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As mangroves become recognized as important carbon storages, the need for quantifying and reduc-
ing the uncertainty of carbon inventories, such as those arising from specific carbon contents, becomes
increasingly emphasized. In this sense, the present study tests the influence of plant parts, species (Avicen-
nia schaueriana, Rhizophora mangle, Laguncularia racemosa) and tidal flooding frequency (physiographic
types) on the carbon content (n=510) of mangroves from Southeast-Brazil, using factorial ANOVA and
Tukey post-hoc tests. Based on these tests, the impact of the using generic instead of specific carbon

{\(/le:r‘:;orgcxl/se: contents on the accuracy of carbon stock inventories was assessed. The results show that plant parts and
Physiographic type species control, to a certain extent, the carbon content variability. However, we did not detect a clear pat-
Gradient tern of influence of the physiographic types on the carbon content. The tests also indicated that woody

parts (trunk, branches and prop roots), green parts (leaves and reproductive parts) and roots formed
highly distinct groups. Based on the results of the third order interaction test, we propose the following
specific carbon contents: woody parts for all species=44.1+1.4%; green parts of A. schaueriana and L.
racemosa=42.6 + 1.4% and of R. mangle = 44.9 +4.5%; roots of A. schaueriana and L. racemosa=42.6 +2.2%
and of R. mangle =40.0 + 2.1%. It was estimated that the deviation resulting from the use of generic instead
of specific carbon contents to convert biomass into carbon stock may reach undesirable levels: up to 13.6%
for aboveground biomass and up to 25% for root biomass.

Plant compartment

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Mangroves are globally recognized for their ecological and
socio-economic importance (Ewel et al., 1998; Mazda et al., 2006;
Nagelkerken et al., 2008). In the last decade, several studies have
highlighted the role of mangroves for carbon storage (e.g. Bouillon
et al., 2008; Donato et al., 2011; McLeod et al., 2011), showing that
considerably more carbon is sequestered than in terrestrial forests,
especially in the soil and in the belowground biomass.

The major sources of uncertainty of carbon stock inventories
in mangroves are species-specific differences in carbon content
and the variability caused by forest age, species composition, inter-
tidal location, soil fertility and community structure (IPCC, 2014).

* Corresponding author. Tel.: +55 21 2234 0765; fax: +55 21 2234 0591.
E-mail addresses: dani.pelluso@gmail.com (D.P. Rodrigues),
claudia.hamacher@gmail.com (C. Hamacher), gustavo.estrada@uerj.br
(G.C.D. Estrada), mariolgs@uerj.br (M.L.G. Soares).

http://dx.doi.org/10.1016/j.aquabot.2014.10.004
0304-3770/© 2014 Elsevier B.V. All rights reserved.

Several authors have shown that the carbon content in mangroves
varies according to species and compartment (Alongi et al., 2003;
Khan et al., 2007; Ren et al., 2010; Ray et al., 2011). However the
effect of ecological factors, such as those caused by different tidal
flooding frequencies, on the carbon contents remains as an impor-
tant gap.

Despite the importance that the carbon content may have on
the degree of uncertainty of carbon inventories in mangroves, the
difficulty and cost of obtaining specific carbon contents lead several
authors to use generic carbon contents, which are based on aver-
ages from global data compilations (e.g. Twilley et al., 1992—45%;
IPCC, 2006—47%; Bouillon et al., 2008—44%). However, the assess-
ment of the impact caused by the use of generic instead of specific
carbon contents on the uncertainty of carbon stock inventories,
such as in Martin and Thomas (2011) for terrestrial tropical forests,
has not yet been performed for mangroves.

In this sense, the present study tests the influence of com-
partments (leaves, reproductive parts, branches, trunks, roots, and
prop roots), species (Avicennia schaueriana, Rhizophora mangle,
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Laguncularia racemosa), tidal flooding frequency (physiographic
types: fringe, basin, and transition with salt flats) and the interac-
tions of these factors on the carbon content of mangrove forests.
Based on the results of these tests, the impact of using generic
instead of specific carbon contents on the accuracy of carbon stock
inventories is assessed.

2. Material and methods
2.1. Study area

The study area is located in Guaratiba region, in the eastern
portion of Sepetiba Bay, Rio de Janeiro, Brazil, and is part of the
Guaratiba Biological Reserve (Fig. 1). The average annual tempera-
ture in Guaratiba is 23.5°C, and the average annual precipitation
is 1067 mm. Rainfall is higher in summer, and lower in winter
(Estrada et al., 2013). The region is under a microtidal regime
with an amplitude of less than 2 m. The inner parts of the inter-
tidal zones are reached only by the high spring tides, resulting in
salt flats. Almeida (Unpublished results) estimated a total area of
43km? of mangroves in Guaratiba, with 33.6 km? of forests, and
9.3km? of salt flats. Three typical mangrove species occur in the
study area: A. schaueriana Stapf & Leechm. ex Moldenke, L. race-
mosa (L.) C.F. Gaertn., and R. mangle L. Because of the existence of
an extensive coastal plain, the structure of the mangrove forests
in Guaratiba varies according to the frequency of tidal flooding
and to the relative position of the sources of continental drainage
(river and groundwater). These factors enable the identification of
three physiographic types: fringe (high frequency of tidal flood-
ing); basin (intermediate-to-low frequency); and transition with
salt flats, where the trees assume a shrub architecture due to the
conditions imposed by the low frequency of tidal flooding (Estrada
etal., 2013). According to these authors, such forests are character-
ized by a gradient of reduction of the structural development from
the fringe to the transition forests (Table 1). In the same direction,
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interstitial water salinity increases (Table 1) as aresponse to a grad-
ually lower tidal flooding frequency. Among the species found in
this region, R. mangle and A. schaueriana alternate as dominants, or
co-dominants, in the fringe, basin, and transition forests, depending
on the prevailing environmental conditions and the successional
stage of the forest.

2.2. Methods

Samples from the following compartments of the three species
were collected: trunks, branches, roots, prop roots (spongy and
woody, as defined by Soares and Schaeffer-Novelli, 2005), leaves,
and reproductive parts. For each compartment, 10 samples were
collected from distinct, randomly chosen individuals, for each of
the three species, and in each physiographic type (fringe, basin,
and transition forest). Therefore, samples were collected from 90
individuals, for a total of 510 samples. The sampling procedure
consisted of extracting at least the sufficient mass to allow the car-
bon quantification in an elemental analyzer. However, to increase
the precision of the analysis, the collected material was at least ten
times higher than the sufficient mass. This material was then mixed
to make a compounded sample.

In general, the method of carbon quantification followed Hedges
and Stern (1984) with minor adaptations. After sampling, the plant
material was dried in an oven at temperatures lower than 70°C.
Subsequently, the samples were ground in a crusher. Approxi-
mately 2 mg of this dried material was taken to a Carlo ErbaEA 1110
elemental analyzer. Carbon quantification was performed through
a cystine calibration curve. For each batch of 10 samples, the accu-
racy of carbon measurements was checked with a PACS-2 (NRCC)
standard marine sediment.

The results obtained for the organic carbon content in the dif-
ferent compartments, species, and physiographic types were tested
using a factorial analysis of variance (ANOVA) and the Tukey post-
hoc test (both in the Statistica 6.0 StatSoft), to identify differences
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Fig. 1. Map showing the study area in Guaratiba region (Rio de Janeiro, Brazil).
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Table 1

Mean (+standard deviation) structural parameters and mean interstitial water salinity of the mangrove forests of Guaratiba (Rio de Janeiro, Brazil) per physiographic type.

Data from Estrada et al. (2013).

Physiographic Type Density? Mean dbh” Mean height* Mean salinity
Fringe 5895 + 9399 10.1 + 3.8 74+23 353+73
Basin 10,260 =+ 8554 58 +£2.0 50+ 1.8 409 +75
Transition 19,001 + 14,426 3.0+ 16 20+ 1.2 42.2 +10.1

3 Trunks ha='.
b cm.
< m.

between each treatment (p <0.05). The same statistical tests men-
tioned above were conducted for the prop roots. In this case, only
the comparison between the organic carbon content from prop
roots, branches and trunks of R. mangle was made. This procedure
was adopted to ensure an equal sample number for all treatments
(Zar, 1996).

3. Results

Carbon content was found to vary between 34.1% and 47.3%,
with an overall mean of 43.4+2.0%. The factorial ANOVA test
revealed the existence of significant differences for all factors and
interactions (Table 2). Due to the complexity of the results of the
Tukey post-tests, we chose to first examine the interaction between
species and compartment (Table 3) and then examine the interac-
tion between the three factors in each group separately (Tables
SM1-SM3).

The results of the Tukey test for the interaction between species
and compartments (Table 3) indicate, with minor exceptions, the
formation of three groups of similarity: (1) leaves and reproductive
parts (green parts); (2) branches and trunks (woody parts); and (3)
roots. The exceptions are the significantly lower carbon content in
the roots of R. mangle and the significantly higher carbon contents in
the leaves and reproductive parts of the same species in comparison

Table 2

Results of the factorial ANOVA test comparing carbon contents (%C) for each factor
and interactions between factors. %SS = percentual sum of squares; df=degrees of
freedom.

Factors %SS df F P

Species (SP) 2.6 2 9.0 <0.01
Physiographic type (PT) 6.6 2 233 <0.01
Compartment (COMP) 37.7 4 66.1 <0.01
SP x PT 49 4 8.6 <0.01
SP x COMP 331 8 29.0 <0.01
PT x COMP 7.0 8 6.1 <0.01
SP x PT x COMP 8.2 16 3.6 <0.01

Table 3

Mean values of carbon content (%) for each combination of plant compartment and
species. Letters represent similarities among results (« =0.05).

Species Compartments Carbon content (%)
A. schaueriana Roots 43.0 + 2.1b¢
Leaves 42.0 + 2.0°
Reproductive parts 42.7 + 1.0°
Branches 445 + 1.14¢
Trunks 45.1 + 0.9%¢
L. racemosa Roots 421 +£22b
Leaves 42.7 +0.8°
Reproductive parts 43.0 + 1.1b¢
Branches 43.1 4+ 0.9P¢
Trunks 44.4 + 1.1d¢
R. mangle Roots 40.0 + 2.1°
Leaves 45.1 +1.8¢°
Reproductive parts 44.7 4 1.24¢
Branches 44.0 + 1.5
Trunks 44.6 + 1.14¢

with A. schaueriana and L. racemosa (Table 3). Therefore, we decided
to analyze the third order interactions (between species, compart-
ments and physiographic types) separately per each group: woody
parts, green parts and roots.

3.1. Woody parts

There were no significant differences between the carbon
contents determined in trunks and branches, considering the inter-
actions between physiographic types and species (Table SM1).
Spongy and woody roots also showed no significant difference from
trunks and branches of R. mangle, except for spongy prop roots
in the transition forests (Table SM1). Based on these results, we
suggest the adoption of a single carbon content for the conver-
sion of the biomass of woody parts into carbon stock: 44.1 +1.4%
(Table 4), calculated from the overall mean of carbon content in
trunks, branches, and prop roots of the three species in the different
physiographic types.

3.2. Roots

There was no clear pattern of carbon content variation in roots
in relation to physiographic types (Table SM2). The carbon content
in roots basically showed an overall pattern of significantly higher
values in A. schaueriana and L. racemosa in comparison to R. mangle
(Table SM2). The only clear exception to this pattern was the car-
bon content of A. schaueriana roots from basin forests, which was
significantly higher than all other combinations. Based on this gen-
eral pattern, it is suggested the use of a single carbon content for
both A. schaueriana and L. racemosa (42.6 £+ 2.6%) and another one
for R. mangle (40.0 £2.1%).

3.3. Green parts

The results indicated no effect of physiographic types and com-
partments on the carbon content of green parts, except for A.
schaueriana leaves from transition forests, which were significantly
lower than all other combinations of species, physiographic type
and compartment (Table SM3). However, the results indicate a clear
pattern of significantly higher values in A. schaueriana and L. race-
mosa in comparison to R. mangle (Table SM3). Therefore, we suggest
that the conversion of green parts biomass into carbon stock follow
the same procedure described for roots: a single carbon content for
A. schaueriana and L. racemosa (42.6 + 1.4%) and a different one for
R. mangle (44.9 +4.5%).

Table 4
Suggested carbon (C) contents to be used in the conversion of biomass into carbon
stock of the studied species.

Compartment Species C content (%)
Woody parts All species 441 +£ 14
Roots A. schaueriana and L. racemosa 42.6 + 2.6
Roots R. mangle 40.0 £ 2.1
Green parts A. schaueriana and L. racemosa 426 + 14
Green parts R. mangle 449 + 4.5
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Table 5
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Biomass allocation in woody and green parts of A. schaueriana, L. racemosa and R. mangle in the mangroves of Guaratiba and the resulting balanced AGB (aboveground

biomass) C content calculated from Eq. (1).

Species (n)° DBH range (cm)

Biomass allocation® (mean 4 SD)

Balanced AGB

Woody parts (%) Green parts (%) C content (%)
A. schaueriana (50) 1.2-37.3 939 + 2.1 6.1 +2.1 44.0
L. racemosa (32) 1.1-22.2 963 + 1.9 37+£19 44.0
R. mangle (32) 1.5-22.0 95.0 £ 5.0 50+ 2.1 441

2 Calculated from the data presented in Soares and Schaeffer-Novelli (2005) and Estrada et al. (2014).

b Number of trees used to calculate de mean allocation.

Table 6

Deviations (%) resulting from the use of generic instead of specific carbon contents to convert aboveground biomass (AGB) of a tree and forest belowground biomass (BGB)

into carbon stock.

Specific carbon contents

Deviation from the specific carbon contents (%)

Bouillon et al. Twilley et al. IPCC (2014) IPCC (2006) IPCC (2003)
(2008) (44%) (1992) (45%) (45.1%) (47%) (50%)
AGB
Trees of A. schaueriana and L. racemosa (44.0%) 0.0 2.3 2.5 6.8 13.6
Trees of R. mangle (44.1%) -0.2 20 23 6.6 134
BGB
Monoespecific or mixed forests with A. 33 5.6 5.9 10.3 174
schaueriana and/or L. racemosa (42.6%)
Monoespecific forests of R. mangle (40.0%) 10.0 125 12.8 17.5 25.0

4. Discussion

The carbon contents obtained in the present study (Table 4) are
within the range found in the literature for other mangrove species:
42-49% in woody parts; 38-47% in green parts; and 34-45% in roots
(Alongi et al., 2003; Khan et al., 2007; Ren et al., 2010; Kauffman
etal,2011; Ray et al., 2011).

The pattern of lower carbon contents in roots in comparison
with woody parts was also observed for other mangrove species
(Alongietal.,2003; Khanetal.,2007; Renetal.,2010). However, the
lack of information on carbon contents of tropical tree roots (Martin
and Thomas, 2011) prevents the understanding of whether or not
this is a typical pattern and which factors would explain it. The
results also revealed differences among species in regard to the car-
bon contents in roots and green parts (Table 4). In the case of roots,
the difference between R. mangle and A. schaueriana follows the pat-
tern observed by Alongi et al. (2003) for Indo-Pacific species of the
same genus (Rhizophora stylosa and Avicennia marina). However,
the phytochemical characteristics that explain this difference are
yet to be understood. In the case of green parts, the higher carbon
contents in Avicennia and Laguncularia in comparison with Rhi-
zophora may be explained by their differences in terms of structural
compounds, since the species of the latter genus present higher
concentration of tannins and lignins (Smith, 1987; Mckee, 1995).

4.1. Practical use of the proposed carbon contents

As the results indicated the use of different carbon contents for
woody and green parts and, for the latter compartment, the use
of different levels for R. mangle, it is necessary to assess how they
can be used together to transform the total aboveground biomass
(woody +green parts) of a tree into carbon stock. When specific
models to estimate the aboveground biomass of each species and
compartment are available, the biomass of a tree can be estimated
individually for green and woody parts and subsequently converted
to carbon stock through the specific carbon content. However, most
existing studies present only models for total aboveground biomass
(Chave et al., 2005; Komiyama et al., 2008). In this case, a weighted
average between the two specific carbon contents can be made,

Balanced BGB [C] =

[(Sp1 BGB [C] x Sp1 Dominance%)+ (Sp2 BGB [C] x Sp2 Dominance%) + (Sp3 BGB [C] x Sp3 Dominance%)]

considering the relative allocation of biomass of each species in
woody and green parts, as follows:

Balanced AGB [C]=

[(Wood [C] x Wood%) + (Green [C] x Green%)]
100 ’

(1)

where AGB [C]=carbon content in the aboveground biomass
of a tree, Wood [C]=carbon content of woody parts,
Wood% = percentage of biomass allocation on woody parts,
Green [C]=carbon content of green parts, Green% = percentage of
biomass allocation on green parts.

Using Eq. (1), balanced carbon contents were obtained for
Guaratiba (Table 5). As the biomass allocation in woody parts
is greater than 90% in Guaratiba, the balanced carbon contents
obtained are very close (A. schaueriana and L. racemosa) or equal
(R. mangle) to the specific carbon content of woody parts (44.1%).
Considering that the biomass allocation in Guaratiba is similar
to that observed for the same species in other mangroves of
the Americas (Lugo and Snedaker, 1974; Fromard et al., 1998;
Coronado-Molina et al., 2004; Medeiros and Sampaio, 2008) it is
possible to suggest that balanced carbon contents found in this
study can be widely used. However, forests dominated by young
individuals (e.g. in regenerating forests) may have lower biomass
allocation in woody parts (e.g. Ross et al., 2001). In such cases,
specific balanced carbon contents should be obtained.

In the case of root biomass, the estimation of root biomass is
made for the forest as a whole and not by individual (see Komiyama
et al., 2008). Therefore, in mixed forests composed by the three
species, none of the specific carbon contents (Table 4) can be used.
A simple way of solving this problem would be to use the average
carbon content among the three species (41.7 +2.5%). However,
this approach could generate undesirable deviations in forests with
high dominance of one of the species. In this sense, we propose that
the conversion of root biomass to carbon stock in mixed forests that
include R. mangle is made from a balanced carbon content based on
the weighted average of the specific carbon contents, considering
the relative dominance on basal area of each species, as follows:

100 ’ (2)
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Table 7
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Deviations (in tCha~') resulting from the use of generic instead of specific carbon contents to convert the aboveground biomass (AGB) of eight plots into carbon stock. The
plots are located in the mangroves of Guaratiba and their data were originally presented in Estrada et al. (2014).

Plot Cstock in AGB (tCha=1)? Deviation from C stocks obtained from specific C contents (tCha~1)
Bouillon et al. Twilley et al. IPCC (2014) IPCC (2006) IPCC (2003)
(2008) (44%) (1992) (45%) (45.1%) (47%) (50%)

1 99.0 -0.1 2.2 2.4 6.7 134

2 119.8 -0.1 2.7 29 8.1 16.3

3 100.4 -0.2 21 23 6.6 135

4 92.7 -0.2 1.9 2.1 6.1 124

5 121.0 -0.2 2.6 2.8 8.0 16.3

6 84.8 -0.1 1.8 2.0 5.7 11.5

7 120.6 -0.1 2.7 29 8.1 16.3

8 76.3 0.0 1.7 19 5.2 104

Mean +SD 101.9+17.2 —-0.1+0.1 22+04 24+04 6.8+1.2 13.8+23

2 Calculated from the balanced carbon contents presented in Table 7.

where BGB [C]=carbon content in the belowground biomass, Sp
BGB [C] = specific carbon content in BGB, Sp Dominance¥% = relative
dominance of basal area (%).

4.2. Impact of the use of generic against specific carbon contents

In regard to aboveground biomass, the generic carbon contents
developed for mangrove species (Twilley et al., 1992; Bouillon et al.,
2008; IPCC, 2014), presented lower deviations in relation to the spe-
cific carbon contents than the other ones (Table 6). It is noteworthy
that the carbon content proposed by Bouillon et al. (2008) does not
generate significant deviations, and can be a safe alternative for
the conversion of biomass into carbon. However, considering that
the uncertainty of a carbon stock inventory is a result of various
aspects (e.g. sample size, plot size, precision and accuracy of allo-
metric models) including carbon content, even the lower deviations
from the carbon contents proposed by Twilley et al. (1992)and IPCC
(2014) should not be disregarded. The carbon contents proposed by
the IPCC as default (50%—IPCC, 2003) and for tropical/subtropical
forests (47%—IPCC, 2006) cause even greater deviations, that reach
up to 13.6%. In terms of absolute deviations, the use of generic
carbon contents (excluding Bouillon et al., 2008) would cause an
increase of 2.2+ 0.4 to 13.8 2.3 tCha~"! in the carbon stock of the
mangroves of Guaratiba, where the mean stock in the aboveground
biomass is 101.9+17.2tCha~! (Table 7).

In the case of root biomass, even the generic carbon contents
for mangrove species cause high deviations (Table 6), especially in
monoespecific forests of R. mangle (10.0 to 12.8%). The other generic
carbon contents cause deviations that reach up to 25% for R. mangle.
This impact is further amplified by the fact that mangrove forests
have, in general, a higher ratio of BGB:AGB than terrestrial forests
(Komiyama et al., 2008; Donato et al., 2011; IPCC, 2014).

5. Conclusion

In the present study, carbon content in the biomass of mangrove
trees was shown to be controlled by species and compartment, but
not by tidal frequency (physiographic types). While carbon con-
tent in woody parts was similar among the three species, R. mangle
differed from both A. schaueriana and L. racemosa for green parts
and roots. Therefore, five specific carbon contents were proposed.
For the cases when only allometric models for total aboveground
biomass are available and no specific carbon content can be applied,
we developed the ‘balanced carbon content method’, based the
species-specific biomass allocations of woody and green parts. A
similar method was developed for the conversion of roots biomass
into carbon stock in mixed forests, in which a balanced carbon
content is calculated from the relative dominance of basal area
of each species. The present study has also demonstrated that the

deviation resulting from the use of generic instead of specific car-
bon contents to convert biomass into carbon stock may reach
undesirable levels: up to 13.6% for aboveground biomass and up
to 25% for root biomass.
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