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Abstract: Accurate estimation of forest biomass and its growth potential could be important in as-
sessing the mitigation potential of forest for climate change. However, severe mechanical disturbance
such as stem breakage imposed significant changes to tree individuals in biomass structure, which
could bring new inaccuracy to biomass estimation. In order to investigate the influence of severe
mechanical disturbance on tree biomass accumulation and to construct accurate models for biomass
and carbon storage estimation, this paper analyzed the relationship between tree size and biomass for
China fir (Cunninghamia lanceolata (Lamb.) Hook) which suffered stem breakage from, and survived,
an ice storm. The performance of independent variables diameter (D) and height (H) of China fir,
were also compared in biomass estimation. The results showed that D as an independent variable
was adequate in biomass estimation for China fir, and tree height was not necessary in this case. Root
growth was faster in China fir which had suffered breakage in the main stem by the ice storm, than
China fir which were undamaged for at least 7 years after the mechanical disturbance, which, in
addition to biomass loss in stem, caused changes in the allocation pattern of the damaged trees. This
suggests biomass models constructed before severe mechanical disturbance would be less suitable in
application for a subsequent period, and accurate estimations of biomass and forest carbon storage
would take more effort.

Keywords: allometric equation; extreme climate events; subtropical forest; overcompensation

1. Introduction

Accurate estimation of forest carbon storage and its growth potential is the basis for
forest quality assessment and may be important in assessing the mitigation potential of
forest for climate change [1,2]. A direct or indirect method can be used in the estimation
of forest biomass [3]. The direct method is the most accurate, but also time-consuming,
laborious and destructive to operate. It is not suitable for biomass estimation in a large
area and has only been adopted by a few scholars [4]. Remote sensing technology is
ideal for forest biomass estimation in large areas, but has less accuracy [5]. With a small
number of cut samples, an allometric model can be applied to construct regression between
biomass and tree size, such as, diameter at breast height and tree height. This method
has good estimation accuracy and is the most widely used biomass estimation method
so far [6–8]. At present, a large number of biomass models for different tree species in
various regions have been built [9,10], and effort is also spent in trying to build a general
model suitable for different tree species and different types of forest [11,12]. However,
parameters of biomass allometric models vary because of differences in biomass allocation,
morphological structure and wood density between trees of different species and from
different locations [10], which might derive a non-negligible error in the application of
general allometric models [13]. In order to reduce the error and uncertainty during biomass
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estimation, it is appropriate to build a dedicated biomass model for specific forest types
and common tree species [6,14].

At present, several biomass models have been constructed for tree species in subtropi-
cal evergreen broad-leaved forests in different regions [15–18], most of which focus on the
estimation of aboveground biomass. Estimation of belowground biomass is limited by the
difficulty of root sampling, and there are few related studies. For this reason, root/shoot
ratio must be used in estimation of belowground biomass [19] despite the inaccuracy
brought by variations of biomass allocation among forest types and tree species [20].

The recent IPCC report has confirmed that weather and climate extremes are becoming
more and more frequent [21]. In this case, intensive investigations on the impact of extreme
climate events on ecosystems become more important than ever.

Climate extremes affect ecosystems via mechanical or physiological impact to indi-
viduals, which produce responses in the population or community scale [22]. Mechanical
disturbance prevails in forest located in regions with more precipitation, according to anal-
ysis of Nothofagus dombeyi (Mirb.) Blume forest, and are usually imposed by ‘force-related’
climatic events such as snow and wind [23]. Both vegetative and reproductive growth are
proved affected by mechanical impact [24,25]. Therefore regrowth after being damaged is
part of plants’ tolerance strategies to disturbance [26].

The 2008 ice storm in southern China caused extensive damage to forest. In Mts.
Nanling which is the most important watershed in this region, 89.07% of forest located
at 500–1000 m above sea level was damaged to a various extent according to a previous
survey [27]. Stem breakage was one of the major types of damage caused by the ice storm,
affecting one fifth of the trees in the successional layer and main forest layer. Among all tree
species, China fir (Cunninghamia lanceolata) was severely impacted by the ice storm [28,29],
as it has been one of the most common tree species afforested in south China for decades.
Stem breakage by the ice storm imposed great changes in biomass structure to China fir
individuals, which could bring new inaccuracy to the effort spent in biomass estimation.
This paper investigated the biomass accumulation of China fir after stem breakage caused
by the ice storm, in order to investigate the influence of severe mechanical disturbance
on tree biomass accumulation, and to construct accurate biomass models for biomass
and carbon storage estimation. In addition, it may provide some insight about tolerance
strategies of China fir to mechanical disturbance.

2. Materials and Methods
2.1. The Experiment Site

The study site was located at 24◦38′32.41′′–24◦38′55.93′′ N and 112◦58′31.03′′–112◦59′0.85′′

E in the Tiangjingshan Forest Farm of Guangdong, China. The region is characterized by a
subtropical monsoon climate, with an average annual temperature of 17.1 ◦C. The average
annual rainfall is about 1800 mm, and the rainy season (April to September) contributes about
80% of the annual rainfall. The soil was classified as red soil (Humic Planosol, FAO) that
developed from granite. The sample sites were located between 870 m and 1040 m above sea
level and were covered with a mature stand of China fir (Cunninghamia lanceolata) afforested in
1985 for economic purposes. In 2008 an ice storm struck the south-central region of China and
most of the China fir in the studied region were damaged.

2.2. The Studied Species

China fir is one of the dominant tree species in subtropical China, covering an area of
approximately 4 × 106 hectares and accounting for about 25% of plantations. It is one of
the major sources of timber production in south China and plays a pivotal role in the rural
economy. According to Zhou and his colleagues [29], two thirds of China fir plantation
investigated was damaged by the 2008 ice storm. Among them, one third suffered stem
breakage, with individuals of intermediate size being the most vulnerable to this type
of damage.
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2.3. Tree Biomass Measurement

In 2014, the authors of this current study sampled 32 China fir individuals for biomass
measurement during the logging process by a forest farm. Among the samples, 15 trees
were not impacted by the 2008 ice storm due to a warmer microclimate, while the other
17 trees suffered breakage in the main stem and survived. D and H of the sampled trees
were measured after they were cut down with a chainsaw leaving a stump of 10 cm in
height. For all sampled trees, stumps and the root system were dug up and weighed as the
belowground component. Stems and branches with leaves were considered aboveground
component but weighed separately. All tree components were directly weighed in field for
fresh weight using an electronic hanging balance with an accuracy of 0.01 kg. Three disks
of 5 cm in thickness were collected from the stem at a height of 1.3 m, 3.3 m and 5.3 m as
subsamples of the stem. Three cylinders of 5–10 cm in length and 5 cm, 2 cm and 1 cm in
diameter, respectively, were collected as subsamples of the branches. Subsamples of leaves
of about 300 g were collected from different parts of branches. They were measured for
fresh weight with an electronic balance with an accuracy of 0.1 g. All samples were placed
in cloth bags and oven-dried at 65 ◦C until they achieved a constant weight, and their dry
weight was measured. The dry and fresh weights were used for the determination of the
moisture content of each tree section.

Excavation was used to determine the biomass of the belowground component. All
of the trees at the study site were cleared, making it relatively easy to excavate entire root
systems. First a backhoe was used to dig a 1.5–3.0 m cylindrical trench around the tree
stump, and at a depth of 1.5–2.5 m according to the stump size. Then the soil in the hole
was excavated and sifted through a wire sieve (20 mm mesh) to separate the roots. Finally,
stumps and the attached taproots were pulled out. Using this approach, most of the root
systems were extracted intact, but not all of the fine roots. All harvested roots were shaken,
brushed and washed to remove the attached soil. The total fresh weight of roots was
measured, and the subsamples were brought to the laboratory to determine the moisture
content for the calculation of dry mass.

2.4. Allometric Model Development and Evaluation

A two-way ANOVA was used to analyze the effects of tree size and damage from the
ice storm, and their interaction on the biomass of each component (leaves and branches,
stems, and roots) of China fir. To estimate their biomass, for practical purposes, allometric
models were developed for the damaged and the undamaged trees, respectively.

Power function or its logarithmic form is commonly used for allometric equations in
biomass studies [17,30]. D (diameter at breast height) is the most frequently used variable
for predicting biomass. Other variables, such as H (tree height), wood density, and crown
area, have also often been used as additional variables, or have been combined with D as a
single variable in allometric models in previous studies [31,32].

In consideration that H differentiated between damaged and undamaged China fir
(p < 0.001), 2 variables of tree size (D and the combination of D and H) were tested with
the power allometric model in biomass estimation.

ln(B) = a× ln
(

D2
)
+ b

ln(B) = a× ln
(

D2H
)
+ b

where B represents biomass (kg), D (cm) is the diameter at breast height, and H (m) is the
height of a tree, with a and b being the estimated parameters of the fitted models. The data
were analyzed using the basic functions of R version 4.0.2 (R Foundation for Statistical
Computing, Vienna, Austria) [33].
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The criteria for evaluating the performance and fitness of the 2 models were the coeffi-
cient of determination (R2), coefficient of variation (CV), and systematic errors (Bias) [34,35].

R2 = 1−∑n
i=1

(
Yi − Ŷi

)2/ ∑n
i=1

(
Yi −Y

)2

CV =

√
1

n− p ∑n
i=1

(
Yi − Ŷi

)2/Y

Bias =
1
n ∑n

i=1
Yi − Ŷi

Yi

where n is the number of sampled trees, Yi is the observed biomass, Ŷi is the predicted
biomass and Y is the mean observed biomass of trees, p is the number of parameters.

3. Results
3.1. Allometric Models of Biomass Estimation for Different Components of China Fir with
Different Variables

Biomass models of different components were constructed for China fir with D or
D2H as the independent variable, and detailed comparisons were made between them
(Table 1). All models with either D or D2H slightly underestimated the biomass of China
fir, damaged or undamaged. In most circumstances they showed similar performance with
bias ranging from −0.0327 to −0.00027, CV between 0.025 and 0.058, and R2 between 0.91
and 0.99. The potential differences between these two variables in predicting the biomass
of China fir were observed in models for the belowground component. The prediction
from D2H was more deviated than that from D for undamaged trees. For damaged trees, it
was less statistically fitted with the obtained data (smaller R2) in the model with D2H.

Table 1. Parameters (A) of biomass allometric models for damaged and for undamaged China fir of different components
with different independent variables and the criteria (B) to evaluate the performance of these models.

(A)

Structural
Components

Impacts of Ice
Storm

ln(B) = a× ln
(
D2)+ b ln(B) = a× ln

(
D2H

)
+ b

a b a B

Aboveground
Damaged 1.21 ± 0.09 −2.84 ± 0.52 0.87 ± 0.06 −2.70 ± 0.43

Undamaged 1.32 ± 0.05 −3.39 ± 0.31 0.98 ± 0.03 −4.12 ± 0.28

Belowground
Damaged 1.042 ± 0.13 −3.06 ± 0.72 0.68 ± 0.12 −2.39 ± 0.72

Undamaged 1.38 ± 0.05 −5.29 ± 0.27 1.02 ± 0.04 −6.01 ± 0.27

Whole tree
Damaged 1.16 ± 0.08 −2.27 ± 0.44 0.82 ± 0.06 −2.01 ± 0.44

Undamaged 1.33 ± 0.04 −3.25 ± 0.26 0.99 ± 0.06 −3.98 ± 0.26

(B)

Structural
Components

Impacts of Ice
Storm

Bias CV Adj. R2

D D2H D D2H D D2H

Aboveground Damaged −0.00322 −0.00328 0.05728 0.04932 0.90730 0.93127
Undamaged −0.00071 −0.00094 0.03879 0.03245 0.97889 0.98522

Belowground Damaged −0.01245 −0.02233 0.11289 0.14611 0.79014 0.64843
Undamaged −0.00307 −0.03274 0.05285 0.05769 0.98497 0.98209

Whole tree
Damaged −0.00171 −0.00269 0.04490 0.04991 0.92686 0.90966

Undamaged −0.00027 −0.00057 0.03088 0.02505 0.98549 0.99045

Belowground biomass was harder to predict in comparison with the other structural
component, indicated by larger bias, CV, and smaller R2 in models for root biomass. It
reflected the difficulty in the estimation of root biomass.
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3.2. Biomass Allocations

As the main stem was broken, the biomass allocation of China fir was affected, as
expected, by damage due to the ice storm (Figure 1). Biomass proportion was higher
in combined leaf and branch, and root, and smaller in stem, for damaged individuals.
However, biomass loss was merely part of the factors leading to biomass allocation in
damaged China fir.
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Figure 1. Biomass proportion of the structural components for damaged and undamaged China fir.
ANOVA was applied to test the main effects of D and damage by ice storm in each component of
China fir. Significant differences were observed solely between damaged and undamaged groups
for each structural component (p < 0.001 for stem, and combined leaf and branch, p < 0.01 for root).
Average values and S.E. calculated from individuals within the same group are presented.

Table 2 shows the effects of ice storm damage and tree size on biomass accumulation of
China fir. Size parameters were well coupled with biomass as expected. For belowground
components, stem breakage during the ice storm significantly changed the relationship
between size and biomass accumulation, which stayed consistent regardless of the inde-
pendent variable used in the biomass model. Belowground biomass of damaged China
fir was higher when trees were small, and started to converge with undamaged China fir
around D of 22 cm, if D was used to predict biomass accumulation (Figure 2B). A similar
convergence could be expected through extrapolation in the prediction by D2H (Figure 2E).
In the case of aboveground biomass, the ANOVA results varied with independent variables
(Table 2). Aboveground biomass of damaged China fir was similar to undamaged China
fir if tree height was not included in the model, and were higher, by similar size, when
height formed part of the independent variable (Figure 2A,D). Integration of the above- and
belowground components resulted in the total biomass of China fir. The effects of damage
and its interactions with tree size were marginally significant when D alone was applied in
prediction (Table 2), and damaged trees were higher in biomass than undamaged trees of
the same size (Figure 2F).
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Table 2. ANOVA for biomass allometric models for different components of China fir with different variables. Significances
were marked with bold.

Component Factors

ln(D2) ln(D2H)

Sum.
Square Df F Value p (>F) Sum.

Square Df F Value p (>F)

Aboveground
Tree size 8.106 1 204.859 <0.001 8.306 1 288.393 <0.001

Stem breakage 0.035 1 0.877 0.357 0.221 1 7.686 0.010
Tree size ×

Stem breakage 0.045 1 1.129 0.297 0.079 1 2.752 0.108

Belowground
Tree size 6.042 1 98.698 <0.001 5.038 1 51.539 <0.001

Stem breakage 0.559 1 9.130 0.005 1.437 1 14.704 <0.001
Tree size ×

Stem breakage 0.411 1 6.710 0.015 0.806 1 8.242 0.008

Whole tree
Tree size 7.448 1 267.152 <0.001 7.318 1 249.753 <0.001

Stem breakage 0.107 1 3.856 0.059 0.424 1 14.462 <0.001
Tree size ×

Stem breakage 0.105 1 3.760 0.062 0.192 1 6.565 0.160
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Figure 2. Relationships between biomass accumulation and size parameter (D or D2H) of China fir damaged or undamaged
in 2008 ice storm. Significances (p < 0.05) were observed in belowground biomass predicted by D (B) and all models
predicted by D2H (D,E,F), marginal significance in whole tree biomass by D (C), and no significance in aboveground
biomass by D (A), between the damaged and the undamaged trees. Mean and S.E. are presented with lines and bands.
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Figure 3 shows the differences of biomass between damaged and undamaged China
fir. In the result predicted either by D and height, or by D alone, the differences of biomass
between damaged and undamaged trees were very large in small individuals and were
smaller as trees became bigger. The slope of the curves increased rapidly before 0.25 in
D2H (16 cm in D and 10 m in H) and 100 in D2 (10 cm in D). The (relatively) flat parts of the
curves were extracted and their average was calculated through tree size. The average of
relative biomass showed that damaged China fir accumulated aboveground biomass either
more than, or the same as, the undamaged trees. On the other hand, the relative biomass of
the roots of damaged China fir was distinctly higher than the undamaged trees, and was
consistent in both models.
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4. Discussion
4.1. Comparison between Biomass Allometric Models with Different Independent Viriable

Accurate estimation of biomass in disturbed forest ecosystems is important for carbon
evaluation after extreme climate events. The development of precise biomass models
for impacted trees is one method to achieve this goal. In a previous study, the authors
developed high accuracy models for broad leaf trees damaged in the 2008 ice storm in
southern China [36]. In this paper, biomass models were developed for China fir, a needle
tree which is widely used in forest farms of southern China, and suffered damage in
the 2008 ice storm, and compared the performance of different independent variables in
biomass prediction.

The biomass allometric models with either D or D2H produced comparable results
according to the evaluation criteria (bias, CV, and R2), except in the prediction for be-
lowground biomass of damaged China fir (Table 1). While the allometric models for
belowground biomass showed larger CV and smaller R2 than the rest of the models, D
alone may be the better predictor than the combination of D and height. In other words,
allometric models with solely D were better in the tested circumstances, although D2H
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took into consideration tree height, which was dramatically changed for individuals which
suffered stem breakage. Furthermore, the inconvenience of accurately measuring tree
height in field also makes D2H less suitable in biomass assessment of China fir.

The curve of belowground biomass of damaged China fir deviated from undamaged
China Fir in both biomass models. They confirmed that biomass allocation has changed
in the impacted China fir since the 2008 ice storm. Subsequently, the difference of stem
biomass between the damaged and the undamaged China fir was marginally significant.
It suggested that models developed before any severe mechanical disturbance might
not be suitable for a subsequent period in the pursuit of biomass estimation with high
accuracy, especially for the estimation of belowground biomass and tree species with a
large proportion of root biomass.

4.2. The Impact of Ice Storm on Damaged China Fir

Biomass predictions from either D or D2H showed that belowground biomass of
damaged China fir was higher than undamaged China fir of similar size. These predictions
implied the China fir damaged by the 2008 ice storm grew faster in root than the undamaged
China fir during the following 7 years.

Enhanced root growth implies carbon allocation from shoot to root after distur-
bance [37,38]. These changes may relate to changes in nutrient resources in soil or light
availability, according to observations in North America [39,40], which could be caused by
the increased forest litter and damaged canopy within the current study’s results. New
leaves acclimated to the rapid increase in light availability might facilitate faster assim-
ilation in damaged trees, while undamaged trees keeping old leaves might adapt more
gradually to the new environment. Generally this current study’s results are partially
consistent with the balance growth hypothesis [41], that biomass allocation to leaves or
roots is adjusted in order to increase capture of the limiting external resource, because the
damaged canopy surely became saturated with light availability.

Overcompensation in growth of plants after disturbance is usually reported in her-
bivory and called overcompensation, as part of the evolutionary strategy to gain fitness
benefit with a trade-off between resistance and tolerance. A plant species with overcom-
pensation in growth suggests it is relatively easy to be impacted, and tends to recover
fast from disturbance, while those with undercompensation tend to resist disturbance but
find it hard to recover once damaged [42]. Overcompensation is also reported in other
disturbance. Enhanced stem growth was observed in forest disturbed by hurricane [24],
and cherry trees increased flower production and reduced quality of fruits and seeds after
herbivory on their reproductive organs [43].

The enhanced root growth and changes in biomass allocation evidenced by this
study’s results might give rise to some ecological consequences. Extra accumulation of root
biomass in trees impacted by an ice storm could bring systematic error in the application
of allometric models developed before the disturbance. This effect is not negligible because
root makes up one fifth of the biomass of China fir (0), and in addition, conifers take up
to 10%–30% of tree composition in temperate forest where ice storms frequently occur,
affecting 20%–50% of conifer populations depending on disturbance intensity, elevation
and species [44,45].

5. Conclusions

The results show that tree height is not necessary in biomass estimation for China fir,
and that biomass allocation of China fir which suffered stem breakage is not merely the
result of biomass loss in stem, but also the consequence of enhanced root growth lasting for
at least 7 years after the mechanical disturbance. Extra care might be needed for accurate
biomass estimation for trees which have suffered severe mechanical damage.
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