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Abstract. Stem carbon (C) content is widely used to present tree C content to estimate forest C stocks. However, size- and
age-dependent changes in tree stem C content are still unclear. Based on 576 tree size (expressed by diameter at breast height
(DBH) and biomass), age and C content data, our results showed that C content varied significantly among organs, and the
mean value of C content for bark, branch, leaf, reproductive organ, root and stem was 48.4%, 49.2%, 49.6%, 50.1%, 48.8%,
49.7%, respectively. C content of stem was significantly correlated with that of leaf, branch and root, while showed no
relationship with that of bark and reproductive organ. With the increasing tree size and age, stem C content showed increasing
trends. Using stem C content as tree C content could produce an error of -2.49%—5.87% in the estimations of forest C stock.
Thus, it is necessary to consider tree organ C content of stand in estimating forest C stock.

Keywords: stem carbon content, carbon stock estimation, forest, tree age, tree size.
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1 Introduction

Forest is an important component of terrestrial ecosystem, and can fix 1.1 0.8 Pg carbon (C) per year from atmosphere
through tree growth and biomass accumulation (Pan et al., 2011; Schlesinger and Bernhardt, 2013; Fang et al., 2018;
Kirschbaum et al., 2019). Forest C stock is evaluated by multiplying total plant biomass by a corresponding plant C content
(Ma et al., 2018; Martin et al., 2018). Thus, precise C content of tree is critical to estimate forest C stock and understand its
role in global C cycle (Jones and O'Hara, 2016; Wu et al., 2017; Ma et al., 2018; Gillerot et al., 2018). As stem accounts for
majority of tree biomass, generally, the canonical default value of 50% and specific stem wood C content have been used as
tree C content in the estimations of forest C stocks at different scales (De Vries et al., 2006; IPCC, 2006; Lewis et al., 2009;
Brienen et al., 2015; Braun et al., 2016; Carretero et al., 2017; Naveenkumar et al., 2017; Xu et al., 2017; Swetnam et al., 2017;
Collins et al., 2019). Studies have indicated that using these methods could lead to possible error in forest C stock estimations
due to differences in C content among organs as well as the variations of stem chemical components among tree sizes (DBH)
and ages (Martin and Thomas, 2013; Gillerot et al., 2018; Ma et al., 2018). Therefore, estimating the relationships of C content

between tree organs and the variations of stem C content are important to improve the accuracy estimations of forest C stock.

Increasing evidences showed that C content of tree varied among organ types (Bert and Danjon, 2006; Yuan et al., 2011;
Gillerot et al., 2018; Ma et al., 2018). For instance, stem C content in Pinus pinaster was higher than that in root, which might
be related to the changes of chemical composition of tree organs (Bert and Danjon, 2006). In addition, a recent global synthesis
of plant C content revealed significant variations of C content among woody plant organs (Ma et al., 2018). Thus, using stem
C content as surrogate of that of a tree in forest C stock estimation, ignoring the C contents of other organs which share a high
biomass proportion, will cause possible uncertainties (Zhang et al., 2009; Jones and O'Hara, 2018; Ma et al., 2018).
Furthermore, Thomas and Martin (2012) have found significant differences in C content among tree organs, in which stem C
content was significantly correlated with that of branch, bark and root with the exception of leaf. However, the relationship of
C content among organs needs further verification. Most importantly, the relationship between C contents of stem and

reproductive organs remains unclear.

In addition, stem C content of tree was tightly associated to tree size and age (Bert and Danjon, 2006; Noh et al., 2010; Peri
et al., 2010; Uri et al., 2012; Martin and Thomas, 2013; Justine et al., 2017). This was likely related to tree growth process
that, with increasing tree age and DBH, sapwood will convert to heartwood, resulting in an increase of heartwood proportion
and stem wood C content of tree (Campbell et al., 1990; Pinto et al., 2004; Bert and Danjon, 2006; Lamlom and Savidge, 2006;
Herrero de Aza et al., 2011; Jones and O’hara, 2011; Castafio-Santamar & and Bravo, 2012). For instance, Gao et al. (2016)
found that the stem wood C content of three species in a boreal forest increased with the DBH. Similarly, Martin and Thomas
(2013) found that stem C content of Miconia mirabilis in a tropical forest increased linearly with DBH. On the contrary, a
study found that stem C content was higher in saplings than conspecific large trees (Martin et al., 2013). Moreover, regardless

of close association between DBH and tree age, based on the limited survey data, several studies found that tree stem C content
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had no significant relationship with tree age (Ren et al., 2010; Cao et al., 2012; Ming et al., 2014; Cheng et al., 2015). Thus, it
warrants systematic analysis on relationships among tree stem C content, tree size and age due to controversial results and

little attention on the effect of tree size and age on stem C (Bert and Danjon, 2006).

Herein, we compiled a data set of C content of different tree organs from plantations or natural forest chronosequences. And
we aimed to address the following two questions: (1) what are the relationships among C content of different tree organs? (2)

how will tree stem C content vary with tree size and age and affect the estimations of forest C stock?

2 Materials and methods
2.1 Data compilation

To collect the literatures that provide species-specific tree organ C content data, we searched three databases (Web of Science,

9% ¢

Google Scholar, China National Knowledge Infrastructure) using the search terms “carbon content”, “carbon concentration”,

9% EERNY3 CEIN3

“carbon fraction”, “organ”, “tree”, “age”, and “chronosequence” for papers published before May, 2017. At the same time, we
collected papers from the references of literatures searched in the three databases. To guarantee the reliability and
comparability of data, literatures were further selected satisfying certain criteria: (1) the data from the trees which grown in
the control rather than in experimental treatment plot was included; (2) the data from at least three organs (must include stem)
for each species was included; (3) the data from at least three age categories for each species was included. For each study, we
recorded the location, taxonomic information (e.g. species name, genus and family), organ type (bark, branch, leaf,
reproductive organ, root, and stem), tree age (measured tree age or stand age of plantation), DBH, biomass and C content.
Specifically, stem wood was regarded as stem (exclude the bark component) in this study. Finally, our dataset contains 576

records, 24 species, 17 genera and 11 families from 30 literatures.

2.2 Data analysis

Firstly, possible effects of organ, age, site and species on tree C content were tested with Type 1l analysis of variances
(ANOVA) (Table S1) (Ma et al., 2018). Similarly, for discrepancy of sample size among organs, differences of C content
between organs were tested with Type 111 ANOVA in car packages (Thomas and Martin, 2012). Then using the Duncan.test,
we conducted the multiple comparisons of means of organ C (Table 1). Pearson correlation analysis of C content of different
organs was conducted (Table 2). The relationships between stem C content, tree size (DBH and biomass) and age were analysed
by using a linear mixed-effects model with a random effect term of sites and species, which was useful for eliminating the
possible effects of sites and species on the results (Zhang et al., 2012; Brienen et al., 2015). The weighted mean C content
(WMCC) was calculated from organ biomass proportion and corresponding C content with the following Eqg. (1) and Eq. (2)
(Zhang et al., 2009).
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Biomass proportion; = Biomass;/ Y-, Biomass; @
WMCC = ¥¢_, Biomass proportion; X C content; )]

where Biomassi, Biomass proportion;, and C content; indicates the biomass, biomass proportion and C content of i" organ,

respectively. n is the number of organ.

The relative error of using a canonical value of 50% and stem C content as tree C content were calculated with the following
Eqg. (3) and Eq. (4) (Bert and Danjon, 2006):

Relative error of 50% = (50% - Stem C content) / Stem C content x 100% 3
Relative error of stem C content = (Stem C content - WMCC) / WMCC x 100% (@)

For each relative error, we calculated the statistical measures including sample size(N), arithmetic mean (Mean), standard
deviation (SD), median, the 5% percentile and 95% percentile (Table 1). All statistical analyses of data were conducted with
R 3.4.1. (R core Team 2017).

3 Results
3.1 The variation of C content among tree organs

The C content varied significantly among tree organs (Table S1), with a mean value of 48.4%, 49.2%, 49.6%, 50.1%, 48.8%
and 49.7% for bark, branch, leaf, reproductive organs, root and stem, respectively. C contents in reproductive organ and stem

were significantly higher than that in bark, branch and root (Table 1).

C content of stem, branch, leaf and root were significantly correlated with each other. C content of bark was significantly
associated with that of branch, leaf, and root, while it was unrelated with that of stem and reproductive organ. Except for strong
correlation with branch C content, reproductive organ C content has no significant relationship with C content in other parts
of the tree (Table 2). Stem C content differed from that in other organs and could explain C content variations of 2.59%,
60.10%, 36.90%, 11.90% and 34.60% in bark, branch, leaf, reproductive organs, root and stem, respectively (see Table S2).

3.2 Size- and age-dependent changes in tree stem carbon content and their effects on estimating forest carbon stock

Stem C content of tree increased significantly with increasing tree DBH (p = 0.005, Figure 1a) and tree age (p = 0.01, Figure
1b), with an average increase of 0.45% per 10 cm and 0.17% per 10 years (Figure 1), respectively. Additionally, stem C content

increased with increasing biomass of both stem and tree (Figure 2). As the biomass of tree and the corresponding proportion
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varied among organ and tree ages (Figure 3), compared with the WMCC, using both the canonical value of 50% and stem C
content could lead to errors for estimating tree C content (-8.62%-13.71% and -2.49-5.87%, respectively, see Table S3), in

which error resulted from stem C content decreased with increasing tree age (Figure 4).

4 Discussion

Tree organ C content plays a critical role in forest C stock estimations at large scales but poorly estimated. Our dataset showed
that tree C content ranged from 48.4 % to 50.1%, which was consistent with results of previous studies (Alriksson and Eriksson,
1998; Bert and Danjon, 2006; Martin et al., 2015; Yao et al., 2015) but higher than that of woody plants (47.4%—48.6%) in the
global plant organ C content database (Ma et al., 2018). This indicated that C content in tree is higher than that in shrub due to
a lower lignification of shrub. Consistent with that of global woody plants (Ma et al., 2018), tree C content in our study varied
significantly among organs and was higher in reproductive organ but lower in root. Differences in specific function and
chemical compositions between organs may predominate the variation of C content among organs (Bert and Danjon, 2006;
Thomas and Martin, 2012). For instance, organs with a high C content are associated with a high lignin because it is one of
the most common polymers and is rich in C (with C content of ~66%) (Pettersen, 1984; Ma et al., 2018). It is generally believed
that lignin in root is less than that in stem and reproductive organs owing to mechanical support and disease resistance (Vance
et al., 1980). Variation of tree C content among organs indicated that excepted for stem, C content in other organs should be

paid attention in the field of plant stoichiometry and forest C stock estimations.

Additionally, our results showed that the tree C content in stem, root, leaf and branch were significantly correlated with each
other. Thomas and Martin (2012) also found a relationship of tree C content in stem, branch and root. This suggests that the
key chemical traits determining the C content of tree organs may depend on genetic constraints (Thomas and Martin, 2012).
However, our results also showed that C content of reproductive organ had no relationship with that of other organs (except
branch), which is presumably determined by the specific functions of reproductive organs (Ma et al., 2018). Generally,
reproductive organs in plants contain high levels of lignin for defence and protein for reproductions (Bazzaz et al., 1987;
Rouwenhorst et al., 1991), which is rich in C (Bert and Danjon, 2006). There was no relationship between C content of stem
and bark due to differences in phenolic, extract, lignin and cellulose content of the two organs (Bert and Danjon, 2006). The
differences in chemical compositions of stem and other organs may lead to that stem C content differed from that in other
organs. Specifically, stem C content had relationships with that of branch, leaf and root, and could partially explain the
variations in C content of other organs (2.59%—60.10%, Table S2), indicating complicated relationships between C content of

stem and other organs.

Although stem C content is one of key tree chemical traits, it has received much less attention (Martin et al., 2018). Our
results indicated that tree stem C content increased significantly with increasing DBH, which was also reported by Martin and
Thomas (2013) and Gao et al. (2016) who found that wood C content varied with DBH. Size-dependent variation in stem C

6



135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

Biogeosciences Discuss., https://doi.org/10.5194/bg-2019-87
Manuscript under review for journal Biogeosciences
Discussion started: 29 April 2019

© Author(s) 2019. CC BY 4.0 License.

content may be associated with the changes in volatile C content and C-rich structural compounds including like lignin and
cellulose of trees (Bert and Danjon, 2006; Martin et al., 2013; Martin and Thomas, 2013; Gao et al., 2016). A recent study
indicated that volatile C content in stem is the key drivers of stem C content variation (Gao et al., 2016). However, it
contradicted with our results due to the reason that C content in our data set was measured by oven-dried method, which could
cause volatile C loss (Gao et al., 2016). Thus, this suggests that size-dependent changes of stem C content in our study may
primarily attributed to the shifts of chemical composition in stem (Bert and Danjon, 2006; Herrero de Aza et al., 2011). With
increasing tree DBH, sapwood will convert to heartwood then lead to an increase of C-rich structural components. This process
mainly includes the loss of the stored starch of ray parenchyma cells, death and lignification of parenchyma cells and deposition
of extractives (Bamber, 1976; Pinto et al., 2004; Knapic and Pereira, 2005; Bert and Danjon, 2006). The accumulation of C-
rich structural compounds may cause an increase of stem C contents in the process of tree growth. For instance, according to
the relationship of heartwood and DBH of Pinus pinaster and C content in heartwood and sapwood (Pinto et al., 2004; Herrero
de Azaetal., 2011), stem C content will increase from 45.9% to 46.5% when DBH increase from 10 cm to 60 cm. The increase
of stem C content resulted from DBH may lead to stem C content increased with increasing tree age and biomass. Several
studies have also found that stem C content varied significantly as a function of tree age (Peri et al., 2010; Uri et al., 2012;
Zhang et al., 2014; Justine et al., 2017).

The uncertainty in forest C stock estimations derived from the canonical value of 50% or stem C content at large scales
remain unclear due to lack of corresponding biomass data in previous three global C content databases (Martin and Thomas,
2011; Martin et al., 2018; Ma et al., 2018). As mentioned above, using the canonical value of 50% as tree C content may
neglecting age-dependent changes of stem C content as well as variation of C content among tree organs, resulting in an error
of -8.62%-13.71% in forest C stock estimations (Table S3), which was comparable with previous studies in finding that
canonical value could induce errors between 3.77 —13.8% in regional C stock estimations (Bert and Danjon, 2006; Tolunay,
2009; Fang et al., 2010; Rodrigues et al., 2015). Most importantly, using stem C content as tree C content (WMCC) could
introduce an error of -2.49%—5.87% in forest C stock (Table S3). These errors of global forest C stocks (Pan et al., 2011) could
create -9.0—-21.3 Pg C variation, which is greater than the vegetation C pools of Europe (9 Pg C) (Dixon et al., 1994). Moreover,
the errors of using stem C content as the WMCC decreased significantly with tree age but showed no significant relationship
with DBH. This may be related to the variation of organ C content and biomass proportion with tree age. Stem biomass of
trees increased with increasing tree size and age (Figure 3) (Poorter et al. 2012). Therefore, the stem C content has significant
contribution to the WMCC with increasing tree age, indicating that the risk of over estimation or under estimation will be great
when calculating seedling C stock with stem C, and it is necessary to consider the C content of tree organs of forest stand when

estimating forest C stock.
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5 Conclusions

Tree C content in our dataset varied with organs and ranged from 48.4% to 50.1%, which could be used as the species- or age-
specific C fractions in forest C stock estimations at regional or large scales. There were complicated relationships between C
content in stem and that in other organs. Stem C content could partially represent C content of other organs (2.59%—60.10%).
Moreover, stem C content increased significantly with increasing DBH, age and biomass, suggesting stem C content in tree as
one of the important plant traits that should be taken into consideration in the research of plant ecological stoichiometry and
plant functional biology. Most importantly, ignoring the relationships of C content in different organs as well as size-and age-
dependent changes of tree stem C content, using the canonical value of 50% and mean stem C content could lead to estimation
errors of forest C stock (-8.62%-13.71% and 2.49%—5.87%, respectively). In future, the estimations of forest C stock should
pay more attention to the error from size- and age-dependent changes in stem C content and consider C content of different

tree organs of stand.
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325 Tables

326  Table 1. Carbon content of tree varied significantly among organs. n indicates the sample size. SD, Min and Max are the
327 abbreviation of standard deviation, minimum and maximum, respectively. The mean values of carbon content of organs with

328 the same letter are not significantly different.

Organs n Mean SD Min Max

Bark 65 48.37e 391 39.52 56.72
Branch 132 49.18cd  3.55 39.45 56.23
Leaf 128  49.59bc  4.09 36.70 58.61
Reproductive organ 20 50.09a 2.94 45.78 54.42
Root 99 48.83de  3.22 40.87 55.00
Stem 132 49.74ab  3.04 44.26 57.24
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330 Table 2. Pearson correlation coefficients of relationship between carbon content of organs. Values in coefficients indicated by

331  asterisk are significant (p < 0.05).

Reproductive

Bark Branch Leaf organ Root Stem

Bark 1

Branch 0.45%** 1

Leaf 0.58*** 0.70%** 1

Reproductive organ  -0.30 0.58** 0.18 1

Root 0.55%** 0.67*** 0.55%** 0.05 1

Stem 0.16 0.78*** 0.61*** 0.35 0.59*** 1
332 *p <0.05; ** p<0.01; *** p <0.001.

14



Biogeosciences Discuss., https://doi.org/10.5194/bg-2019-87
Manuscript under review for journal Biogeosciences
Discussion started: 29 April 2019

© Author(s) 2019. CC BY 4.0 License.

333 Figures

334 Figure 1. Stem carbon content of tree increase significantly with DBH (a) and tree age (b). k indicates slope of DBH and tree

335  agein a mixed linear model. Abbreviations: DBH refers to the diameter at breast height.
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337 Figure 2. Stem carbon content of tree increase significantly with increasing stem biomass (2) and tree biomass (b). k indicates

338  slope of biomass of stem and tree in a mixed linear model.
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Figure 3. Organ biomass (a) and its proportion (b) of tree varied with tree age.
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Figure 4. Relative error of using stem carbon content as the WMCC varied with tree DBH (a) and age (b) in forest C stock
estimations. Solid line indicates the significant relationships with p < 0.05, and dashed line denotes the insignificant
relationships with p > 0.05. k indicates slope of DBH and tree age. Abbreviations: The WMCC refers to the weighted mean

carbon content; DBH refers to the diameter at breast height.
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