB of P. sibirica, for the branch and foliage biomass of P. suaveolens, and for AGB of P. obovata.
The equation lnŶ = lna + b × ln(D) was best only for the foliage biomass of P. obovata. Our results
highlight that developing species-specific tree AGB models is very important for accurately estimating
the biomass in the Khangai forest region of Mongolia. Our biomass models will be used at the tree
level inventories with sample plots in the Khangai forest region.

Keywords: above-ground biomass; allometric biomass model; biomass allocation; boreal forest;
Khangai region; northern Mongolia

1. Introduction

Forest ecosystems play a dual role in global and regional carbon (C) cycles due to their capacity
for C storage and high productivity [1,2]. One of the important characteristics of forest ecosystems
is biomass, which plays an important role in biogeochemical cycles, ecosystem function and the
formation of community structure [3–6]. In the context of global climate change, quantifying and
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estimating the above-ground biomass (AGB) and C storage in forest ecosystems using tree biomass
models are necessary [7,8]. The estimation of forest ecosystem biomass, including the biomass of
tree components, such as stems, branches, foliage, and roots, on local, regional and national scales
is essential for determining C storage and forest productivity [9,10]. The biomass and carbon stock
changes estimated by the allometric equations are important for assessing the mitigation effect of forests
on global climate change, and predicting the potential for C sequestration and emission reduction
activities such as tree planting, protecting forests from wildfire and insect or disease outbreak, etc. [11].
Mongolia, as a partner country of the UN-REDD Programme since 2011, is required to submit the
national Forest Reference Level to the United Nations Framework Convention on Climate Change
(UNFCCC). In the context of climate change and UN-REDD+ activities, biomass productivity and the
potential for carbon sequestration have received much more attention than hitherto [8].

Mongolia has 18.5 × 106 hectares of forest land, including 12.3 × 106 hectares of closed (canopy
cover more than 20%) and open forests distributed on the southernmost edge of the vast Siberian
boreal forest and the northern edge of the Central Asian deserts and most forest in Khangai region is
natural forest and rarely disturbed by human beings; these areas exhibit harsh continental climatic
conditions. The boreal forest biome represents one of the most important terrestrial C stores, which
is an important reason to intensively research C densities in this area [12]. Thus, the forest land of
Mongolia can be divided into two different biomes, namely, northern deciduous or coniferous boreal
forests (84.7%) and southern saxaul forests (15.3%) [13]. The second largest northern boreal forest
ecosystem in Mongolia is located in the Khangai forest vegetation region, which includes a natural
forest area of 4 million ha with 516 million m3 of growing stock. However, this region is vulnerable to
climate change and anthropogenic and natural forest disturbance factors. The biomass of these boreal
forests have important ecological functions, including regulating the water flow of rivers and streams,
protecting the soil from erosion, and sequestering and storing C in forest ecosystems [13–17].

To date, no equations have been empirically established to estimate tree biomass in the Khangai
region. A few studies have focused on the assessment of the AGB in Larix sibirica Ldb. forests in
southern Siberia and north-eastern Mongolia [18]. Additionally, some previous studies developed
AGB equations for Siberian larch, Scots pine, and Asian white birch trees in the Khentei region
of Mongolia [18–20]. Unfortunately, these studies did not provide any methodical details on the
calculations in the biomass analyses. Battulga et al. [21] developed regression models for the stem,
branch and foliage biomass of Siberian larch in the Altai Mountains based on data from 18 trees. Based
on this database, Dulamsuren et al. [12] added the data of 12 trees from the Khangai Mountains and
established more accurate biomass regression equations for Siberian larch. For predicting tree biomass
more accurately, it is necessary to increase the number of individual trees for developing the most
suitable allometric regression models. Therefore, to accurately estimate the forest ecosystem biomass
in the Khangai region and even Mongolia, establishing species-specific biomass equations for the main
tree species in this region is urgently needed [12,22].

The boreal forests in the Khangai region comprise coniferous and deciduous trees, including
Siberian stone pine—Pinus sibirica Du Tour. (1.1% of the total forest area), Asian white birch—Betula
platyphylla Sukacz. (7.9%), Mongolian poplar—Populus suaveolens Fisch. (0.2%), Siberian spruce—Picea
obovata Ldb. (0.2%) and Siberian larch—Larix sibirica Ldb. (90.6%). Therefore, we focused on these five
tree species. We collected biomass data from 183 tree samples and measured the AGB and biomass
components, including the stem, branch and foliage biomass, in the Khangai region of Mongolia. Our
objectives were the following: (1) to develop allometric equations for individual tree species for the
various biomass components, including the stems, branches, foliage and the total AGB using typical
parameters, i.e., the tree diameter at breast height (D) and tree height (H); and (2) to investigate their
allocations, including the biomass proportions of stems, branches and foliage, for the five major tree
species in the boreal forests of the Khangai region of northern Mongolia.
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2. Materials and Methods

2.1. Study Area

A field study was carried out in the Khangai forest vegetation region of Mongolia (Figure 1).
The Khangai region occupies the central part of northern Mongolia (between 47◦–51◦ N and 96◦–100◦ E).
The highest peak in the Khangai Mountains is Otgontenger, which reaches 4031 m a.s.l., and
medium-elevation mountain ranges such as Tarbagatai (3240 m), Bulnai (2619 m), Khan-Khukhi
(1928 m) and Buren (1980 m) are also found in the region. Darkhat’s depression (1550 m a.s.l.)
located in the northern part of Khangai region is surrounded by mountains. The altitude levels in the
territory predominately range between 1800–2000 m a.s.l., but the altitude in the north-eastern part is
1200–1400 m a.s.l. The mean annual temperature is −1.3 to −6.5 ◦C, the monthly average temperature is
−22.2 ◦C to −32.3 ◦C in January and 14.6 to 17.3 ◦C in July, the mean annual precipitation is 220–311 mm,
and the mean annual relative humidity is 56%–59% [17,23]. The peculiarities of the continental climate,
the orographic situation, and widely spread mountain steppes determine the vegetation distribution
patterns in the Khangai region and displace forest vegetation to the cooler and moister northern
slopes [24].
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Figure 1. Location of the sample plots in the Khangai region, Mongolia.

2.2. Data Collection

During the field study from 2013 to 2017, a total of 183 sample trees of five species were felled from
26 sample plots and measured in July and August (Figure 1). There were 23 sample trees of Siberian
stone pine, 27 sample trees of Asian white birch, 37 sample trees of Mongolian poplar, 22 sample trees
of Siberian spruce, and 74 sample trees of Siberian larch (Table 1). The field study was carried out
in the most typical forest stands in the Khangai region of Mongolia. A total of 26 circular plots were
established, in which there were three plots of P. sibirica forest, four plots of B. platyphylla forest, five
plots of P. suaveolens forest, three plots of P. obovata forest and 11 plots of L. sibirica forest. The radius of
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each circular was 20 m. After recording the tree diameters, from 19 sample plots, 5–12 sample trees
for each species were selected to be proportional to the number of trees of diameter classes. From
four plots, two to three trees representing the mean diameter were selected; also one dominant tree,
two intermediate-size trees and one suppressed tree were selected from three sample plots for felling
(Table 1). The selected trees were destructively sampled from each plot. The ages of the felled trees
were determined by counting the tree rings on the 0.3 m high stumps. The crown of each felled tree
was equally divided into top, middle and bottom sections, and all branches in each section were
removed from the trunk separately. The stem of each tree was cross-cut at 1–2 m intervals. The fresh
weights of the living branches in the crown sections as well as the stems were measured separately
using a hanging balance in the field with a precision of ±100 g. A sample branch with an average size
was selected from the crown sections, and the branches and foliage were separated and weighed in
the field with a precision of ±0.5 g. Sub-samples (50–100 g) from the branches and foliage of each
crown section were taken and weighed with a precision of ±0.1 g. At the end of the stem sections,
approximately 3 cm-thick discs were cut and weighed. All sub-samples were taken to the laboratory,
oven-dried to a constant weight at 105 ◦C and weighed. The dry biomass of stems, branches, and
foliage were computed by multiplying the fresh weight of each component by the dry/fresh weight
ratio of corresponding sub-samples. The main characteristics of the sample trees are presented in
Table 2.

Table 1. Geographical information describing the location and number of the sampled trees in the
Khangai region, Mongolia.

Plot
Number Longitude Latitude Elevation

(m)
P. sibirica
(Number)

B. platyphylla
(Number)

P.
suaveolens
(Number)

P. obovata
(Number)

L. sibirica
(Number)

1 98.34 48.68 1993 - - - - 10
2 98.91 48.33 2214 - - - - 3
3 100.96 47.51 1735 - - 10 - -
4 102.00 47.14 1453 4 - - - -
5 101.20 47.47 1849 10
6 100.26 48.15 2195 9 - - -
7 101.20 47.47 1804 - - - - 6
8 101.01 47.48 1683 - - - - 5
9 101.05 47.48 1791 - - - - 2

10 102.49 47.22 1817 - - - - 8
11 102.59 47.11 1933 - - - - 9
12 99.25 48.53 1830 - - - - 9
13 101.01 47.48 1849 - 3 - - -
14 101.27 47.54 1771 - 7 - - -
15 101.46 47.44 1686 - - 13 - -
16 99.66 51.25 1567 - - - 4 -
17 96.51 49.50 1890 - - - 10 -
18 96.10 49.73 1345 - - - 8 -
19 97.97 48.66 2035 - - - - 5
20 97.97 48.66 2033 - - - - 6
21 103.42 49.56 1091 - - - - 11
22 102.53 47.16 1782 - 9 - - -
23 103.42 49.56 1101 - 8 - - -
24 103.36 49.50 957 - - 3 - -
25 103.60 49.50 963 - - 4 - -
26 103.38 49.55 868 - - 7 - -

Total 23 27 37 22 74



Forests 2019, 10, 661 5 of 17

Table 2. Statistical characteristics and biomass of the five tree species.

Species Value D (cm) H (m) Stem
(kg)

Branch
(kg)

Foliage
(kg)

Total AGB
(kg)

Age
(years)

P. sibirica

Mean 23.0 11.5 148.71 62.32 12.19 223.22 95
SD 11.8 4.0 137.52 62.18 11.91 207.7 46
SE 2.5 0.8 28.68 12.97 2.48 43.31 10

Min 2.0 2.5 0.476 0.10 0.07 0.80 9
Max 42.0 17.6 458.10 193.19 42.72 667.74 194

B. platyphylla

Mean 16.4 12.7 98.30 31.87 4.26 134.42 56
SD 7.4 5.1 114.64 37.33 4.64 151.41 18
SE 1.4 1.0 22.06 7.18 0.89 29.14 3

Min 6.0 6.2 4.58 1.26 0.21 6.47 18
Max 35.4 22.5 491.76 139.51 18.41 602.81 95

P. suaveolens

Mean 25.3 13.6 187.73 68.26 6.93 262.92 61
SD 15.1 5.2 255.34 95.66 5.92 350.19 25
SE 2.5 0.9 41.98 15.73 0.97 57.57 4

Min 5.2 5.1 1.76 0.66 0.22 3.33 18
Max 68.0 25.5 1311.37 439.89 23.03 1766.87 120

P. obovata

Mean 21.9 16.4 193.53 32.56 16.34 242.43 137
SD 10.7 6.0 192.00 30.82 12.74 231.78 39
SE 2.3 1.3 40.94 6.57 2.72 49.42 8

Min 5.6 5.8 2.76 1.519 1.07 5.35 66
Max 43.7 27.0 693.34 102.39 52.4 848.14 185

L. sibirica

Mean 23.0 15.5 212.93 37.87 4.83 255.63 88
SD 12.7 5.9 262.24 45.88 4.94 300.18 56
SE 1.5 0.7 30.49 5.33 0.58 34.9 6

Min 3.8 4.3 1.147 0.52 0.05 2.1 27
Max 52.5 31.4 1104.02 201.81 22.07 1238.66 259

Note: D—diameter at breast height; H—tree height; AGB—above-ground biomass; Mean—arithmetic mean;
SD—standard deviation; SE—standard error; Min—minimum value; Max—maximum value.

2.3. Statistical Analysis

Three commonly used allometric models [21,25–27] were tested for estimating each component
and the AGB of trees using the diameter at breast height (D in cm) and tree height (H in m):

Ŷ = aDb (1)

Ŷ = a(D2H)b (2)

Ŷ = aDb Hc (3)

where Ŷ is the predicted tree biomass value in kg and a, b and c are the fitted parameters.
In forest biomass studies, the error variances for the allometric nonlinear equations based on

arithmetical units of measurement are not constant over all observations (heteroscedasticity) in most
cases [28]. Using log-transformed data for linear regressions when estimating the parameters in
nonlinear models is one of the most commonly used methods for eliminating the influences of
heteroscedasticity [7,29–31]. Consequently, Equations (1) to (3) were linearized using logarithms in the
following equations:

lnŶ = lna + b × lnD (4)

lnŶ = lna + b × ln(D2
× H) (5)

lnŶ = lna + b × lnD + c × lnH (6)

where lnŶ is the predicted tree biomass value in the logarithmic unit and lna, b and c are the
fitted parameters.

Log-transformed linear regression Equations (4) to (6) have commonly been used for modelling
above-ground tree biomass in many studies [20,27,32,33]. Models were calculated separately for the
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stems, branches, foliage and AGB. The antilog transformation of the predicted logarithmic values to
arithmetic units leads to a systematic bias that can generally be corrected with the following correction
factor [28,34]:

CF = exp(RMSE2/2) (7)

where CF is the correction, RMSE is the root mean square error from the logarithmic regression, and n
is the sample size. For selecting the best model for the total biomass and each biomass component of
the trees, we used model fitting and performance statistics such as the coefficient of determination (R2),
RMSE, mean absolute bias (MAB), and Akaike information criteria (AICc):

R2 = 1−


∑n

i=1(lnY− ln Ȳ)2∑n
i=1

(
lnY− ln Ŷ

)
2

 (8)

RMSE =

√√ n∑
i=1

(
lnY− ln Ŷ

)
2/(n− p− 1) (9)

MAB =
n∑
1

(∣∣∣InY− InŶ
∣∣∣)

n
(10)

AICc = n log
(RSS

n

)
+ 2k +

2k(k + 1)
n− k− 1

(11)

∆AICci = AICci −AICcmin, for i = 1, 2 . . .R (12)

where lnY is the observed log-transformed biomass value, ln Ŷ is the predicted log-transformed biomass
value from the fitted model, n is the sample size, lnȲ is the mean of the observed log-transformed
biomass value, p is the number of terms in the model, RSS is the residual sum of squares from the fitted
model, k is the number of parameters, ∆AICci is the AICc difference, and ∆AICcmin is the minimum
of the AICc values for the R models. High R2 values, small RMSE, MAB, and AICc values and a
∆AICci = 0 indicate high model precision.

Considering our small sample size, we used the leave-one-out method to cross-validate our best
equations [35,36].

3. Results

3.1. AGB of Tree Species and Biomass Partitioning

The total AGB was highest in P. suaveolens (263 ± 43 kg), followed by L. sibirica (256 ± 35 kg),
P. obovata (242 ± 49 kg), P. sibirica (223 ± 43 kg) and B. platyphylla (134 ± 29 kg) in the Khangai region
(Table 2). The average biomass proportion in the stems was 75%, followed by 20% in the branches and
5% in the foliage when the five tree species were combined (Table 3). The partitioning of total tree AGB
into the biomass of the tree components for the five species across diameter classes is shown in Figure 2.
The results indicated that the biomass proportion was largest in the stems for each of the five species
(64%–88%), but the trend was not the same for each species. For P. sibirica, the relative contribution of
stem biomass to the total AGB increased from 66% for the small-diameter class (<10 cm) to 76% for the
medium-diameter class (10–20 cm); however, the relative contribution decreased slightly to 65% for
the large-diameter classes (30–40 cm) due to the extensively higher relative contribution of branch
biomass to the total AGB. For P. suaveolens, L. Sibirica, P. obovata, B. platyphylla and the five species
combined, the relative contribution of stem biomass to the total AGB increased with increasing tree
diameter classes. In general, the relative contribution of branch biomass to the total AGB increased
with increasing diameter classes for P. sibirica, B. platyphylla, P. suaveolens and the five species combined;
however, the relative contribution decreased for L. sibirica and P. obovata. For all five tree species,
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the relative contribution of foliage biomass to the total AGB decreased with increasing tree diameter
class (Figure 2).

Table 3. Ratio of the stem, branch and foliage biomass to the total above-ground biomass of the
sample trees.

Species
Stem Biomass/AGB Branch Biomass/AGB Foliage Biomass/AGB

Mean SD Range Mean SD Range Mean SD Range

P. sibirica 0.68 0.07 0.55–0.87 0.25 0.07 0.07–0.37 0.07 0.05 0.03–0.28
B. platyphylla 0.73 0.09 0.52–0.90 0.23 0.08 0.08–0.42 0.04 0.02 0.00–0.10
P. suaveolens 0.70 0.10 0.50–0.87 0.26 0.08 0.10–0.40 0.05 0.03 0.01–0.13

P. obovata 0.76 0.09 0.51–0.86 0.15 0.06 0.08–0.28 0.09 0.05 0.05–0.21
L. sibirica 0.81 0.10 0.54–0.93 0.16 0.09 0.05–0.36 0.03 0.02 0.00–0.09

Total 0.75 0.11 0.50–0.94 0.20 0.09 0.05–0.42 0.05 0.04 0.00–0.28
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3.2. Allometric Biomass Equations

In this study, we tested three candidate log-transformed allometric equations (Equations (4)–(6))
to develop the best and most accurate allometric models for estimating the foliage, branch, and stem
biomass and the total AGB for the five tree species. The results of the regression analysis and analysis
of variance of the fitted equations and validation statistics are presented in Table 4. In addition,
the analysis of multicollinearity for Equation (6) and residual analysis for all equations were did and
the results were showed for all the best equations (Table S2 and Figure S2). All regression equations
had good fits (p < 0.001). The models with high R2 values, low MAB, RMSE, and AICc values and
∆AICc differences were used to choose the best-fit models. If the difference between the MAB and
RMSE values and the difference between the AICc scores of the compared equations were insignificant
and differed slightly more or less, then the equation with a higher R2 value was selected (Table 4).
Therefore, the best performing and accurate allometric models that were found differed among the
different species and different components. For example, the equation lnŶ = lna + b × lnD + c ×
lnH was selected as the best model for each component and the total tree AGB of B. platyphylla and
L. sibirica, for the stem biomass of P. suaveolens and P. obovata, and for the branch biomass of P. obovata.
The equation lnŶ = lna + b × ln(D2

× H) was selected for each component and the total tree AGB of P.
sibirica and for the branch and foliage biomass of P. suaveolens. The equation lnŶ = lna + b × ln(D)
was selected only for the foliage biomass of P. obovata (Table 4). All of the “best equations” showed a
significant and robust fitting effect for predicting a given component biomass or total AGB. The mean
R2 values for the fitted biomass of foliage and branches were 0.83 and 0.93, respectively, and those
for the stems and total AGB were 0.99 and 0.98, respectively. The combined variables of D and H
explained more than 80.0% of the variation in most of the biomass components, except for the foliage
biomass (74.7%) of B. platyphylla (Table 4).

The cross-validation for our best equations, using the leave-one-out method, showed that the stem,
branch and total AGB best equations were robust, although the R2 values for foliage equations were
lower, the validation results were significant which indicated that the best equations were reliable and
could be used in the investigation of forest biomass stocks and changes in Khangai region, Mongolia
(Table S3, Figure S3).
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Table 4. Parameter estimates and model evaluation statistics of each model for the stem, branch, foliage, and above-ground biomass for the five tree species in the
Khangai region, Mongolia.

Component Equation * lna b c R2 RMSE MAB AICc ∆AIC CF

P. sibirica

Stem
lnŶ = lna + b × lnD −2.606 2.314 - 0.988 0.198 0.164 −69.300 7.900 1.020

lnŶ = lna + b × ln(D2 × H) −3.128 0.889 - 0.992 0.167 0.125 −77.200 0.000 1.014
lnŶ = lna + b × lnD + c × lnH −3.214 1.685 1.042 0.992 0.170 0.123 −38.000 39.200 1.015

Branch
lnŶ = lna + b × lnD −4.376 2.554 - 0.952 0.446 0.305 −31.900 0.100 1.105

lnŶ = lna + b × ln(D2 × H) −4.939 0.980 - 0.952 0.446 0.310 −32.000 0.000 1.104
lnŶ = lna + b × lnD + c × lnH −4.672 2.247 0.507 0.953 0.454 0.306 −29.300 2.700 1.109

Foliage
lnŶ = lna + b × lnD −3.950 1.946 - 0.850 0.637 0.470 −15.600 0.700 1.225

lnŶ = lna + b × ln(D2 × H) −4.395 0.748 - 0.855 0.627 0.458 −16.300 0.000 1.217
lnŶ = lna + b × lnD + c × lnH −4.629 1.243 1.163 0.855 0.641 0.453 −13.500 2.800 1.228

Total AGB
lnŶ = lna + b × lnD −2.219 2.315 - 0.984 0.226 0.177 −63.200 3.100 1.026

lnŶ = lna + b × ln(D2 × H) −2.736 0.889 - 0.986 0.211 0.160 −66.300 0.000 1.025
lnŶ = lna + b × lnD + c × lnH −2.680 1.839 0.788 0.987 0.216 0.160 −63.400 2.900 1.024

B. platyphylla

Stem
lnŶ = lna + b × lnD −3.031 2.591 - 0.974 0.209 0.159 −79.600 32.000 1.022

lnŶ = lna + b × ln(D2
× H) −3.618 0.964 - 0.992 0.119 0.088 −110.200 1.400 1.007

lnŶ = lna + b × lnD + c × lnH −3.535 2.073 0.771 0.993 0.112 0.080 −111.600 0.000 1.006

Branch
lnŶ = lna + b × lnD −4.298 2.619 - 0.908 0.411 0.319 −43.100 1.600 1.088

lnŶ = lna + b × ln(D2
× H) −4.546 0.930 - 0.842 0.536 0.414 −28.700 16.000 1.155

lnŶ = lna + b × lnD + c × lnH −3.845 3.085 −0.693 0.921 0.386 0.285 −44.800 0.000 1.077

Foliage
lnŶ = lna + b × lnD −4.794 2.105 - 0.733 0.624 0.460 −20.500 0.000 1.215

lnŶ = lna + b × ln(D2
× H) −4.978 0.746 - 0.677 0.686 0.535 −15.400 5.100 1.265

lnŶ = lna + b × lnD + c × lnH −4.389 2.522 −0.621 0.747 0.620 0.443 −19.200 1.300 1.212

Total AGB
lnŶ = lna + b × lnD −2.674 2.580 - 0.986 0.154 0.126 −96.200 10.600 1.012

lnŶ = lna + b × ln(D2
× H) −3.176 0.949 - 0.982 0.173 0.127 −89.900 16.900 1.015

lnŶ = lna + b × lnD + c × lnH −2.947 2.299 0.417 0.991 0.122 0.088 −106.800 0.000 1.008

P. suaveolens

Stem
lnŶ = lna + b × lnD −2.895 2.369 - 0.981 0.220 0.147 −106.400 17.800 1.026

lnŶ = lna + b × ln(D2
×H) −3.630 0.921 - 0.988 0.175 0.111 −124.200 0.000 1.016

lnŶ = lna + b × lnD + c × lnH −3.792 1.717 1.136 0.989 0.176 0.109 −122.500 1.700 1.016
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Table 4. Cont.

Component Equation * lna b c R2 RMSE MAB AICc ∆AIC CF

Branch
lnŶ = lna + b × lnD −3.949 2.380 - 0.935 0.430 0.320 −57.800 0.800 1.109

lnŶ = lna + b × ln(D2 × H) −4.665 0.923 - 0.936 0.426 0.320 −58.500 0.000 1.108
lnŶ = lna + b × lnD + c × lnH −4.419 2.039 0.595 0.936 0.429 0.319 −56.400 2.200 1.110

Foliage
lnŶ = lna + b × lnD −3.870 1.745 - 0.809 0.580 0.447 −35.700 0.300 1.205

lnŶ = lna + b × ln(D2×H) −4.395 0.677 - 0.810 0.580 0.450 −35.900 0.000 1.210
lnŶ = lna + b × lnD + c × lnH −4.226 1.486 0.451 0.810 0.585 0.448 −33.500 2.400 1.212

Total AGB
lnŶ = lna + b × lnD −1.929 2.194 - 0.937 0.390 0.215 −65.600 0.000 1.022

lnŶ = lna + b × ln(D2
×H) −2.558 0.847 - 0.931 0.406 0.225 −62.000 3.600 1.016

lnŶ = lna + b × lnD + c × lnH −1.795 2.291 −0.170 0.938 0.390 0.214 −64.200 2.400 1.016

P. obovata

Stem
lnŶ = lna + b × lnD −3.104 2.590 - 0.971 0.260 0.196 −54.000 11.500 1.034

lnŶ = lna + b × ln(D2
×H) −3.732 0.959 - 0.983 0.200 0.153 −65.500 0.000 1.020

lnŶ = lna + b × lnD + c × lnH −4.064 1.507 1.526 0.985 0.194 0.153 −65.000 0.400 1.019

Branch
lnŶ = lna + b × lnD −3.741 2.239 - 0.937 0.335 0.261 −42.800 0.000 1.058

lnŶ = lna + b × ln(D2
×H) −4.202 0.819 - 0.927 0.362 0.279 −39.500 3.300 1.068

lnŶ = lna + b × lnD + c × lnH −3.484 2.528 −0.409 0.939 0.340 0.256 −40.300 2.600 1.060

Foliage
lnŶ = lna + b × lnD −3.287 1.910 - 0.912 0.345 0.278 −41.600 0.000 1.061

lnŶ = lna + b × ln(D2
×H) −3.712 0.703 - 0.911 0.346 0.293 −41.500 0.100 1.062

lnŶ = lna + b × lnD + c × lnH −3.490 1.681 0.323 0.913 0.351 0.284 −38.800 2.800 1.064

Total AGB
lnŶ = lna + b × lnD −2.419 2.455 - 0.980 0.204 0.144 −75.200 0.000 1.021

lnŶ = lna + b × ln(D2×H) −2.994 0.907 - 0.987 0.165 0.123 −74.000 1.200 1.014
lnŶ = lna + b × lnD + c × lnH −3.063 1.727 1.025 0.987 0.169 0.124 −71.100 4.100 1.014

L. sibirica

Stem
lnŶ = lna + b × lnD −2.858 2.471 - 0.975 0.244 0.203 −205.200 66.100 1.030

lnŶ = lna + b × ln(D2
×H) −3.738 0.955 - 0.990 0.155 0.124 −271.300 0.000 1.012

lnŶ = lna + b × lnD + c × lnH −3.818 1.849 1.053 0.990 0.155 0.123 −270.000 1.300 1.012

Branch
lnŶ = lna + b × lnD −4.404 2.393 - 0.866 0.580 0.464 −76.300 14.700 1.183

lnŶ = lna + b × ln(D2
×H) −4.993 0.894 - 0.822 0.669 0.540 −55.200 35.800 1.251

lnŶ = lna + b × lnD + c × lnH −3.060 3.263 −1.474 0.894 0.521 0.402 −91.000 0.000 1.145

Foliage
lnŶ = lna + b × lnD −4.900 1.960 - 0.797 0.610 0.483 −93.200 0.000 1.204

lnŶ = lna + b × ln(D2
×H) −5.371 0.731 - 0.754 0.672 0.522 −68.900 24.400 1.253

lnŶ = lna + b × lnD + c × lnH −3.701 2.736 −1.315 0.827 0.567 0.440 −52.300 40.900 1.174

Total AGB
lnŶ = lna + b × lnD −2.544 2.437 - 0.982 0.204 0.166 −80.700 167.000 1.021

lnŶ = lna + b × ln(D2
×H) −3.361 0.936 - 0.984 0.192 0.153 −230.800 17.300 1.019

lnŶ = lna + b × lnD + c × lnH −3.048 2.111 0.552 0.986 0.180 0.144 −248.200 0.000 1.016

Note: * indicates that the p value for all allometric equations is <0.001; lna, b and c are the fitted parameters; R2 is the coefficient of determination; RMSE is root mean square error; MAB is
mean absolute bias; AICc is Akaike information criterion; ∆AIC is the minimum of the AICc values; and CF is correction factor. The statistical values pivotal for the selection of the relevant
regression model, which is more suitable for biomass prediction, are printed in bold.
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4. Discussion

4.1. Biomass Partitioning

DBH is a representative indicator of biomass allocation, and trees with different DBH sizes have
different biomass allocation strategies [37]. In this study, the DBH for all of the tree samples was
divided into five classes: <10 cm, 10–20 cm, 20–30 cm, 30–40 cm and >40 cm. The results showed that
the proportion of foliage biomass decreased gradually with increasing basal diameter, which indicates
that relatively more biomass was allocated to the trunk and roots to absorb nutrients for improved
growth. This result was consistent with previous studies [10,25,31]. Nevertheless, the proportions
of stem and branch biomass did not show a clear trend for the five tree species. This finding may be
because the DBH of the trees was not large enough to show certain regularity. However, Vargas-Larreta
et al. [38] found that the proportion of stem biomass in pine trees increased with diameter, although the
proportion of foliage biomass decreased and was fairly stable for the branch biomass. Similarly, in the
current study, the relative contribution of foliage biomass to the total AGB decreased for all five species
as the tree stem diameter increased, which was consistent with recent previous studies [10,26,38].
Additionally, we also found that the proportion of stem biomass increased gradually with increasing
tree age, while the proportions of branch and foliage biomass decreased with increasing age (Figure S1),
which is consistent with many previous studies [27,39–42]. These findings suggest that more biomass
will be allocated to the stems in old trees, which allows the trees to immobilize themselves better and
transport more water and nutrients into photosynthetic components.

4.2. Biomass Equation

Many studies have focused on typical allometric equations based on power function models to
improve biomass estimations. In this study, we chose three allometric equations as candidates to
estimate the biomass equations. The equation with one variable, Ŷ = aDb (1), provides reasonably
accurate biomass predictions for many species, sites and regions [7,19,29,43], but the inclusion of tree
height in single diameter allometric models results in more accurate biomass predictions [25,26,43–47].

The equation Ŷ = a(D2H)
b

(2) improved the model fit for the total AGB and stem and root biomass [44,45]
and for all biomass components of some species and the AGB [38]. The equation Ŷ = aDbHc (3) was
the most suitable for predicting the stem volume and biomass [25] and needle biomass for all tree
species [21]. In the current study, species-specific component and total AGB log-transformed models for
the Khangai region were developed using tree diameter at breast height (D), D2 and height combined
(D2H), and both D and H were independent variables. The log-transformation of real data resulted in
the homoscedasticity of the dependent variable, AGB [48]. The results of our study on the development
of tree components and total AGB were consistent with many of the aforementioned previous studies.
We compared our best stem biomass equations for L. sibirica and B. platyphylla in the Khangai region with
the stem biomass equations published by Battulga et al. [21] for Altai Mountain, Dulamsuren et al. [12]
for a forest-steppe in Mongolia, Usoltsev et al. [49] for Eurasia and Dong et al. [26] for China. Figure 3
shows that the line of our equation is the closest to the line (1:1) of the measured stem biomass.
The comparison between our best equation with the equations from previous studies for the estimation
of the stem biomass of L. Sibirica showed that the equation from Battulga et al. [21] underestimated
stem biomass, and the equations from Dulamsuren et al. [12] and Usoltsev et al. [49] overestimated stem
biomass (Figure 3). Additionally, the comparison for the estimation of the stem biomass of B. platyphylla
showed that the stem biomass equation from Dong et al. [26] underestimated stem biomass, while
the equation from Usoltsev et al. [49] overestimated stem biomass (Figure 3). Consequently, we can
assume that our equations successfully predicted the stem biomass in this region.
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In many studies, four tree components (e.g., stems, roots, branches, and foliage) are involved in
development. The sum of biomass predictions from separate tree component models may not equal
the biomass prediction of the total tree biomass model [50,51]. To eliminate this inconsistency, several
model specifications and estimation methods have been suggested for forcing additivity on a series of
biomass equations, both linear and nonlinear [45,51–55]. The property of additivity assures regression
functions that are consistent with one other. That is, if the biomass of one tree component is part of
the total tree biomass, it is logical to expect the estimate of the part not to exceed the estimate of the
total tree biomass [51]. Consequently, we examined the consistency between the total AGB calculated
as the sum of the best models for the above-ground component biomass with stems, branches and
foliage, y = ystem + ybranch + yfoliage (procedure 1 in Parresol [51]), and predicted the total tree AGB of
the best models for each of the five tree species (Figure 4). The Wilcoxon rank sum test was used due
to the non-normality of those data. The results showed that the predicted total tree AGB of the best
models (Estimation 1) and the AGB calculated as the sum of the best models for the above-ground
component biomass (Estimation 2) differed slightly (Figure 4). For the statistical population of sample
trees, the mean differences between the total tree AGBs calculated by the best models and the sum of
the best models for the above-ground component biomass for each species were very small (from 0.3 kg
to 3.1 kg, but 16.9 kg for P. suaveolens), and the p values were 0.91–0.99 (Table S1). Thus, the differences
in means were not statistically significant. Additionally, the differences between the total tree AGB
measured and calculated by the best models for the total AGB and the sum of the component biomass
were not statistically significant (minimum p values 0.889 > 0.05), indicating that all best models for
the total tree AGB and the sum of the component biomass can be used in forest inventory practices.
However, the total AGB calculated by the sum of the component biomass models (procedure 1 in
Parresol [51]) was slightly better. However, it is necessary that the sum of the best above-ground
component biomass models equal the total in the AGB models. For this purpose, we suggest a one-step
proportional weighting system for AGB based on a disaggregated model structure (namely, a two-step
proportional weighting system, the TSEM method) proposed by Tang et al. [52]; this structure was
successfully interpreted as a three-step proportional weighting system, the 3SPW method, and has
been implemented in China [54] and Russia [55]. Using the disaggregation method, the total tree
predicted AGB, Ŷa, stem (wood + bark) biomass, fs(X), branch biomass, fb(X), and foliage biomass,
f f (X), are separately fitted, and the best models are selected. The sum of these component models
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must be estimated. The estimated total tree AGB, Ŷa, is proportionally divided into estimates of stem
biomass, Ŷs, branch biomass, Ŷb and foliage biomass, Ŷ f , as follows:

Ŷs=
ƒs(X)

ƒs (X) + ƒb (X) + ƒ f (X)
× Ŷa (13)

Ŷb=
ƒb(X)

ƒs (X) + ƒb (X) + ƒ f (X)
× Ŷa (14)

Ŷ f=
ƒ f (X)

ƒs (X) + ƒb (X) + ƒ f (X)
× Ŷa (15)

The one-step proportional weighting system proved to be good for ensuring the additive property
of nonlinear biomass model systems (Table 5).Forests 2018, 9, x FOR PEER REVIEW  14 of 18 
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(a) Pinus sibirica, (b) Betula platyphylla, (c) Populus suaveolens, (d) Picea obovata and (e) Larix sibirica.
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Table 5. The results of a one-step proportional weighting of the predicted component biomass and
total AGB for Pinus sibirica Du Tour. from Khangai region, Mongolia.

Items Predicted
Stem BM

Predicted
Branch BM

Predicted
Needle BM

Sum of
Predicted BM

AGB
Predicted by
Equation (6)

Difference
Between
5 and 6

1 2 3 4 5 6 7

Mean component
AGB 144.3 61.0 12.8 218.1 215.0 3.1

Weighted mean
component AGB 142.3 60.0 12.6 215.0 215.0 0.0

Note: AGB—above-ground biomass of 23 sample trees, kg. BM—biomass, kg. Weighted mean component AGB
were calculated by Equations (13) to (15).

4.3. Applied Evaluation

In this study, equations for three components and the total AGB for the five major tree species in
the Khangai forest region of Mongolia were established for the first time using tree-level inventories
data of this region. As discussed previously, the application of the equations in this study to the same
species in other areas will lead to deviations in biomass estimates. Therefore, the application of the
biomass equation in this study has certain regional limitations. In addition, within the range of D and
H measured in this study, the biomass equation fits achieved good results, and the fitting effect of
biomass beyond the range of the D and tree height measured in this study needs further verification.

5. Conclusions

In this study, we examined AGB allocation, including the stem, branch and foliage biomass
proportions, for five tree species in boreal forests and developed allometric species-specific component
and total AGB models for the Khangai forest region of northern Mongolia. The largest biomass
proportion of all five species combined was in the stems (75%), followed by the branches (20%) and
foliage (5%). The equation based only on D proved to be best for predicting the foliage biomass of
P. obovata. Including H as an additional predictor in the equation as D2H improved the component and
total AGB for P. sibirica and the branch and foliage biomass for P. suaveolens. The equation with both
the D and H as predictors significantly improved the predictions of the component and total AGB
for B. platyphylla and L. sibirica as well as the predictions of the stem and branch biomass for some
species. Our results highlight that developing species-specific component and total AGB models was
very useful for providing significant and accurate estimations of forest biomass in the Khangai region
of northern Mongolia.
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