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Abstract: We studied the effects of stand age on allocation and equation fitting of aboveground and
below-ground biomass in four Quercus acutissima stands (14, 31, 46, and 63 years old) in the Central
Loess Plateau of China. The stem wood, stem bark, branch, foliage, and belowground biomass of
each of the 20 destructive harvesting trees were quantified. The mean total biomass of each tree
was 28.8, 106.8, 380.6, and 603.4 kg/tree in the 14-, 31-, 46-, and 63-year-old stands, respectively.
Aboveground biomass accounted for 72.25%, 73.05%, 76.14%, and 80.37% of the total tree biomass
in the 14-, 31-, 46-, and 63-year-old stands, respectively, and stem wood was the major component
of tree biomass. The proportion of stem (with bark) biomass to total tree biomass increased with
stand age while the proportions of branch, foliage, and belowground biomass to total tree biomass
decreased with stand age. The ratio of belowground biomass to aboveground biomass decreased
from 0.39 in the 14-year-old stand to 0.37, 0.31, and 0.24 in the 31-, 46-, and 63-year-old stands,
respectively. Age-specific biomass equations in each stand were developed for stem wood, stem bark,
aboveground, and total tree. The inclusion of tree height as a second variable improved the total tree
biomass equation fitting for middle-aged (31-year-old and 46-year-old) stands but not young (14 years
old) and mature (63 years old) stands. Moreover, biomass conversion and expansion factors (BCEFs)
varied with stand age, showing a decreasing trend with increasing stand age. These results indicate
that stand age alters the biomass allocation of Q. acutissima and results in age-specific allometric
biomass equations and BCEFs. Therefore, to obtain accurate estimates of Q. acutissima forest biomass
and carbon stocks, age-specific changes need to be considered.
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1. Introduction

Oak forests play an important role in storing atmospheric CO; in terrestrial ecosystems, both
through accumulation of biomass and production of organic compounds with long C residence times,
and, thus, help mitigate global climate change [1,2]. In China, areas covered with the oak forest at
different stages have rapidly increased, especially after the implementation of the Grain to Green
Program (GTGP) that was established to reduce greenhouse gas emissions [3]. Thus, understanding
the development of tree biomass throughout the entire life cycle is required to accurately estimate
the carbon stock at regional and national scales [4,5]. In 2003, in an effort to estimate forest biomass
and carbon storage of the National Forest Inventory (NFI) system in participating countries, the
Intergovernmental Panel on Climate Change (IPCC) proposed the use of the biomass conversion and
expansion factors (BCEFS) and root-shoot ratio (RSR) for forests in different geographical regions [6].

Forests 2019, 10, 41; d0i:10.3390/£10010041 www.mdpi.com/journal/forests


http://www.mdpi.com/journal/forests
http://www.mdpi.com
http://dx.doi.org/10.3390/f10010041
http://www.mdpi.com/journal/forests
http://www.mdpi.com/1999-4907/10/1/41?type=check_update&version=2

Forests 2019, 10, 41 2 of 19

However, as there can be high uncertainty in these parameters [7], it is crucial to develop indigenous
models and parameters of tree biomass. To date, many papers on modeling individual tree biomass in
China have been published [8-14].

Because of the costly and time-consuming process of directly measuring tree biomass, methods
of accurately estimating tree biomass are urgently needed for forest researchers and managers [15].
A number of tree biomass models were reported with most studies focused on model construction.
For instance, studies have addressed the types of variables that should be included in the equation
(diameter at breast height (DBH), tree height, crown radius, or some combination), investigated
whether the equation is consistent with the additivity principle [16], and compared models with
different regression methods [17,18]. These aspects are important for the development of accurate
biomass equations but neglect the influences of stand characteristics, such as stand age, on equation
fitting. Wang et al. [19] and Lie and Li [20] reported significant differences in tree biomass among
different age groups. Does the allocation of tree biomass affect the equation? Are the variables selected
consistent across different stand ages? Does the selection of different variables affect the accuracy of
biomass equation fitting? Only a few studies to date have performed correlation analyses for conifer
species [21].

Konopka et al. [22] reported that, as trees grow, age-related changes in tree shape and form
alter the distribution of biomass among tree components. Stands of different ages require different
allometric biomass equations [23]. Therefore, it is necessary to develop age-specific allometric biomass
equations and BCEFs to allow the rapid and reliable estimation of tree component biomass at different
stages of development [24,25]. Typically, accurate biomass measurements of individual trees are
obtained by destructive sampling, and regional and national biomass estimates have primarily been
obtained using allometric equations and BCEFs [26-29]. Power-law models have played an important
role in the development of allometric equations [30] because they are supported by the notion of
growth as a multi-plicative process and enable predictions over a wide range of scales and many levels
of organization [31-34]. BCEFs commonly convert readily available merchantable stem wood volumes
to total biomass carbon values, and then to estimate C stocks. However, there was much uncertainty
associated with the use of constant BCEFs for biomass estimation because of variation in the allometry
of trees reflecting the stage of stand development [21]. Moreover, Winjum et al. [35] warned that these
changes of conversion factors could cause a change of more than 7% in the total emission estimate for
a country. To reduce the uncertainty, non-constant BEFs have been presented by Fang et al. (2001) [36],
Lehtonen et al. (2004) [21], and Tobin and Nieuwenhuis [37]. Although many allometric biomass
equations and BCEFs have been developed for different tree species, little information is available on
age-specific allometric biomass equations and BCEFs for Q. acutissima.

As a deciduous tree of the genus Quercus, commonly known as oak, Q. acutissima has a wide range
of distribution in China (latitude 18—41° N and longitude 91-123° E) [38]. This species is the main
component tree species of forest vegetation in warm temperate zones and subtropical regions, with
high ecological, economic, and landscape value [3,39]. It is the most dominant tree in the deciduous
and mixed forests in the Central Loess Plateau of China and an important source of wood and forest
byproducts, including acorns and mushrooms [40]. Thus, it is artificially planted in the region. It is
also widely used for the revegetation of degraded land in montane areas of North China [41]. Under
global climate change and multifunctional forest management, this species has attracted more attention
from scientists [42]. A great deal of research involving this tree had been conducted on cultivation
technology, development and utilization, physiological and ecological characteristics, and genetic
diversity [43-46]. However, there is limited information about biomass allocation in this species and
few associated prediction equations. Although Noh et al. [40] performed relevant research, their
regression equation of biomass considered only DBH variables and not tree height nor did they
consider the influence of stand age. Accordingly, the purposes of this study were (1) to understand
how the allocation of Q. acutissima aboveground and belowground biomass changes with stand age
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and (2) to investigate how stand age affects the allometric biomass equations and BCEFs for different

tree components of Q. acutissima.
2. Materials and Methods

2.1. Study Area

We conducted this study in the Shuanglong forest region (35.6118° N, 109.2048° E, Figure 1),
which is located in the central Loess Plateau, Huangling County, Shaanxi Province, China. The region
has a temperate and monsoonal climate with a mean annual temperature of 9.4 °C, and the average
annual precipitation is 588.1 mm [47]. According to long-term forest management data from the
Shuanglong forest farm, the mean annual frost-free period is approximately 195 days, and the mean
length of the growing season is approximately 204 days. The soil of the region is classified as calcareous

cinnamon soil or forest Haplic Greyzem soil.
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Figure 1. Diagrammatic representation of the study site.

Q. acutissima is a dominant tree species in our study region and occupies approximately 80%
to 83% of the total forest area. The most common companion species include Pinus tabuliformis,
Quercus wutaishanica, Acer ginnala, Betula platyphylla, Populus davidiana, and Crataegus pinnatifida.
Based on forestland information provided by the local forestry department, the region includes a
chronosequence of 14-, 31-, 46- and 63-year-old Q. acutissima even-aged stands that were artificially
established after clear cutting. All four stands are located within 10 km of each other and experience
similar environmental conditions. Five 20 x 30-m sample plots were established randomly within each
stand, and the diameter at breast height (DBH) and height were measured and recorded for trees with
DBH greater than 5 cm. The mean tree density was 1629 (£174), 1334 (£195), 1011 (£217), and 762
(£135) trees ha=!. The number of trees in each plot was 95-110, 75-85, 53-67, and 44-51. The mean
tree height was 5.7, 8.0, 12.9, and 17.7 m and the mean DBH was 7.28, 11.55, 20.78, and 26.70 cm for
the 14-, 31-, 46-, and 63-year-old stands, respectively. Field measurement followed the protocol of
“Observation Methodology for Long-term Forest Ecosystem Research” of the National Standards of



Forests 2019, 10, 41 4 0f 19

the People’s Republic of China [48]. According to the measurement data from the sample plots, a
representative range of trees in each stand was selected for destructive sampling.

2.2. Destructive Tree Sampling

During July 2016, five dominant trees (distributed throughout the range of DBH in each stand)
were harvested per stand. We selected only healthy, undamaged trees. In total, 20 trees with DBH
ranging from 5.0 to 34.3 cm were sampled. Before felling, DBH was measured, and the crown radius
was measured in four directions. The selected trees were cut down above the root collar (average
stump height, 15 cm). After felling, tree height, crown length, and height of the lowest living branch of
each tree were recorded. Then, the major components of the crown were divided into large branches
(>2 cm), small branches (<2 cm), and leaves. All of the fresh biomass was determined in the field using
a hanging scale (£10 g). Subsamples of each component were selected and measured with an electronic
scale (0.1 g) in the field. Then, the subsamples were oven-dried at 65 °C until constant weight.

After all branches were removed, the stems were divided into 1-m-long sections and weighed using
a hanging scale. From each section, a stem disc (approximately 5-cm thick) was collected and the bark
of each stem disc was removed. The diameter of each stem disc, with and without bark, was measured
with a diameter measurement tape. The wood and bark parts of the stem discs were oven-dried at 65 °C
to a constant weight. To account for sawdust lost during stem cutting, a regression between the stem
disc diameter and sawdust biomass was determined based on 11 cuts at different diameters, and we
developed an equation (R? = 0.9986) to calculate the amount of sawdust produced by each stem disc cut.

Ms = 2.8203D?, (1)

where Ms is the dry mass of sawdust (g) and D is the diameter at the location of the cut (cm).

After taking the above steps, the root systems of all sampled trees were manually excavated,
exercising care to retain lateral roots. Roots of shrubs and herbs were easily distinguished from
the roots of Q. acutissima because of their smaller diameter and lighter color [49]. The soil attached
to the roots was removed, and the root systems were cleaned with high-pressure water. Lateral
roots were cut from the taproot. All roots were sorted into taproot, large roots (>2 cm), coarse roots
(0.5-2 cm), small roots (0.2-0.5 cm), and fine roots (<0.2 cm). The aboveground stumps that remained
after tree felling were included in the taproot measurement. The weight of lateral roots that broke
off during the excavation process was estimated from the unbroken lateral roots. This estimation
was performed by measuring the root diameter at the break point, cutting an unbroken lateral root
from the same tree at a point of equal diameter and then adding the weight of the cut section to the
corresponding root weight [50]. The fresh biomass of each root diameter class was determined in the
field. The subsamples of each class were taken to the laboratory and oven-dried at 65 °C to a constant
weight for the calculation of fresh and oven-dried biomass ratios.

2.3. Data Analysis

Statistical and regression analyses were performed using the Statistical Package for the Social
Sciences (SPSS 19.0, SPSS Inc., Chicago, IL, USA). Nonlinear regression and ordinary least squares
(OLS) were employed to fit the equation parameters. The additivity and compatibility of the biomass
equation were not considered because our focus was on analyzing allometric relationships between
tree component biomass and DBH across stand age. Heteroscedasticity was not observed likely due to
the small sample size [28].

Allometric biomass equations: Allometric relationships between biomass and each of DBH, tree
height (H), and tree age (A) are often expressed using the following power-law equations.

yi = c(x1)", )

yi = c(x1)"(x2)", ®)
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where y; is the dry biomass (kg) of the tree component i (e.g., stem wood, stem bark, branches, foliage,
and roots), ¢ is a scale parameter, a2 and b are equation parameters, x; is DBH (cm), and x; is the tree
height (m) or the tree age (years).

Stem wood volume: The stem wood volume was calculated using the following formula.

n
1
V=1) gi+387 4)
i=1

where g; is the central area (m?) of section i, ! is the length (m) of the section, 7 is the number of sections,
¢’ is the area (m?) at the bottom of the tip section, and I’ is the length (m) of the tip section.
BCEFs: The BCEFs were determined by dividing the biomass of each tree component by the stem
wood volume as follows. W
c
BCEF s, = v ®)
where ¢ represents each tree component, W, is the dry biomass (tons) of a tree component (e.g., stem
(with bark), branch, foliage, aboveground, belowground, and total tree), and V is the stem volume
(m3) [21]. Furthermore, BCEFs models in power form were fitted by the regressions of BCEFs of
20 trees as the dependent variables, and tree age as the independent variable.
To validate the regression models in our study, the mean prediction error (MPE) and the total
relative error (TRE) are used to assess the performance of all models [51].

MPE = t,- (\/): (i —9:)/ (n—p) /y) /+/n % 100, (6)

TRE =) (yi — i)/ }_ ¥ x 100, @)

where y; are the observed values, §j; are the predicted values obtained by two-fold cross validation, ¥ is
the mean value of samples, for the t-th observation, n is the number of samples, p is the number of
parameters, and t, is the t-value at confidence level a with n-p degrees of freedom.

3. Results

3.1. Biomass Allocation

The biomass weights of all tree components in the four studied stands are presented in Table 1.
The biomass of each tree component increased steadily with stand age. The mean total tree biomass
was 28.76, 106.81, 380.63, and 603.38 kg /tree in the 14-, 31-, 46-, and 63-year-old stands, respectively.
Stem wood biomass was 9.33, 37.42, 152.71, and 275.86 kg/tree in the 14-, 31-, 46-, and 63-year-old
stands, respectively, and contributed the most among the component biomass to the aboveground
biomass pool. Tree component biomass followed the order stem wood > branches > belowground
biomass > stem bark > foliage in the 14-year-old stand and stem wood > belowground biomass >
branches > stem bark > foliage in the other three, older, stands.

The partitioning of tree component biomass in each of the four stands is shown in Figure 2.
The aboveground biomass represented 72.25%, 73.05%, 76.14%, and 80.37% of total tree biomass in
the 14-, 31-, 46-, and 63-year-old stands, respectively. Among the different components, stem wood
contributed 32.44%, 35.03%, 40.12%, and 45.72%, to total tree biomass in the 14-, 31-, 46-, and 63-year-old
stands, respectively. The partitioning of branch biomass was approximately equivalent to that of
belowground biomass, which comprised a large proportion that should not be neglected. Biomass
allocation demonstrated different changes with stand age. The proportions of stem wood and stem
bark increased with stand age while the proportions of branches, foliage, and belowground biomass
(including taproot, large roots, coarse roots, small roots, and fine roots) decreased with stand age.



Forests 2019, 10, 41

6 of 19

Table 1. Partitioning of aboveground and belowground biomass among tree components in the 14-,
31-, 46-, and 63-year-old Q. acutissima stands (mean + S.D., n = 5 per stand).

Tree Component

Biomass (kg/tree)

Relative partitioning of tree biomass(%)

14 Years Old 31 Years Old 46 Years Old 63 Years Old
Stem wood 9.33 £5.55 37.42 +17.96 152.71 4 38.06 275.86 + 41.85
Stem bark 1.85 + 1.09 9.92 +4.48 4248 +12.35 77.32 +£13.32
Branches 8.70 £ 5.32 28.30 + 13.54 87.23 4+ 24.31 122.68 + 20.25
Foliage 0.90 4+ 0.52 2.39 +1.16 7.38 £1.85 9.06 £ 1.65
Aboveground 20.78 + 12.48 78.02 4+ 37.05 289.80 + 76.02 48491 £+ 75.85
Taproot 249 + 141 11.00 £ 5.79 41.49 £ 11.26 62.24 + 17.40
Large roots (>2 cm) 1.79 £ 1.04 6.06 = 2.87 17.39 4+ 3.82 21.59 £+ 5.60
Coarse roots (0.5-2 cm) 2.34 +£1.33 7.63 +3.47 21.43 +3.94 22.83 +2.92
Small roots (0.2-0.5 cm) 0.82 £ 047 252 +1.14 6.09 £ 1.00 7.02 +£1.44
Fine roots (<0.2 cm) 0.55 £+ 0.32 1.58 + 0.76 4.43 + 0.68 477 +0.88
Belowground 7.99 £+ 457 28.79 + 14.04 90.83 £ 20.54 118.46 + 28.00
Total tree 28.76 £17.05 106.81 4+ 51.07 380.63 £96.50  603.38 + 102.68
100%
\ V21 Belowground biomass
I Stem wood
[ Stem bark
XY Branch
80% A [ Foliage
60% -
40% -
20% -
o% 1 1 1 |
14 31 46 63
Age (years)

Figure 2. Biomass partitioning of different components in the 14-, 31-, 46-, and 63-year-old Q. acutissima stands.

As stand age increased, the root-to-shoot biomass ratio of Q. acutissima decreased gradually (as
shown in Figure 3). It decreased from 0.39 in the 14-year-old stand to 0.37, 0.31, and 0.24 in the 31-,
46-, and 63-year-old stands, respectively. Accordingly, there was a decline in relative root biomass

with stand age. A rather constant relationship was also revealed by regressing the belowground and
aboveground biomass data from 20 harvested trees from all four stands (Figure 4). There was a linear
relationship between aboveground and belowground biomass with a slope of 0.25.
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Figure 3. Root-to-shoot biomass ratios of harvested trees in the 14-, 31-, 46-, and 63-year-old Q. acutissima stands.
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Figure 4. Relationship between aboveground and belowground biomass of Q. acutissima.

3.2. Effects of Stand Age on Biomass Equations

7

Allometric equations with DBH and tree height as independent variables and tree components
biomass as dependent variables were developed in each of the four stands. As shown in Table 2,
the tree component biomass values from the four stands were highly correlated with DBH and the
mean prediction error (MPE) and absolute values of total relative error (TRE) are less than 5% except
for foliage biomass in the 63-year-old stand. The residual errors of biomass equations were very
small, appeared as a homogenous variance (Figure 5), and the residuals followed normal distributions.
These results show that the biomass equations demonstrate good performance. When tree height was
introduced into the allometric equation as the second explanatory variable, it was not consistently
a contributing variable, with its contribution varying with stand age. In young (14 years old) and
mature (63 years old) stands, the addition of tree height did not improve the equation fit for total
tree biomass while, in mid-aged (31 and 46 years old) stands, the equation fit was improved by the
inclusion of tree height. The equation parameters for individual tree components differed among the
stands, possibly because of the differences in biomass allocation described above. The parameters
suggest site-specific (age) allometry. We then pooled the data from all the trees from the four stands
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and analyzed tree component biomass as a function of DBH and tree age as a second variable (Table 3).
For these pooled equations, the addition of tree age improved the equation fit for stem wood, stem
bark, aboveground, and total tree biomass. Moreover, compared with age-specific equations, pooled
equations (DBH-only models) presented a wider range of residuals, although they are still within a
reasonable range (Figure 6).

The age-specific relationship between the tree component biomass and DBH is further illustrated
in Figure 7. The figure shows that the branch, foliage, and belowground biomass do not increase
in a consistent manner with stand age (Figure 7a—c), whereas the stem (with bark), aboveground,
and total tree biomass are dependent on stand age (Figure 7d—f). These results explain why the
inclusion of age as a second variable did not result in improvement of the equations for branch, foliage,
and belowground biomass (Table 3).

10
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Figure 5. Distribution of residual errors of biomass model in the 14-, 31-, 46-, and 63-year-old
Q. acutissima stands. The box plots display the whiskers, percentiles, and mean of the predicted
biomass errors for each tree component.
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Table 2. Biomass equations with DBH as a single explanatory variable or with tree height (H) as a second explanatory variable for each component of the sampled
trees in the 14-, 31-, 46-, and 63-year-old Q. acutissima stands.

Tree Component Variable (s) Adj. R? S.E.E c a S.E. (a) b S.E. (b) Significance (p)  MPE (%) TRE (%)
14 years
Stem wood DBH 0.9277 1.4931 0.0504 2.6259 0.4148 0.0055 3.15 2.46
DBH + H 0.8915 1.8286 0.0494 2.5645 3.7563 0.0822 5.0362 0.0042 3.54 2.63
Stem bark DBH 0.9404 0.2668 0.0113 2.5682 0.3698 0.0041 2.97 2.73
DBH + H 0.9106 0.3268 0.0114 2.5956 3.3196 —0.0367 4.4445 0.0447 3.48 3.78
Branch DBH 0.9372 1.3333 0.0445 2.6555 0.3970 0.0044 4.45 191
DBH + H 0.9064 1.6275 0.0514 3.0779 3.5687 —0.5658 4.7543 0.0468 4.80 2.89
Foliage DBH 0.9350 0.1338 0.0060 2.5266 0.3782 0.0046 2.52 1.66
DBH + H 0.9025 0.1638 0.0059 2.4725 3.3818 0.0726 4.5323 0.0487 3.96 2.47
Aboveground DBH 0.9355 3.1684 0.1119 2.6289 0.3944 0.0046 3.54 3.16
DBH + H 0.9034 3.8788 0.1179 2.7828 3.5590 —0.2060 4.7580 0.0483 4.80 415
Belowground DBH 0.9211 1.2842 0.0589 2.4759 0.4065 0.0062 1.20 2.9
DBH + H 0.8825 1.5671 0.0685 2.9255 3.5716 —0.6014 4.7530 0.0087 2.04 2.98
Total tree DBH 0.9319 4.4500 0.1691 2.5862 0.3976 0.0050 1.94 3.1
DBH + H 0.8980 5.4444 0.1834 2.8255 3.5615 —0.3204 4.7550 0.0051 4.88 3.12
31 years
Stem wood DBH 0.9167 5.1817 0.0915 2.3940 0.4229 0.0068 1.88 3.64
DBH + H 0.9855 2.1653 0.0675 1.0405 0.4039 1.7623 0.4776 0.0073 1.52 2.23
Stem bark DBH 0.8842 1.5230 0.0475 2.1315 0.4483 0.0112 4.38 2.25
DBH + H 0.9283 1.1982 0.0337 0.9209 0.8297 1.6090 1.0015 0.0358 3.12 —2.12
Branch DBH 0.8999 4.2822 0.0686 2.3967 0.4631 0.0089 2.83 3.82
DBH + H 0.9621 2.6360 0.0508 1.0287 0.6517 1.7777 0.7708 0.0190 2.40 2.43
Foliage DBH 0.8973 0.3732 0.0050 2.4539 0.4832 0.0093 2.80 3.79
DBH +H 0.9580 0.2388 0.0038 1.0548 0.7023 1.8083 0.8271 0.0210 2.48 —3.78
Aboveground DBH 09107  11.0731 0.2076 2.3607 0.4312 0.0075 1.80 4.68
DBH + H 0.9767 5.6591 0.1523 1.0190 0.5057 1.7507 0.5996 0.0117 1.64 4.28
Belowground DBH 0.8936 4.5796 0.0581 2.4680 0.4930 0.0098 3.66 2.95
DBH + H 0.9541 3.0081 0.0438 1.0560 0.7349 1.8223 0.8647 0.0230 2.64 2.5
Total tree DBH 0.9067  15.6004 0.2644 2.3887 0.4461 0.0080 2.58 3.77

DBH+H 0.9716 8.5994 0.1952 1.0281 0.5626 1.7703 0.6657 0.0142 2.08 3.38
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Tree Component Variable (s) Adj. R? S.E.E c a S.E. (a) b S.E. (b) Significance (p) MPE (%) TRE (%)
46 years
Stem wood DBH 0.9633 7.2882 1.9630 1.4208 0.1438 0.0020 1.44 -1.11
DBH + H 0.9621 7.4066 1.8512 1.1997 0.2772 0.2884 0.3067 0.0189 1.88 —2.34
Stem bark DBH 0.9317 3.2261 0.2909 1.6252 0.2314 0.0050 2.32 —3.79
DBH + H 0.9236 3.4121 0.2726 1.3057 0.4636 0.4092 0.5041 0.0382 2.88 —3.95
Branch DBH 0.9694 4.2522 0.6056 1.6203 0.1487 0.0015 1.52 2.35
DBH + H 0.9801 3.4254 0.5663 1.3149 0.2267 0.3930 0.2466 0.0099 1.04 —1.39
Foliage DBH 0.9711 0.3145 0.0916 1.4321 0.1284 0.0014 1.28 3.79
DBH + H 0.9740 0.2985 0.0864 1.2085 0.2312 0.2914 0.2556 0.0130 1.04 —2.84
Aboveground DBH 0.9787  11.1010 2.8270 1.5103 0.1160 0.0009 1.20 —3.53
DBH + H 0.9895 7.7734 2.6533 1.2491 0.1540 0.3384 0.1691 0.0052 0.72 —2.35
Belowground DBH 0.9772 3.1031 1.7444 1.2904 0.1022 0.0010 1.04 —2.34
DBH + H 0.9759 3.1906 1.6656 1.1368 0.1994 0.2025 0.2231 0.0121 1.88 -3.7
Total tree DBH 0.9794  13.8416 4.3724 1.4573 0.1098 0.0008 1.12 —3.4
DBH + H 0.9880  10.5871 4.1153 1.2215 0.1592 0.3068 0.1756 0.0060 0.72 2.15
63 years
Stem wood DBH 0.8290  17.3042 7.7115 1.0621 0.2330 0.0203 1.92 423
DBH + H 0.9377  10.4483 6.5665 0.8865 0.1585 0.2719 0.1118 0.0312 0.96 3.93
Stem bark DBH 0.8169 5.6984 1.3325 1.2053 0.2744 0.0226 2.24 2.66
DBH + H 0.7381 6.8157 1.2739 1.1557 0.3668 0.0768 0.2485 0.0309 2.24 2.75
Branch DBH 0.9360 5.1241 2.1827 1.1960 0.1555 0.0045 1.28 2.47
DBH + H 0.9076 6.1552 2.2338 1.2212 0.2076 —0.0391 0.1388 0.0462 1.28 2.49
Foliage DBH Not significant
DBH + H Not significant
Aboveground DBH 0.8898  25.1766 11.0850 1.1217 0.1930 0.0103 1.60 3.66
DBH + H 0.9017  23.7846 10.0729 1.0169 0.2043 0.1623 0.1413 0.0492 1.28 2.14
Belowground DBH 0.8700  10.0946 0.4063 1.6827 0.3208 0.0133 2.64 29
DBH + H 0.8412  11.1574 0.4337 1.8014 0.3974 —0.1685 0.2463 0.0794 2.94 3.21
Total tree DBH 0.9119  30.4701 9.5113 1.2318 0.1881 0.0074 1.52 2.66
DBH + H 0.8876  34.4213 9.0247 1.1698 0.2378 0.0945 0.161 0.0062 1.84 3.22

Equation form is B; = c-x1” or B; = c-x1%-x20. B; represents tree component biomass. x; represents DBH. x, represents H. c is a scale parameter. 2 and b are equation parameters. S.E. is a
standard error. S.E.E. is the standard error of estimation and 1 = 5 trees per stand. MPE is the mean prediction error and TRE is the total relative error.
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Table 3. Biomass equations with stand age (A) as a second explanatory variable for the different tree components across the four stands.

Tree Component Variable (s) Adj.R* S.E.E. c a S.E. (a) b S.E. (b) Significance (p) MPE (%) TRE (%)
DBH 0.9699  19.3445  0.4887 1.8672 0.1182 <0.0001 3.15 1.86
Stem wood DBH + A 0.9865  12.9381 0.1118 1.2795 0.1397 0.8464 0.1766 <0.0001 29 —0.62
DBH 09720  5.3196 0.1081 1.9390 0.1195 <0.0001 411 -28
Stem bark DBH + A 0.9838  4.0430 0.0297 1.4252 0.1575 0.7405 0.1984 <0.0001 252 —1.24
Branch DBH 09749  7.8268 0.7452 1.5208 0.0830 <0.0001 26 —2.44
Foliage DBH 0.9424  0.8879 0.0965 1.3637 0.1115 <0.0001 2.55 —2.41
Aboveground DBH 09781  28.9640  1.2282 1.7669 0.0937 <0.0001 3.65 234
DBH + A 0.9856  23.4959  0.4908 1.3714 0.1399 0.5511 0.1717 <0.0001 1.95 ~1.86
Belowground DBH 0.9600  9.8274 0.7773 1.5059 0.1041 <0.0001 2.45 1.24
DBH 0.9809  33.7310  1.8827 1.7094 0.0838 <0.0001 3.05 —2.48
Total tree DBH + A 0.9841  30.7497 1.0349 1.4361 0.1440 0.3722 0.1734 <0.0001 2.1 —1.24

Equation form is B; = c-x1% or B; = c-x1%x20. B; represents tree component biomass. x; represents DBH. x, represents A. c is a scale parameter. 2 and b are the equation parameters. S.E. is
the standard error. S.E.E. is the standard error of estimation and n = 20 per component.
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Figure 6. Distribution of residual errors of the biomass model across the four Q. acutissima stands.
The box plots display the whiskers, percentiles, and mean of the predicted biomass errors for each of
the tree components, as well as outliers.

3.3. Effects of Stand Age on Biomass Conversion and Expansion Factors (BCEFs)

BCEFs are defined as the ratio of dry biomass to stem volume and are commonly used to convert
timber volume from forest inventory to biomass. Table 4 shows that BCEFs were not constants but
varied with stand age. BCEFs of the stem (with bark), branch, foliage, aboveground, belowground,
and total tree biomass decreased as stand age increased, and this pattern may be a direct result of
biomass redistribution with increasing age. Thus, we developed age-sensitive BCEFs equations to
predict BCEFs for each biomass component based on stand age (Table 5). The BCEFs model had small
and evenly distributed residuals (Figure 8), and has less than 5% MPE and TRE, which verified the
predicting accuracy of equations for BCEFs.
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Figure 7. Relationships between DBH and branch (a), foliage (b), belowground (c), stem (with bark),
(d), aboveground (e), and total tree (f) biomass in the 14-, 31-, 46-, and 63-year-old Q. acutissima stands.

Table 4. BCEFs of various tree components in the 14-, 31-, 46-, and 63-year-old Q. acutissima stands
(mean + S.D., n = 5 per stand).

Tree Component

BCEFs (tons m—3)

14 Years Old 31 Years Old 46 Years Old 63 Years Old
Stem (with bark) 0.5182 + 0.0151 0.4371 £ 0.0290 0.4048 £ 0.0158 0.4000 + 0.0193
Branch 0.3988 £ 0.0190 0.2624 + 0.0269 0.1807 £ 0.0139 0.1386 + 0.0038
Foliage 0.0418 + 0.0014 0.0220 + 0.0024 0.0153 =+ 0.0006 0.0102 + 0.0007
Aboveground 0.9589 + 0.0273 0.7216 + 0.0576 0.6008 £ 0.0267 0.5488 + 0.0212
Belowground 0.3733 £ 0.0223 0.2667 + 0.0305 0.1896 + 0.0077 0.1326 + 0.0092
Total tree 1.3322 + 0.0489 0.9882 + 0.0877 0.7904 + 0.0318 0.6815 + 0.0159
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Table 5. Age-sensitive BCEFs equations for tree components across four Q. acutissima stands.

Equation Adj. Significance MPE  TRE

Tree Component Form c S.E. (0 a S.E. (a) R2 S.E.E. ) %) %)
Stem (with bark) Power 0.8377  0.0523 —0.1849 0.0181  0.8375  0.0210 <0.01 0.32 —0.12
Branch Power 22627 0.2386 —0.6525 0.0338  0.9548  0.0219 <0.01 0.28 0.33
Foliage Power 0.4119  0.0348 —0.8649 0.0282  0.9835  0.0016 <0.01 0.43 0.25
Aboveground Power 2.6006  0.1591 —0.3774 0.0185 0.9548  0.0352 <0.01 0.18 —0.11
Belowground Power 1.8266  0.2460 —0.5931 0.0426 09157  0.0274 <0.01 0.11 0.15
Total tree Power 42301 02993 —04346 0.0216 09543  0.0553 <0.01 0.15 —0.35

Equation form is BCEF s; = c-x“, i represents the biomass component, x represents the stand age (years),

a and c are the equation parameters, S.E. is the standard error, S.E.E. is the standard error of estimation,
and n = 20 per component.
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Figure 8. Distribution of residual errors of BCEFs model of Q. acutissima. The box plots display the
whiskers, percentiles, and the mean of the predicted BCEFs errors for each tree component as well
as outliers.

4. Discussion

Our results from this age-specific study of Q. acutissima indicate that stand age affected biomass
distribution of tree components. Some studies report that stand density also influences the biomass
allocation of young oak trees [52]. However, applying a structural equation model of stand factors and
net primary productivity (NPP) of Chinese fir forest, Huang et al. [53] found a significant correlation
between stand density and stand age. Furthermore, these authors demonstrated that the stand age
affects forest biomass not only directly but also indirectly by affecting forest density. The path analysis
showed that the direct and indirect path coefficients of stand age were —0.70 (p < 0.01) and —0.38
(p < 0.05), respectively. Therefore, the variation in the relative biomass allocation of tree components in
our study may have been mainly due the influence of stand age.

In the present study, we observed an increase in the proportion of stem (with bark) and a decrease
in the proportion of the crown (branch and foliage) as stand age increased. This is consistent with
other research results of tree component biomass [3,54]. The variation in biomass allocation with
age may be explained by the strategies that trees use to survive during stand development. In early
periods of growth, the proportions of leaves and roots are critical for the survival of young seedlings
and the likelihood that they survive to the next developmental period. Additionally, the proportion
of stem biomass becomes increasingly important for stabilizing the tree itself. Accordingly, these
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changes in biomass distribution during stand development need to be considered to obtain precise
biomass equations.

The proportion of belowground biomass to aboveground biomass decreased from 38.45% to
24.43% from the young to old stands of Q. acutissima. These values are greater than those in many
other areas, where it has been demonstrated that following a continuous decline, the root biomass of
trees stabilizes at approximately 20.0% of the aboveground biomass [4,37]. This was partly caused by
soil moisture and nutrient limitations in our stands on the Loess Plateau, which led to additional root
biomass allocation to promote moisture and nutrient absorption. This interpretation is supported by
the optimal partitioning theory that plants should allocate more biomass to those parts that acquire
the most limited resource [55,56]. Nonetheless, due to the slow growth of Q. acutissima and the limited
age classes in this study (14 to 63 years), the proportion of root biomass to aboveground biomass has
not yet stabilized in the oldest stand. Thus, the downward trend in this proportion may last for a long
time, and its impact should be accounted for when estimating Q. acutissima biomass.

Due to the difficulty of assessing the entire root system with the excavation method, belowground
biomass is the most difficult tree component to measure accurately [57,58]. Inevitably, a small amount
of fine roots was lost during our field excavation. However, Le Goff and Ottorini [59] proved that the
missing portion of the fine fraction represents an extremely small part of the root system and has no
significant influence on the estimation of tree belowground biomass. Therefore, in our study, we fit
the belowground biomass well using a power-law function (R? = 0.9600). Given the belowground
component’s status as the second largest tree component, allometric equations of root biomass
have been gaining importance and are very helpful for estimating the belowground biomass of
local Q. acutissima forests. The linear relationship between aboveground and belowground biomass
indicated in this study that the biomass allocation of Q. acutissima was consistent with the isometric
biomass allocation theory [60]. However, it remains unknown whether linear relationships between
aboveground and belowground biomass are applicable to trees less than 14 years old [22]. Additional
allometric data from Q. acutissima stands less than 14 years old are required to evaluate this possibility.

Allometric relationships are often applied in tree biomass model fitting and are often described
by power-law equations. In the present study, power functions provided strong fit (R* values in
the range of 0.81-0.98) for biomass estimation of Q. acutissima. Moreover, the relationships between
DBH and stem wood, stem bark, aboveground, and total tree biomass were specific to each stand
age. Thus, allometric equations that ignore stand age may lead to inaccurate estimates of tree biomass.
Consistent with this finding, Peichl and Arain [4] found a relationship between allometric equations of
aboveground biomass and stand age in other species. The inclusion of tree height as a second variable
in allometric biomass equations has been discussed by many researchers [7-9,61-63]. In previous
studies, tree height has been either a relevant or an irrelevant variable. However, in our study, the
contribution of the tree height variable was closely related to stand age. Thus, we recommend the
DBH-H equation for estimating total tree biomass in mid-aged Q. acutissima stands and the DBH-only
equation for young and mature stands. Overall, single biomass equations that ignore stand age may
be less accurate than age-specific equations. Regardless, because of the limited number of samples
in our study, additional data must be obtained in future work to verify whether these equations are
appropriate for large-scale biomass estimation.

In general, forest biomass and carbon stock estimations are based on National Forest Inventory
(NFI) data and usually rely on the estimation of stem volume. BCEFs are used to convert timber
volumes to dry weight and then to whole-tree biomass [36], and they vary depending on growth
conditions and the stand development phase [21]. In the present study, the BCEFs of each tree
component decreased with stand age. Consistent with our results, Kauppi et al. [64] reported a
decreasing trend in BCEFs for Norway spruce with increasing forest age. Therefore, the use of fixed
BCEFs without considering stand age may lead to considerable overestimation or underestimation
of tree biomass. According to the GTGP, more than 34 million tons of carbon are fixed in forests of
different stages of development each year in China [65]. Thus, it is very important to consider the
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influence of stand age on tree biomass to improve the estimation of biomass and carbon on regional
and national scales.

5. Conclusions

We obtained comprehensive age-specific allometric results of biomass for Q. acutissima, which is an
important tree species in the central Loess Plateau of China. Allometrics appears to be a useful tool for
obtaining precise descriptions of biomass allocation patterns. Our study revealed the age dependence
of not only biomass allocation but also of the parameters of allometric equations. Accordingly,
we believe that forest biomass of different age stands should be estimated using different biomass
equations and BCEFs including equations with different variables (DBH-only or DBH-H). The results
of this study indicate that age-specific biomass partitioning and allometry need be considered to obtain
precise biomass and C stock estimates of forests. In addition, considering the difficulty of extracting
root samples, especially from large trees, the belowground biomass results obtained in this study may
be employed for rough estimation of root biomass of Q. acutissima.
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