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Abstract
Even though, the blue carbon ecosystems are gaining keen research interest around the globe, the carbon stock of South-
West coast of India was poorly reported, and this study is a pioneer attempt and will be an important document for filling 
the gaps in uncertainties in global carbon stock assessment and also will increase knowledge on biomass variability among 
mangrove species and mangrove habitats. The study also highlighted the vital role of biomass carbon pool for long-term 
soil carbon burial. We estimated the above and below-ground biomass carbon stock of 13 mangrove species using two com-
mon allometric equations and species-specific equations and reported a very high mean total living biomass carbon stock of 
Kochi mangroves at 237.19 ± 113.82 Mg C ha−1, 295.78 ± 143.14 Mg C ha−1, and 272.42 ± 132.78 Mg C ha−1 according to 
Chave’s, Komiyama equation and species-specific equation respectively corresponding to carbon dioxide equivalent (CO2e) 
of approximately 4,37,774.51 Mg CO2e. The biomass stock was significantly differed between the stations (p = 0.000) and 
also within species (p = 0.020). Among the mangrove species, Avicennia officinalis contributed highest and Bruguiera sex-
angula contributed least. Variation was observed for biomass stock of mangroves with large trunk diameter while comparing 
different allometric equations and therefore projected the need for the development of site- and species-specific equations 
for solving the uncertainty in global mangrove carbon stock. The study observed that dominant mangrove vegetation type, 
salinity and also the geomorphology of mangrove habitat had strong influence on variability in biomass stock within a small 
regional area. The study also suggests that understanding the structure and biomass carbon storage of each regional mangrove 
habitats can be wisely used in mangrove restoration and conservation programmes and in turn for nature-based solutions 
for climate change mitigation efforts.

Keywords  Mangrove · Biomass · carbon stock · allometric equation · carbon dioxide equivalent · nature-based solution

Introduction

Quantifying forest biomass is of crucial importance in the 
area of climate change science, forest conservation and man-
agement, as it fixes the atmospheric carbon dioxide as plant 
biomass. Therefore, recognising the vital role of forest bio-
mass for carbon sequestration, the United Nations labelled 
forest as potential carbon storage in Article 3.3 and 3.4 of the 
Kyoto protocol (United Nations 1998). Mangrove forests are 
not an exemption and are well-known for its high biomass, 
high productivity and litter production (Alongi 2014), thus 
considered as one of the carbon-richest habitats on earth. 
Protection of these habitats is of greatest scientific, social and 
economic concern of the world as it helps in reducing atmos-
pheric carbon dioxide through its high carbon sequestration 
potential and can be best utilised for mitigating climate 
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change (Murdiyarso et  al. 2015). Even though the total 
global area of mangroves is very small compared to tropi-
cal forest, they contributed a global average above-ground 
biomass (AGB) carbon stock of 7 8.0 ± 64.5 Mg C ha−1 and 
sequestration of 2.9 ± 2.2 Mg C ha−1 year−1 (Estrada and 
Soares 2017) and a net primary production rate of 92–280 
Tg C year−1 which is 15% of the total carbon accumulation 
in marine sediments (Kusumaningtyas et al. 2019).

The never-ending human needs are rapidly depleting the 
forest and almost 38% loss (1998–2010 period) in the global 
mangroves (Thomas et al. 2017) with the highest loss in 
developing countries, through conversion for reclamation, 
shrimp cultivation that has seriously affected their valuable 
ecosystem services including a reduction in sediment car-
bon burial and carbon stock (Rani et al. 2021; Kauffman 
et al. 2017; Jennerjahn et al. 2017; Pérez et al. 2017). This 
mangrove loss will trigger the emission of precious carbon 
stored in these habitats such as greenhouse gases like carbon 
dioxide (CO2) and methane (CH4) and may degrade its status 
from ‘carbon sink’ to ‘carbon source’.

In India, the mangrove biomass studies are limited com-
pared to global studies and mostly confined to the man-
grove forest of Sundarban and Andaman Islands (Mitra 
et al. 2011; Chowdhury 2015; Hossain et al. 2016; Mall 
et al. 1991; Suresh et al. 2017). But an interesting global 
estimation highlighted that India had a potential of soil car-
bon restoration of 3,289,058 tonnes of carbon and a total of 
above-ground biomass carbon of 1,066,672 tonnes with the 
limited literature (Worthington and Spalding 2018). This 
indicates the imperative need for regional level, site-specific 
precise estimates and knowledge of the spatial distribution 
of mangrove biomass stocks to understand the actual climate 
mitigation potential as well as to reinforce the conservation 
measures for the sustainability of mangroves.

In Kerala state, south-west of India, the mangrove habi-
tats are facing rapid deforestation (Bijoy Nandan et  al. 
2015) and resulted in degradation in many habitats. Above 
90% of the mangrove extent is lost due to anthropogenic 
and developmental activities along the coast and reduced 
the mangrove area from 70,000 ha (Blasco 1975) to 900 
ha (FSI 2019) and the Kochi mangroves are now existed 
as fragmented habitats. Many native mangrove species are 
lost and structural attributes especially density and biomass 
of many mangrove species are reduced tremendously along 
the Kerala coast (Bijoy Nandan et al. 2015; Rani et al. 2018; 
Sreelekshmi et al. 2018). Therefore, there is an urgent need 
to document the existing mangrove habitats focusing on its 
biodiversity, structure and also its ecosystem service for 
sustainable management. Another significant limitation on 
the negligible literature available on regional level biomass 
estimation was usage of wood density values from the global 
database (Vinod et al. 2018; Harishma et al. 2020) instead 
of measured values for biomass estimation. This will again 

contribute uncertainties in global carbon stock estimation, 
and therefore, the current study attempts to estimate the 
wood density of each mangrove species in each age class 
for biomass estimation for providing an accurate database 
for the global assessments.

Accordingly, the primary aim of this study is to estimate 
the ‘blue carbon’ present in the different compartments 
(above-ground and below-ground biomass) of the few man-
grove habitats along the south-west coast of India (Kerala 
region), which in turn contributes to enhancing the ecosys-
tem services of the coastal zone in a sustainable manner for 
its better climatic and economic management. The study also 
hypothetically checked whether the biomass stock varied 
according to species and station. It also assessed possible 
major reasons for this biomass variation using multivariate 
approach.

Materials and methods

Study area

The study area, Kochi, is an important economic and vibrant 
coastal port city in the state of Kerala, South-West coast of 
India. The study area has a humid equatorial tropical mon-
soon-driven climate which is classified (Menon et al. 2000) 
as pre-monsoon (February–May), south-west monsoon 
(June–September) and northeast monsoon/post-monsoon 
(October–January). It is a very sensitive marine and estuary-
influenced area with no previous studies reported so far on 
carbon stock along its coastal belt. The mangrove habitats 
bordered the Kochi estuary, which is a positive tropical tidal 
estuary (76°9′25″E–76°24′28″E and 9°47′31″N–10°12′N). 
The study area was occupied with luxurious mangrove habi-
tats in 1970s but had declined to only a few hectares due to 
rapid urbanisation, Port construction, other developmental 
activities and aquaculture farm conversion (Blasco 1975 
Bijoy Nandan et al. 2015). The aquaculture conversion seri-
ously affected the biomass and carbon stocks of these man-
grove forests. However, some significant mangrove patch 
still exists in small islands of Kochi estuary. Based on the 
scientific need on the documentation of the existing degrad-
ing mangroves in Kochi, the floristic and structural character 
of mangroves was carried out along eight mangrove habitats 
in and around Kochi estuary (Fig. 1), and description of each 
station is described in Table 1.

Community structure and Phytosociology

The structural analysis was completed using fixed area 
plot measurement based on the methodology proposed by 
Cintro´n and Schaffer-Novelli (1984). In each site, five quad-
rats were laid perpendicular to the shoreline. The size of the 
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quadrat was fixed at 5 × 5 m (25 m2). The methodology was 
standardized and adopted the same from Rani et al. (2018) 
and Kauffman and Donato (2012). Counting and measure-
ment of all mangrove species was done in all quadrats. Based 
on data obtained from quadrats, the structural parameters 
like diameter at breast height (DBH), density, relative den-
sity, abundance, percentage frequency, relative frequency, 
basal area, relative basal area, importance value index (IVI) 
and relative IVI were calculated by using the standard for-
mula (Cintro´n and Schaffer-Novelli 1984). DBH was taken 
for each site, once during the sampling year. The girth of a 
tree at breast height was measured using a steel tape (in cm) 
and was converted into diameter, dividing by π (3.14). Breast 
height was determined as being approximately at 1.3 m. 
From DBH, the basal area was calculated. The community 
analysis was done using univariate analysis, such as comput-
ing various diversity indices using the software PRIMER v.6 
(Clarke and Gorley 2006). The spatial difference in species 

diversity was compared through this analysis. The vari-
ous indices used for calculations were as follows: species 
richness (Margalef’s index, d), species evenness (Pielou’s 
index, J′), species diversity (Shannon index, H′) and spe-
cies dominance (Simpson’s index, λ′). Rainfall data were 
obtained from the India Meteorological Department (IMD) 
(www.imd.gov.in). The salinity of the tidal creek water was 
measured in the field using a Refractometer (Atago, Japan). 
It was then cross-checked by salinity determination through 
chlorinity estimation by modified Mohr-Knudsen method 
(Grasshoff et al. 1999). An average of 2-year data was taken 
as the salinity of each mangrove habitat.

Biomass and carbon pool

Biomass is an important factor in forest carbon stock assess-
ment. As the Cochin mangroves are deforested widely, 
non-destructive method for mangrove trees and destructive 

Fig. 1   Map showing the study 
locations around Kochi estuary
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method for ferns and herbs was selected for biomass esti-
mation (Kauffman and Donato 2012). The ferns and herbs 
were harvested and separated into above-ground biomass 
and below-ground biomass. The weight of the separated 
components was measured by drying the material in 60 °C 
to a constant weight and expressed as dry biomass. A total 
of 701 samples were taken for tree biomass estimation (> 
5 cm DBH). Even though many species- and site-specific 
equations are available for mangrove biomass estimation 
around the globe, such developed equations are not avail-
able to the current study area and even for the country. 
Also, the study site comprised many mangrove species for 
which species-specific allometric equation was not avail-
able; therefore, common allometric equations (described 
below) based on DBH and wood density were employed 
for the biomass calculation of mangrove trees. However, an 
attempt was made to calculate the biomass using species/
generic equations which were developed for similar latitu-
dinal areas with approximately same climatic regime and 
with approximately similar DBH matching to the study area. 
The list of equations used for AGB estimation of different 
mangrove species is described in Table 2. The variation in 
above-ground biomass of different mangrove species was 
checked by using two different common allometric equation 
and species/generic equation in order to check the anomalies 
in estimation (Chave et al. 2005, Komiyama et al. 2005):

where AGB = above ground biomass, BGB = below ground 
biomass, ρ = wood density, D = DBH.

The wood density estimation was done following the 
procedure of Chave (2006). The wood core was sampled 

(1)
AGB = � ∗ exp

(

−1.349 + 1.980 ln (D) + 0.207 (ln(D))2 − 0.0281 (ln(D))3
)

(2)AGB = 0.251�(D)2.46

(3)BGB = 0.199 �0.899 8 D
2.22

using standard Haglöf 3-Thread Increment Borer (8″L × 
0.200″ {5.15mm Dia.}). Duplicate samples were taken for 
each species and each DBH class present in the study area. 
The measured samples were kept in hot air oven at 60 °C 
up to constant weight, and dry weight was measured. Wood 
density was calculated as:

The biomass of mangroves was converted into carbon 
stock or mangrove carbon pool as living biomass. The car-
bon content in the wood core sample along with branch and 
leaf samples from the present study was pooled to get the 
conversion of biomass into carbon which revealed an aver-
age carbon content in AGB as 45%. A factor of 39% of BGB 
as carbon (Kauffman and Donato 2012) was taken for esti-
mation of below-ground biomass carbon stock. The carbon 
content in the wood core, branches and leaves were analysed 
using Analytik Jena TOC analyzer HT 1300 solid module. 
The corresponding carbon dioxide (CO2) equivalents or 
CO2e of the biomass carbon stock of the study area was cal-
culated by using IPCC conversion factor of 3.6 (IPCC 2007).

Statistical analysis

Statistical analysis was conducted with (SPSS) version 
16.0. All tests were considered statistically significant at 
P level < 0.05. The Shapiro–Wilk W test was used to test 
data (Residual errors) for normality. Homogeneity of vari-
ance was examined with the Levene’s test. Homogeneous 
and approximately normally distributed data were tested for 
significant differences with the ANOVA (Analysis of Vari-
ance). Variation pattern in biomass stock of mangroves was 
evaluated by multivariate methods as a grouping analysis 
(Cluster) based on Bray-Curtis’ similarity index by using 
PRIMER v6 program. The square root transformation was 
done prior to PRIMER analyses.

Wood density = Oven dry weight∕green volume

Table 2   List of allometric equations used for biomass estimation for each mangrove species

*The equation mentioned here was developed for only this species

Species Allometric model Country Number 
of sample

Source Mean diameter

A. marina*/A. officinalis AGB = 0.1848 D2.3524 Indonesia 47 Dharmawan and Siregar (2008) 35.2
B. gymnorrhiza*/B. 

cylindrica, B. sexan-
gula

AGB = 0.186 D2.31 Australia 17 Clough and Scott (1989) 24

R. apiculata AGB = 0.235 D2.42 Malaysia 57 Ong et al. (2004) 28
R. mucronata AGB = 0.128 D2.60 French Guiana 9 Fromard et al. (1998) 12.3
S. caseolaris/S. alba AGB = 0.000318 D4.19979 Vietnam 33 Hanh et al. (2016) 0–18 (range)
K. candel AGB = 0.21 D2 + 0.12 Sundarbans 25 Hossain et al. (2016) 1.1–8 (range)
E. agallocha Log AGB = 1.0996 Log D2 − 0.8572 Sundarbans 30 Hossain et al. (2015) 11.9
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Results

Environmental characters

The mean monthly rainfall in the catchment area of Kochi 
estuary and surrounding area was 277.37 ± 32.87 mm dur-
ing the entire study period. From the average of 3-year data 
(2013, 2014, 2015) during the study period, the mean total 
rainfall at Kochi and surrounding area was 3328.46 mm/
year. A major portion of the rain was received from the 
south-west monsoon and the rest from north-east monsoon. 
The salinity also varied significantly with St.8, Puthuvy-
pin showing the highest salinity (14.34 ± 11.25), and St.5, 
Valanthakad Island displayed the lowest salinity (6.26 ± 
7.17). The mean salinity in each mangrove habitat is shown 
in Fig. 2.

Stand structure

Floristic diversity study of mangroves revealed 13 spe-
cies of true mangroves belonging to six families. Rhiz-
ophoraceae family constituted the greatest number of spe-
cies which included Rhizophora apiculata Bl., Rhizophora 
mucronata Lam., Kandelia candel (L.) Druce., Bruguiera 
cylindrica (L.) Bl., Bruguiera gymnorrhiza (L.) Lam and 
Bruguiera sexangula (Lour.) Poir. Acanthaceae was repre-
sented by three species, Avicennia officinalis L., Avicennia 
marina (Forssk.) Vierh. and Acanthus ilicifolius L. while 
Euphorbaceae family was represented by only one species 
Excoecaria agallocha L. Sonneratia caseolaris (L). Engler. 
and Sonneratia alba Sm. belong to Lithraceae family and 
Acrostichum aureum L. is the only member belonging to 

Pteridaceae. Among these, Avicennia marina (Forssk.) 
Vierh., B. sexangula (Lour.) Poir and Sonneratia alba Sm. 
were rare in the study area. Shannon index of the eight major 
mangrove habitats in Kochi ranged between (H′ = 2.9 to H′ 
= 1.3). Shannon index, Simpsons index and richness (d) 
was high in St.1 (Aroor) where 11 true mangrove species 
were identified. Evenness was high at St.4 (Chellanam site) 
(Fig. 3).

The Kochi mangroves depict structurally developed 
(Detailed structural characters shown in Table 3) mangrove 
plants, with the highest density for Acanthus ilicifolius 
(9256.7 trees ha−1). However, the most dense mangrove tree 
was E. agallocha (2440 trees ha−1) followed by R. mucro-
nata and A. officinalis. Overall, mangrove tree density varied 
from 11,440 trees ha−1 in Valanthakad Island to 3840 trees 
ha−1 in Mangalavanam Bird Sanctuary. ANOSIM analysis 
did not reflect variation in mangrove density in different sta-
tions of Kochi mangroves where global R was a low (R = 
0.448, p < 0.001). The value of other structural parameters 
like frequency and abundance is shown in Supplementary 
Table 1. The diameter frequency class distribution vs man-
grove density in the eight mangrove habitats of Kochi was 
performed, and it revealed the maturity of the forest (Fig. 4a-
h). St.1, St.3 and St.8 showed structurally well-developed 
mangrove trees with DBH class intervals up to 31–40 cm, 
and other stations were in maturing and young stage. Two 
species, A. ilicifolius and A. aureum, were omitted from 
DBH frequency class analysis as the former is an herb and 
the latter a fern, with less than 1 cm in diameter. The basal 
area of each species varied significantly with the station (p 
< 0.05) and with species (p < 0.01). The total stand basal 
area of mangroves was exceptionally high at Mangalavanam 
(103.58 m2 ha−1) and Puthuvypin (102.23 m2 ha−1). The 

Fig. 2   Mean spatial variation of salinity in different mangrove habi-
tats during the study period

Fig. 3   Spatial variation of different diversity indices of mangroves of 
Kochi during 2014 period
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average stand basal area of the mangrove trees in Kochi was 
67.06 ± 23.20 m2 ha−1. The basal area ranges from 0.1 to 
94.32 m2 ha−1. A. officinalis species was having the highest 
basal area followed by R. mucronata and S. caseolaris. The 
Importance value index from the structural data for each 
mangrove species from each mangrove habitat is also shown 
in Table 2. It could be seen that for St.1, Avicennia officinalis 
was having higher values in the structural parameters and 
was the dominant species with an IVI of 95.5 followed by 
S. caseolaris (91.2), even though the latter species was less 
in number, it possessed higher relative frequency and high 
relative basal area. In St.2, E. agallocha was the dominant 
species with an IVI of 121.7 compared to the other seven 
species present in the area followed by B. gymnorrhiza. 
While in St.3, the important species was A. officinalis (IVI 
= 154.89) as in St.1. In St.4, Chellanam, the important man-
grove species was E. agallocha followed by B. cylindrica. 
The important species at St.5 was E. agallocha followed by 
A. aureum. In St.6 and St.7, R. mucronata was having high 
IVI value (121.89 and 151.37 respectively) as well as high 
density and relative basal area. St.8 was having high IVI for 
B. cylindrica followed by A. officinalis. The mangrove spe-
cies showing a high importance value index in each habitat 
indicates their habitat preferences. The area that has the most 

structural development for each species could be selected for 
its restoration programmes.

Mangrove living biomass

The total living biomass of mangroves at Kochi was 553.73 
± 264.81 Mg ha−1 according to Eq. 1 and 683.92 ± 329.95 
Mg ha−1 according to Eq. 2 and 632.01 3 ± 306.91 accord-
ing to species-specific equation. It can be perceived that, 
there is a slight variation in biomass estimation among 
two common allometric equations and even in species-
specific equation, and this variation was prominent in 
well-structured (High basal area) mangrove trees. Biomass 
estimation showed similarity for young and maturing stage 
mangrove trees. The total biomass was highest at St.3, 
Mangalavanam and St.8, Puthuvypin while it was lowest 
at St.4, Chellanam. The total living biomass of mangrove 
in different habitats of Kochi is shown in Table 2.

Wood density

The wood density of mangrove trees is the first database 
from Kerala mangroves, and only limited data are available 

Table 3   Major structural characters of different mangrove species in the study area during the present study

Stations Structure ACL AVO BGA RMA BCA KCA SCL RPA BSX ACR​ EGA AMA SAL

St.1 Density 1680 2080 480 1440 80 400 880 80 240 240 240 0 0
Basal area 0.73 26.50 1.03 4.10 0.16 0.92 39.68 0.27 0.31 1.02 0.82 0.00 0.00
IVI 25.5 94.47 16.39 40.15 5.89 14.98 89.76 6.08 13.18 8.84 8.58 0 0

St.2 Density 400 1120 1680 80 1520 0 0 0 0 560 6400 0 0
Basal area 0.25 10.35 6.68 0.52 5.46 0.00 0.00 0.00 0.00 2.79 28.80 0.00 0.00
IVI 9.43 47.7 52.85 6.92 40.65 0 0 0 0 20.78 121.67 0 0

St.3 Density 7200 2240 160 1120 160 0 0 0 160 560 0 0 0
Basal area 1.85 94.32 0.30 5.01 0.42 0.00 0.00 0.00 0.33 1.35 0.00 0.00 0.00
IVI 60.52 152.84 16.27 31.26 6.76 0 0 0 13.26 19.46 0 0 0

St.4 Density 2000 1680 0 1120 1760 0 0 0 0 320 3840 0 0
Basal area 0.02 4.01 0.00 7.50 5.74 0.00 0.00 0.00 0.00 1.02 22.03 0.00 0.00
IVI 15.24 50.05 0 50.67 58.24 0 0 0 0 9.15 116.08 0 0

St.5 Density 50000 960 480 1760 0 800 720 240 80 6960 6400 0 0
Basal area 0.40 7.67 2.33 22.57 0.00 1.74 5.03 0.13 0.69 9.97 20.11 0.00 0.00
IVI 42.69 20.16 11.3 46.49 0 16.96 22.69 4.28 4.72 57.04 69.96 0 0

St.6 Density 480 1040 160 2560 0 0 80 0 0 400 2080 0 0
Basal area 0.00 17.47 1.57 31.00 0.00 0.00 0.25 0.00 0.00 0.82 6.20 0.00 0.00
IVI 11.28 68.13 16.85 121.9 0 0 0 0 0 11.14 63.05 0 7.67

St.7 Density 10960 880 0 2720 320 0 80 160 0 0 160 0 0
Basal area 3.61 7.30 0.00 41.12 2.63 0.00 0.31 0.71 0.00 0.00 0.24 0.00 0.00
IVI 48.01 63.89 0 151.4 11.53 0 8.8 7.82 0 0 8.58 0 0

St.8 Density 1333 1200 800 933.3 3467 0 0 0 0 0 400 133.3 933.3
Basal area 0.00 39.37 8.89 6.79 20.14 0.00 0.00 0.00 0.00 0.05 0.25 0.81 25.94
IVI 14.02 67.824 34.69 25.85 77.39 0 0 0 0 8.371 8.5633 9.117 54.18
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even from the Indian context. R. apiculata and R. mucronata 
were the densest mangrove species (0.83, 0.81 g cm−3). S. 
caseolaris (0.41 g cm−3) and E. agallocha (0.42 g cm−3) 
were the least dense ones (Fig. 5). Wood density displayed 
a parallel increase with the DBH. However, matured trees 
showed a constant wood density. In the case of A. officinalis, 
1–10-cm DBH class was having a wood density of 0.53 ± 
0.02 g cm−3, and maximum density was shown by 31–40 

DBH class (0.603 ± 0.003 g cm−3). S. caseolaris was repre-
sented by DBH class of up to 41–50 cm, having a constant 
wood density from 31 to 40 cm DBH class (0.42 g cm−3) 
and a low wood density of 0.39 ± 0.02 g cm−3 for 1–10-cm 
DBH class. For R. mucronata, the wood density of 1–10-cm 
DBH class was 0.7 ± 0.06 g cm−3, and it gradually increased 
up to 0.812 ± 0.002 g cm−3 in 11–20-cm DBH class. Even 
though R. apiculata tree was represented by only 1–10-cm 

Fig. 4   (a–h St.1 to St.8) Density 
of mangroves in different DBH 
frequency classes
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DBH class in the study area, even the young trees were hav-
ing a high wood density of 0.83 g cm−3. The wood density 
of B. cylindrica in 1–10 cm DBH class was 0.68 ± 0.06 g 
cm−3, and such a high value was observed in 11–20-cm DBH 
class also (0.73 ± 0.02 g cm−3). B. gymnorrhiza was hav-
ing a wood density of 0.68 ± 0.006 g cm−3 in the first DBH 
class and 0.763 ± 0.019 g cm−3 in 21–30-cm DBH class. B. 
sexangula and K. candel were represented by only 1–10-cm 
DBH class, and the corresponding wood density was 0.65 
± 0.005 g cm−3 and 0.557 ± 0.002 g cm−3 respectively. E. 

agallocha was having a wood density of 0.41 ± 0.03 g cm−3 
in 1–10-cm DBH class and 0.43 ± 0.022 g cm−3 in 11–20 
cm DBH class.

Above‑ground biomass and below ‑ground biomass

The above-ground biomass and below-ground bio-
mass of mangrove plants varied significantly with spe-
cies (ANOVA F12,416 = 17.90, p = 0.000) and stations 
(ANOVA F7,416 = 2.408, p = 0.020). A. officinalis was 
having the highest biomass compared to other mangrove 
species in the study area and contributed 40.47 % (Eq. 2) 
of total living biomass (Fig. 6). Average total above-
ground biomass of mangroves from Kochi was 484.18 ± 
241.05 Mg ha−1 (Eq. 2), 353.99 ± 175.80 Mg ha−1 (Eq. 1) 
and 432.27 ± 218.33 according to species-specific equa-
tion, and the total below-ground biomass was 199.74 ± 
89.32 Mg ha−1(Eq. 3).

It was observed that A. officinalis was having the high-
est above-ground biomass (41.13% of total AGB of man-
grove trees), followed by R. mucronata (27.57%), S. caseo-
laris (7.73%) and E. agallocha (7.37%), and all the other 
mangroves contributed negligibly to the total AGB. The 
AGB of St. 1 was majorly contributed by S. caseolaris 
(255.21 Mg ha−1) followed by A. officinalis (135.19 Mg 
ha−1) respectively according to Eq. 2. In St.2, E. agallocha 
contributed more to biomass followed by A. officinalis and 
B. gymnorrhiza. In St.3, Mangalavanam and St.8, Puthu-
vypin, the total AGB of mangrove trees was exceptionally 
higher (879.86 Mg ha−1 and 795.72 Mg ha−1 respectively 
according to Eq. 2), and the lowest above-ground biomass 
was reported at St.4, Chellanam (185.39 Mg ha−1, Eq. 2). 

Fig. 5   Average wood density of different mangrove species of Kochi 
in different maturity classes

Fig. 6   Average above-ground 
biomass of true mangrove spe-
cies in Kochi using different 
allometric equations
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The above-ground biomass results obtained by three dif-
ferent equations at each station are described in Table 4.

Below-ground biomass of mangrove trees was obtained 
by using only one common equation (Eq. 2) and the aver-
age value for the study area was 199.74 ± 89.32 Mg ha−1. It 
was high for A. officinalis (77.62 ± 101.07 Mg ha−1, range 
= 9.11–311.63 Mg ha−1) followed by R. mucronata (53.60 
± 60.6 Mg ha−1) (Fig. 7). Below-ground biomass also varied 
significantly with stations (ANOVA F7,416 = 2.165, p = 0.036) 
and species (ANOVA F12,416 = 18.951, p = 0.000). The total 
below-ground biomass of mangroves (Table 4, including ferns 
and herbaceous mangrove) was high in St.3, Mangalavanam 
(332.06 t ha−1) followed by St.8, Puthuvypin (325.50 Mg ha−1) 
and lowest recorded at St.4, Chellanam (75.31Mg ha−1).

The cluster analysis (Bray-Curtis similarity) using bio-
mass data showed 4 vegetation type groups having 60% sim-
ilarity in the study area (Fig. 8). Four major types of veg-
etation: A. officinalis-R. mucronata dominated vegetation 
type (AVO-RMA veg), B. cylindrical-A. officinalis (BCA-
AVO veg.) dominated vegetation type, and two E. agallocha 
dominated vegetation type (EXO-BRU and EXO-RMA.). 
St.3 and St.8 grouped together as they are the stations with 
highest biomass, and St.2 and St.4 grouped together hav-
ing least biomass. The other stations clubbed together as a 
single group with average biomass stock.

Carbon stock assessment

Average carbon stock as above-ground biomass of man-
groves in Kochi was 217.88 ± 108.47 Mg C ha−1, 159.29 
± 79.11 Mg C ha−1 and 194.52 ± 98.25 Mg C ha−1 accord-
ing to Eqs. 2, 1 and species-specific equation respectively. 
The average carbon stock from below-ground biomass of 
mangroves in Kochi was 77.90 ± 34.83 Mg C ha−1. St.3, 
Mangalavanam Bird sanctuary had the highest carbon stock 
as biomass followed by St.8, Puthuvypin (Table 4). The 
average total living biomass carbon stock of mangroves at 
Kochi was 295.78 ± 143.14 Mg C ha−1 (Eq.2), 237.19 ± 
113.82 Mg C ha−1 (Eq. 1) and 272.42 ± 132.78 Mg C ha−1 
according to species-specific equation. The biomass carbon 
stock was highest for A. officinalis followed by R. mucro-
nata (Fig. 9). Among the mangrove trees, B. sexangula 
contributed a minimum to the total carbon stock of Kochi.

Discussion

Variation of biomass, based on two common 
allometric equations and species‑specific equation

There was a variation in biomass of mangroves obtained 
through two different common allometric equations and Ta
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Fig. 7   Average below-ground 
biomass of true mangrove spe-
cies at Kochi

Fig. 8   Dendrogram of similarity 
among the different mangrove 
habitats of Kochi, considering 
the values of biomass stock 
(Eq. 2)

Fig. 9   Carbon stock as biomass 
of different mangrove species in 
three stations of the study area 
during 2013–2014 (*Sp species-
specific equation)
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species-specific equation in the present study. The AGB 
obtained through the common allometric equation of 
Komiyama et al. (2005) (Eq. 2) was slightly higher than 
those of Chave et al. (2005) (Eq. 1) and slightly closer 
to species-specific one. However, species-specific equa-
tions used in this study are not site-specific and also for 
few species, equation of another species in the same gen-
era was used. Therefore, uncertainty will be there for the 
results. The variation was most prominent for mangrove 
species with large trunk diameter. The biomass results 
based on Eq. 2 were giving high estimates compared to 
Eq. 1. Below-ground biomass was higher in the study 
area compared to other mangrove ecosystems of the world 
(Table 4). Mangalavanam mangrove forest displayed a 
significant difference in both above- and below-ground 
mangrove biomass values due to the presence of large 
A. officinalis trees. Similar to the above-ground biomass 
estimation, the high below-ground biomass may be over-
estimated due to the existence of uncertainty in the cal-
culation of biomass for large trunk size of A. officinalis 
species by using Komiyama et al.’s (2005) equation. This 
problem could be observed for other major species like 
S. caseolaris, R. mucronata and E. agallocha which con-
tributed major share of biomass stock of the current study 
area. This problem was also discussed in Komiyama et al. 
(2008) while reviewing the allometric equations around 
the globe. Even though the present study is regional stock 
assessment, the results of the current study project a global 
uncertainty in using the common allometric equation for 
large mangrove trees. Therefore, it should be globally 
addressed with more samples and should be checked with 

statistical approach in order to clarify the uncertainties 
in global biomass carbon stock assessment. It could be 
noted that most of the studies from India used common 
allometric equation of Komiyama et al. (2005) for the 
biomass estimation (Ragavan et al. 2021; Harishma et al. 
2020; Vinod et al. 2018; Sahu et al. 2016; Bindu et al. 
2020). Common allometric equation was used for even 
Bangladesh Sundarbans (Ahmed and Kamruzzaman 2021; 
Rahman et al. 2015). Thus, the study seriously highlighted 
the research gap for the development of new site-specific 
and species-specific allometric equation for the country.

Global comparison of biomass stock and biomass 
carbon pool

High biomass stock is seen in mangroves of Kochi com-
pared to other mangroves of the world. As the study area is 
located in a tropical environment with a high rainfall rate, 
with monsoonal driven climate and high discharge of upland 
terrestrial sediment load to the estuary through different riv-
erine channels (Revichandran et al. 2012) made it an ideal 
place for this coastal vegetation to flourish. Usually, rain-
fall and precipitation had a strong positive relationship with 
productivity (Osland et al. 2018). Other recent studies were 
also compared with the present study (Table 5). It could be 
observed that Kochi mangroves showed a very high biomass 
carbon stock compared to Indian and Bangladesh Sundar-
bans (up to 214.94 Mg C ha−1 by Rahman et al. 2015, 118 ± 
29.5 Mg C ha−1 by Kamruzzaman et al. 2018 respectively). 
Even the Amazon mangroves (145.17 Mg ha−1 of carbon, 
Kauffman et al., 2018) and African mangroves (Kauffman 

Table 5   Comparison of present study carbon stock as AGB and BGB with different studies around the world

Location Carbon stock (Mg C ha−1) Reference

AGB BGB

Philippines 263.8 (50%) 92.3 (17%) Abino et al. (2014)
Kenya 148.07 Alemayehu et al. (2014)
West-Central Africa 5.2 to 312 Kauffman and Bhomia (2017)
Brazilian mangroves 104.4 Santos et al. (2017)
Sundarbans, Bangladesh 76.8 41.1 Kamruzzaman et al. (2018)
Amazon mangroves 145.17 11.69 Kauffman et al. (2018)
Indian mangroves
  Vellar-Coleroon estuarine complex 

including Pichavaram mangroves
67.47 (A. marina)
38.05 (R. mucronata)
(total biomass)

Kathiresan et al. (2013)

  Sundarban 61.35–152.57 11.72–62.37 Rahman et al. (2015)
  Mahanadi Delta, India 178.8 (total) Sahu et al. (2016)
  Bhitarkanika wildlife sanctuary, Odisha 7 ± 4, 65 ± 11 and 100 ± 11 Mg C ha−1 respec-

tively, for planted, scrub and dense mangroves
Bhomia et al. (2016)

  Kadalundi 83.32 34.96 Vinod et al. (2018)
Kochi mangroves 217.88 (Eq. 2), 159.29(Eq. 1), 194.52 (Sp) 77.90 Present study
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and Bhomia 2017) also documented low biomass carbon 
stock compared to the high carbon stock of the fragmented 
mangrove habitats of the present study. When comparing 
to the Indian scenario, Bhitarkanika mangroves showed the 
highest biomass (Bal and Banerjee 2019; 866.67 ± 166.10 
Mg ha−1) against the present study. However, Pichavaram 
mangroves (Kathiresan et al. 2013) and other studies which 
used common allometric equation of Komiyama (Sahu et al. 
2016; Suresh et al. 2017; Vinod et al. 2018) reported lesser 
AGB than the present study. The carbon stock assessment 
of Kadalundi mangroves of Kerala (Vinod et al. 2018) also 
had less above-ground biomass (mean= 166.64 Mg ha−1) 
similar to the assessment of biomass stock of the entire 
Kerala state also documented by Harishma et al. (2020). 
The previously reported low biomass stock at the regional 
level may be due to the insufficient sampling and usage of 
wood density global database for biomass calculation. Thus, 
it could be revealed that even though Kochi mangroves are 
fragmented patches of the South-West coast of India, they 
stock a large amount of carbon in its biomass and therefore 
its conservation and restoration could be considered as a 
good tool in climate change mitigation programmes in the 
coastal areas. The high biomass of mangroves at Kochi was 
achieved by high basal area of mangroves compared to other 
mangrove habitats of the world. The average basal area of 
Kochi mangroves (67.06 ± 23.20 m2 ha−1), was higher than 
Amazon mangroves (26.33 ± 1.1 m2 ha−1). The nutrient-rich 
Kochi estuary along with monsoonal climate subsequently 
leading in to inflow of freshwater discharges to the estuary 
from various adjacent rivers makes it an ideal place to flour-
ish mangrove plants.

Spatial and species variation in biomass stock, 
influencing factors and risk of land use land cover 
change

The results showed that biomass significantly differed spa-
tially and species wise. Usually, mangroves showed high 
biomass at riverine mangrove habitats (Kathiresan and Bing-
ham 2001; Rahman et al. 2015; Adame et al. 2015); how-
ever, in contrast, the present study marked increased biomass 
stock towards the lower estuary with regular tidal flushing. 
Nevertheless, for those sites having high biomass stock 
(Mangalavanam (St.3), Puthuvypin (St.8), Vallarpadam 
(St.6) and Panmbukadu (St.7)), the salinity may not be a 
stressed character like various other permanently inundated 
low biomass stocked saline mangrove sites. The high bio-
mass stocked stations are semi-enclosed mangrove habitats 
inundated only during high tide and therefore with minimum 
inundation period, shallow depth (may reach up to 1 m only 
during high tide) may also facilitate the growth of mangrove 
plants due to less stress. These sites were also closer to the 
open gut of the nutrient-rich Kochi estuary to the ocean, 

receiving a lot of nutrient input and resulted in high bio-
mass stock. The low biomass stocked stations (St.2 and St.4) 
were located in front of the Arabian Sea. As the mangroves 
nearer to marine areas are exposed to varying environmental 
stresses such as permanent inundation of tidal water, salinity 
stress, sandy nature of sediment and extreme weather condi-
tions, all these result in changes in hydrology and sediment 
biogeochemistry, inhibiting the growth of mangrove habitats 
in these regions (Woodroffe 1992) and probably one of the 
reasons for low biomass stock. Previously Sreelekshmi et al. 
(2018) and Rani et al. (2021) reported the sandy nature of 
the sediment in these stations.

These environmental characters and geomorphology also 
reflected in the formation of association of vegetation type 
which also influenced the high biomass stock and clustering 
of stations (Fig. 8). Among the vegetation types, AVO-RMA 
and BCA-AVO vegetation types showed maximum biomass 
stock (St.3, St.8, St.6 and St.7) and while EXO-BRU domi-
nated vegetation type showed lowest biomass stock (St.2, 
St.4), St.5 is also an Excoecarea dominated site, its com-
bination vegetation type is RMA, and also received more 
fresh water as it is an open mangrove with lowest salinity 
compared to other mangrove habitats of Kochi and there-
fore showed higher biomass stock compared to EXO-BRU 
type and grouped to AVO-RMA type group (St.1, St.6 and 
St.7, Fig. 8). It was reported that the above-ground biomass 
stock will be determined by the dominant species in each 
vegetation types depending on its structure especially their 
basal area (Ruiz-Jaen and Potvin 2010) which is true to this 
study. Even though density and abundance are high for E. 
agallocha at two stations (St.2 and St.4), its DBH and wood 
density are low compared to other mangrove tree species. 
Thus, habitats with such species even with high density will 
exhibit low biomass stock. Whereas presence of the high 
DBH class of A. officinalis and R. mucronata resulted in 
high biomass stock in other stations. Usually, the diameter 
of the tree is a determinant of above-ground biomass (Chave 
et al. 2004). In general, tree density did not positively cor-
relate to biomass stock as young forests would be denser 
but structurally poorly developed than low-density matured 
forest.

The low biomass stock of St.2 and St.4 will be also alarm-
ing against the conversion of mangrove habitats to aquacul-
ture farm. Manual thinning and cutting of mangroves will be 
associated with the aquaculture farming practices, and the 
aquaculture practices will also change the biogeochemistry 
and nutrient availability of mangrove habitats, and therefore, 
it may cause selective settling of vegetation types and form-
ing a microhabitat which may be different from the adjacent 
mangrove habitats. This was evident from the present study 
as St.8 and St.2 are adjacent places. However, St.2 was an 
aquaculture converted site and reported low soil carbon bur-
ial (Rani et al. 2021). These results can be matched with the 
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findings of Bhomia et al. (2016) who studied the impact of 
land use land type change on ecosystem carbon stock. Thus, 
land use and type had a strong influence on biomass stock 
and ultimately the ecosystem carbon stock of mangrove 
habitats and its potential for carbon sequestration. Thus, the 
topography, geomorphology, geochemistry, vegetation type 
and land use change altogether affect the growth of man-
grove plants and ultimately to the carbon stock.

Carbon stock and sequestration potential

The areal extent of mangroves around the Kochi estuary 
was 411.13 ha. Consequently, the CO2e of mangrove carbon 
stock of Kochi will contribute approximately 437,774.51 
Mg CO2e (Eq. 2) and 351,057.33 Mg CO2e (Eq. 1) accord-
ing to IPCC (Intergovernmental Panel on Climate Change) 
conversion. This highlights the importance of this coastal 
vegetation in the climate change mitigation efforts of the 
city. The biomass carbon stock has a major influence on 
soil carbon sequestration potential of that ecosystem. It was 
found that even though Mangalavanam bird sanctuary was 
having high biomass carbon stock, its soil carbon sequestra-
tion rate was low compared to riverine semi-enclosed-type 
mangrove habitat (St.1 of the present study) (Rani et al. 
2021) due to the anthropogenic activities (pollution) in that 
region and highlighted the impact of disturbance on the fate 
of primary productivity. That study also highlighted that 
sediment biogeochemistry and the faunal activities in man-
grove ecosystem played a major role in controlling the soil 
carbon sequestration together with biomass stock. It was also 
interesting that Aroor (St.1) mangrove habitat with globally 
comparable high biomass stock, high primary productivity 
through litterfall (Rani et al. 2016) along with AVO-RMA 
vegetation type and sediment biogeochemistry was having 
globally noticeable high carbon sequestration rate (10.41 ± 
2.50 Mg ha−1 year−1of carbon). At the same time, the low 
biomass recorded aquaculture site (St.2) revealed a vastly 
depleted carbon sequestration rate (Rani et al. 2021). The 
disturbance in the form of pollution or land use change 
especially aquaculture conversion had impact on biomass 
stock, and pollution may affect the fate of productivity even 
in high biomass stocked areas and may be resulted in less 
soil carbon sequestration rate. Therefore, biomass stock is 
an important driver for soil carbon burial or sequestration 
rate and its conservation without disturbance is significant 
for making the mangrove ecosystem a natural carbon sink.

Mangrove restoration based on the structure

Mangrove forests are facing drastic degradation at the global 
level, and Kochi mangroves are not an exception for this 
trend. Even though the diversity of mangrove is high in the 

study area, the total area of mangrove coverage is less. The 
current community analysis of the existing mangroves will 
be helpful in the scientific management of these degrading 
environments. The mangrove species showing high impor-
tant value index in each habitat indicates its habitat pref-
erences. For example, in the present study, St.2 and St.8 
(Vypin Island) showed the highest IVI for B. gymnorrhiza 
species, and it could be understood that particular species 
can grow well in this region. Therefore, if some mangrove 
planting is planned for restoration, we could select this area 
for B. gymnorrhiza species for getting high positive results 
in mangrove restoration. The areas having the most struc-
tural development for each species can be selected for its 
restoration programmes, and this could be used as a potential 
mangrove management strategy elsewhere around the globe. 
These areas can be protected well for future management 
purposes. Thus, structural data and community analysis 
could be used as a good tool for understanding the status 
of mangroves and also the management of such degraded 
ecosystems.

Conclusion

The present study was able to survey the forest structure 
and community analysis in depth by including all the man-
grove species and measured all the mangrove trees along 
with wood density of each mangrove species in each DBH 
class and provides more accurate and reliable biomass esti-
mation than the previously reported regional studies, even 
though the destructive method has not opted. Also, this 
study outlined the primary data on the living biomass of 
mangroves of Kochi by using measured wood density data. 
The wood density obtained through this study would be use-
ful in estimating the biomass of mangroves elsewhere in 
different age classes. The structural analysis of each man-
grove habitat based on its IVI could be utilized for scientific 
management of mangrove conservation programmes. The 
influence of mangrove species specificity and spatial varia-
tion on biomass stock could be clearly understood from the 
study. The present study identified some uncertainties in 
biomass estimation by using common allometric equation 
for large trunked mangrove species which can be globally 
addressed in future research. The study found out that veg-
etation type, salinity together with geomorphology (open 
and semiclosed) and the land use type are the major reasons 
for spatial variability of biomass C stocks. The mangroves 
of Kochi recorded very high carbon stock through living 
biomass of mangroves comparing to several other mangrove 
habitats around the world, and the monsoonal climate and 
nutrient-rich estuaries flourished by the inflow of several 
freshwater sources may be the reason for this high biomass 
stock, and this indicated Kochi mangrove’s potentiality for 
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high carbon sequestration. However, it could be alarming 
that all these mangrove habitats are in fragmented stage 
and under developmental pressure. Therefore, immediate 
management strategies should be taken for conservation 
and preservation of these valuable natural carbon sinks and 
therefore would be used in the carbon economy of the region 
for policy-making and thereby mitigating regional climate 
change problems.
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