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Abstract Allometric relationships between easily
measurable independent variables like diameter at
breast height (DBH) and total height (TH) and
biomass of leaf, branch, bark, stem without bark, and
total above-ground biomass of Excoecaria agallocha
L. were tested. Similarly, relationships between inde-
pendent variables (DBH and HT); and nutrients (N, P
and K) and carbon content in total above-ground
biomass were also evaluated. The best fit allometric
models were selected by considering the values of
parameter of estimation of the models such as Rz, Cv,
Rises MSeror, Sa, Sy, and  Akaike’s information
criterion corrected (AICc). The selected allometric
models were Log Biomass = 0.9256 Log DBH?
— 2.133; Log biomass = 1.1656 Log DBH? — 1.7047;
Log biomass = 1.0824 Log DBH” — 1.7568; Log
biomass = 1.0927 Log DBH” — 1.0275; Log bio-
mass = 1.0996 Log DBH* — 0.8572 respectively for
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leaf, branch, bark, stem without bark and total above-
ground biomass. Whereas the selected allometric
models for nitrogen, phosphorus, potassium and
carbon were Log N = 1.0972 Log DBH? — 3.0845;
Log P = 1.0947 Log DBH? — 5.6790; Log K =
1.0990 Log DBH? — 3.0370; Log C = 1.1 Log
DBH? — 1.1937 respectively. Highest concentration
of nitrogen (16.07 mg/g) and phosphorus (0.05 mg/g)
was observed in leaf, while higher concentration
(45.95-48.60 %) of carbon was observed in stem and
bigger branches. The findings of this study are first-
hand information for forest managers and conserva-
tion workers for sustainable management of E.
agallocha in the Sundarbans of Bangladesh.

Keywords Allometry - Biomass - Carbon -
Excoecaria agalloch - Nutrients - Sundarbans

Introduction

Mangroves are important and most productive ecosys-
tem of the tropical and sub-tropical forest types (Field
1995). Mangroves are used as nursery and breeding
sites for birds, fish, crustaceans, shellfish, reptiles and
mammals; a renewable source of wood; accumulation
sites for sediment, contaminants, carbon and nutrients;
and offer protection against coastal erosion, cyclones
and tsunami (Mazda et al. 1997; Alongi 2002;
Mahmood et al. 2005, 2008; Mahmood 2014).
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Sundarbans is the largest single tract of mangrove
forest in the world, within the delta of the Ganges,
Brahmaputra and Meghna rivers in the Bay of Bengal
(Islam and Gnauck 2008). The prominent plant species
are Heritiera fomes and Excoecaria agallocha with
uneven distributions of Xylocarpus granatum, X.
mekongensis, Ceriops decandra, Bruguiera spp., Avi-
cennia spp., Sonneratia spp. Heritirea fomes is the
dominant species of the Sundarbans, which alone
constitute 21 % of the forest area. While, H. fomes—E.
agallocha, E. agallocha—H. fomes and C. decandra
dominated forest types constitute 29.7, 14.8 and
14.46 % of the forest area respectively (Siddiqi
2001). E. agallocha is the 2nd most important timber
resource of the Sundarbans in terms of abundance,
distribution and commercial value. It is a small to
medium sized tree (Siddigi 2001) and found to
dominate at the southeastern part of moderate salinity
areas of the Sundarbans (Ellison et al. 2000). This
species was used as a raw material for newsprint and
fuel wood. The density of E. agallocha with diameter
at breast height (DBH) of 10 and 15 cm has been
decreased to 35 and 44 % during the period of 1985
and 1996 respectively (Hussain and Ahmed 1994).
This scenario indicates over-exploitation attitudes of
E. agallocha. Trrespectively, it implies that the previ-
ous felling scheme was not sustainable for sustainable
production of this species. Therefore, there is an
urgent need to develop a new felling scheme of E.
agallocha on the basis of biomass production and
nutrient budgeting.

Biomass studies on mangroves are very important to
know the details of successional changes, production
and competition in vegetal communities, site produc-
tivity, nutrient cycling, nutrient budget, amount of
carbon, predicting future change due to climate change
and overall to manage the forest in a sustainable way
(Komiyama et al. 2008; Mahmood 2014). There are
three methods of biomass estimation: area harvest
method, mean-tree method and allometric method
(Golley et al. 1975; Ketterings et al. 2001). But, the
allometric method is frequently used for estimating the
forest biomass and this method is less destructive and
the most powerful tool for estimating the biomass of a
tree from measurable dimensions (Clough and Scott
1989; Mahmood et al. 2004, 2012; Komiyama et al.
2005, 2008). Allometric models for biomass estimation
vary greatly among the species and sites (Clough and
Scott 1989; Komiyama et al. 2008), it is preferable to
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use species and site specific models (Ketterings et al.
2001). The allometric method of biomass estimation in
mangrove forests has been studied for several decades
in different mangrove forest of the world (e.g. Clough
and Scott 1989; Komiyama et al. 2000, 2002; Tamai
et al. 1986; Mahmood et al. 2004), but there are limited
works for the Sundarbans of Bangladesh e.g. C.
decandra (Mahmood et al. 2012) and Aegialitis rotun-
difolia (Siddique et al. 2012). The objectives of this
study were to develop allometric models for above-
ground biomass, nutrients (N, P and K) and carbon
stock in E. agallocha. The study would generate first-
hand information for forest managers and conservation
workers for sustainable management of the species in
the Sundarbans on the basis of biomass production and
nutrient budgeting.

Materials and methods
Study area

This study was conducted at E. agallocha dominated
forest types of the Sundarbans mangrove forest of
Bangladesh, between latitudes of 21°30" and 22°30'N
and longitudes of 89°00’ and 89°55’E. The subtropical
climate of the study area is strongly seasonal with
87 % of the mean annual rainfall (1500 mm) falling
from May to October. Minimum and maximum
temperatures were 18.50-35.20 °C in summer and
12.20-28.80 °C in winter. Soil texture of the study
area was silty to sandy clay loam. The bulk density,
particle density and porosity varied from 1.18 to
1.27 gfcc, 2.31 to 2.52 g/cc and 46-52 %, respective-
ly. Soil pH, conductivity and salinity were 7.8, 1.19
mS/cm and 5.94 dS/cm respectively (Siddigi 2001).

Sample collection and processing

Excoecaria agallocha appears as single stem tree in
the Sundarbans. A total of 30 individuals of E.
agallocha were selected to cover the range of DBH
from 2 to 22 cm (Table 1) and this was the represen-
tative of DBH range of this species in the Sundarbans
(Siddiqgi 2001). This DBH range was divided into five
classes as 26, 610, 10-14, 14-18 and 18-22 cm. Six
individuals from each class were selected avoiding
mechanically or insect damaged or infested with
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Table 1 Sampled stems along with their diameter at breast height (DBH), total height (TH) and oven-dried biomass of their different

parts
DBH (cm) Total height (m) Oven-dried biomass (kg) of pant components Total above-ground
- biomass (kg)
Leaf Branch Bark Stem without bark
2.1 2.94 0.08 0.12 0.1 0.52 0.82
2.5 3.6 0.07 0.21 0.14 0.76 1.18
3.1 32 0.02 0.24 0.2 1.11 1.57
3.8 4.4 0.07 0.28 0.29 1.59 2.23
4.6 4.37 0.09 0.85 0.41 2.31 3.66
6 5.5 0.15 0.84 0.78 4.36 6.13
6.9 5.66 0.18 1.82 1.11 6.25 9.36
7 5.3 0.47 1.84 1.06 5.99 9.36
7.2 6.2 0.49 1.33 1.29 7.28 10.39
7.3 7.8 0.29 1.96 1.5 8.5 12.25
9.3 8.37 0.92 6.08 2.54 14.34 23.88
8.4 6.23 0.25 3.56 1.93 10.92 16.66
10.1 6.1 0.53 5.53 2.01 11.33 19.4
11 5.1 0.43 6.07 297 16.8 26.27
11.6 5 0.46 8.77 3.22 18.23 30.68
12.6 6 0.56 7.74 4.09 23.14 35.53
13.8 6.6 0.76 8.31 4.45 25.21 38.73
13.2 7.6 0.28 5.35 5.29 30 40.92
14.1 7.06 0.96 8.23 49 27.76 41.85
15.5 8.6 0.88 15.46 7.33 41.58 65.25
15 11 1.42 9.5 7.27 41.21 59.4
16.1 9.9 1.65 12.45 7.33 41.53 62.96
17 9 1.3 16.48 7.87 44.61 70.26
17.4 10.6 2.52 16.96 9.35 53.04 81.87
18.4 9.1 1.97 32.83 7.39 41.88 84.07
19.3 12.93 0.96 15.08 11.98 67.97 95.99
20 10.8 3.62 24.51 12.12 68.5 108.75
20.7 11 2.67 18.89 12.88 72.77 107.21
21.3 8.2 2.78 20.23 13.34 74.97 111.32
21.6 12 3.16 15.8 14.13 80.16 113.25

disease. DBH and total height (TH) of the selected
individuals were measured and felled at the ground
level. The above ground parts of the individual were
then separated into leaves, smaller branches (di-
ameter < 2 cm), bigger branches (diameter > 2 cm)
and main stems. One 0.5 m long stem section for
smaller individuals and a 1 m long section for larger
trees were collected from the base, middle and upper
portion of the main stem for each individual. These
stem sections were debarked in the field to calculate
fresh weight ratio of bark and stem wood (Mahmood

et al. 2004, 2012). All parts of each individual were
weighted (fresh weight) separately in the field and
recorded. Ten subsamples (about 0.25 kg) from each
part were brought back to the laboratory and oven-
dried at 80 °C for 10 days to get the conversion ratio
of fresh weight to oven-dried weight. The oven-dried
biomass of each part (leaf, branch, bark and stem
without bark) of individual tree was estimated from
the derived conversion ratio of respective plant part.
Finally, mean biomass proportion for each part was
also estimated in accordance with the DBH classes.

@ Springer



768

Wetlands Ecol Manage (2015) 23:765-774

Table 2 Regression equations with combination of independent variables

Models Independent variables
y =a+ bX DBH; DBH?; TH; TH?, DBH x TH; DBH? x TH; DBH x TH?; DBH? x TH”
Jy=a+byX DBH; DBH* TH; TH* DBH x TH; DBH® x TH; DBH x TH* DBH > x TH’

y=a+ bLogX
Logy =a+ bX
Logy=a+ bLogX
y=a+blnX
Lny=a+ bX
Iny=a+blnX

DBH; DBH?; TH; TH? DBH x TH; DBH? x TH; DBH x TH?; DBH ? x TH>
DBH; DBH?; TH; TH% DBH x TH; DBH? x TH; DBH x TH?; DBH % x TH?
DBH; DBH?; TH; TH?; DBH x TH; DBH” x TH; DBH x TH?; DBH ? x TH>
DBH; DBH?; TH; TH?; DBH x TH; DBH”> x TH; DBH x TH?; DBH ? x TH>
DBH; DBH?; TH; TH%; DBH x TH; DBH” x TH; DBH x TH?; DBH ? x TH>
DBH; DBH?; TH; TH% DBH x TH; DBH? x TH; DBH x TH?; DBH 2 x TH>

DBH diameter at breast height, TH total height

Nutrients (N, P and K) and carbon in plant part

Ten samples (about 100 g) of leaves, branches, stems
and barks were collected from the felled trees and
samples were oven-dried at 80 °C until constant
weight for 10 days. The oven-dried samples were
grounded, processed and acid digestion according to
Allen (1974). The digested sample extracts were
processed according to Weatherburm (1967) and
Timothy et al. (1984) to measure nitrogen and
phosphorus concentration in sample extracts respec-
tively using UV-Visible Recording Spectrophotome-
ter (U-2910, HITACHI, Japan). Potassium
concentration in sample extracts was also measured
by Flame photometer (PFP7, Jenway LTD, England).
Carbon content was measured by combustion method
by using Leco CR—12 Carbon determinator, USA.
Nutrients and carbon concentration in different parts
were compared by one-way analysis of variance
(ANOVA) followed by Duncan Multiple Range by
using SAS (6.12) statistical software. The amount of
nutrients and carbon in each part of individual tree was
estimated from their concentration and biomass of
respective plant parts. While the total amount of
nutrient and carbon in total above-ground biomass of
individual tree was estimated by summing up their
amount in each part.

Allometric models for above-ground biomass,
nutrients and carbon stock

Allometric relationships between independent vari-
ables (DBH and TH) and oven-dry biomass of plant
parts (leaf, branch, bark, stem without bark, total
above-ground biomass); nutrients (N, P and K) and
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carbon stock in above-ground biomass were evaluat-
ed. Linear regression equations (y = a + bX) with
different transformation (e.g. square root, Log;, and
In) of independent and dependent variables were used
in these allometric relationships. A total of eight linear
models with 64 regression equations with combination
of DBH and TH were tested for each part (Table 2).
Significance tests of regression equations were tested
by using SAS (6.12) statistical software. The best fit
allometric models were selected by considering those
equations having the highest R* with lowest values of
CV, Rinses MSeirors Sa, Sp and AICc, where R? = Co-
efficient of determination; CV = Co-variance,
Rise = Root mean square error; MS..,, = Mean
square error; S, = Standard error of intercept ‘‘a’’;
Sp = Standard error of regression coefficient *‘b’’;
AlICc = Akaike’s information criterion corrected
(Chave et al. 2005; Soares and Schaeffer-Novelli
2005; Siddique et al. 2012). A correction factor for
allometric models was also estimated to solve the
deformation during the log; and In transformation of
variable values and back to the initial values (Sprugel
1983).

Results
Biomass proportion, nutrients and carbon

The mean biomass proportion of plant parts was found
to vary with DBH classes. Comparatively higher
proportion of stem biomass (67.34 %) was observed at
lowest DBH class of 2.1-6 cm while higher propor-
tion of branch biomass was observed at higher DBH
classes (Table 3). Nutrients (N, P and K) and carbon
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Table 3 Biomass

) ) DBH class (cm)
proportions according to

Biomass proportion (%)

DBH classes of Excoecaria Leaf Branch Bark Stem without bark
agallocha
2-6 417 £1.29 16.2 + 1.58 12.29 + 0.28 67.34 + 1.67
6-10 3.23 + 0.61 19.12 £ 1.78 11.68 £+ 0.27 65.97 + 1.51
10-14 1.68 + 0.27 2275 £ 2.34 11.35 £+ 0.38 64.22 + 2.17
14-18 2.26 + 0.25 20.55 £+ 1.16 11.57 £ 0.16 65.62 + 0.89
18-22 241 +£0.32 21.17 £ 3.77 11.48 + 0.57 64.94 + 3.24

Table 4 Nutrients and carbon concentration in different parts of Excoecaria agallocha. Similar alphabet (A, B, C, D, E) along the

column are not significant (p > 0.05) different

Plant parts Nitrogen (mg/g) Phosphorus (mg/g) Potassium (mg/g) Carbon (%)

Leaf 16.07 &+ 0.194 0.05 + 0.00* 14.75 4+ 0.49® 44.88 4+ 0.01°
Smaller branch 8.81 & 1.35€ 0.04 + 0.00® 16.72 &+ 0.494 43.25 4+ 0.03F
Bigger branch 11.56 &+ 0.78® 0.02 + 0.00° 5.21 + 0.00° 48.60 &+ 0.02*
Bark 9.11 £ 0.378 0.01 £ 0.00° 13.77 + 0.49® 47.46 + 0.058
Stem without bark 3.55 + 0.65° 0.01 % 0.00° 3.64 + 0.10° 45.95 4+ 0.02¢

concentration significantly (p < 0.05) varied among
the plant parts. Highest concentration of nitrogen
(16.07 mg/g) and phosphorus (0.05 mg/g) was ob-
served in leaf and highest concentration (16.72 mg/g)
of potassium was detected in smaller branches. Higher
concentration (45.95-48.60 %) of carbon was ob-
served in woody parts (stem and bigger branches) of E.
agallocha (Table 4).

Allometric models

A total of eight linear models with 64 regression
equations with combination of DBH and TH were
tested for each plant part, which yield a total of 320
equations for estimating biomass of plant parts
(Table 2). All the equations were significant
(p < 0.05), but 290 equations were excluded consid-
ering the value of co-efficient of determination (R?)
less than 0.84 for leaf, 0.96 for branch, 0.99 for bark,
stem without bark and total above ground biomass.
The selected allometric models were Leaf: Log
Biomass = 0.9256 Log DBH? — 2.133; Branch:
Log biomass = 1.1656 Log DBH? — 1.7047; Bark:
Log biomass = 1.0824 Log DBH? — 1.7568; Stem
without bark: Log biomass = 1.0927 Log
DBH? —1.0275; Total above-ground biomass: Log
biomass = 1.0996 Log DBH” — 0.8572 and that have
been marked with “*” in the Table 5.

Nutrients (N, P and K) and carbon content in plant
parts and total above-ground biomass were estimated
and allometric equations were determined for their
stock in total above-ground biomass. A total of 8 linear
models with 64 regression equations with combination
of DBH and TH were tried for the stock of nutrients
and carbon in total above-ground biomass, which yield
a total of 256 equations (Table 2). All the equations
were significant (p < 0.05) and 240 equations were
excluded considering the value of co-efficient of
determination (Rz) less than 0.99 for Nitrogen,
Phosphorus, Potassium and Carbon. The selected
allometric models were Nitrogen: Log N = 1.0972
Log DBH? — 3.0845; Phosphorus: Log P = 1.0947
Log DBH? — 5.6790; Potassium: Log K = 1.0990
Log DBH? — 3.0370; and Carbon: Log C = 1.1 Log
DBH? — 1.1937 that have been marked with “*” in
the Table 6.

Discussion

Biomass proportion in plant parts is important to
understand the photosynthate allocation to plant
growth (Kozlowski et al. 1991). Similar to the study,
higher proportion of biomass in stem was observed
with lower DBH classes of Bruguiera Parviflora in
Malaysia (Mahmood et al. 2004), Rhizophora

@ Springer
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88888 apiculata and R. stylosa in north-eastern Australia
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R - mangrove trees were not only affected by the
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cer e z more active tissue (leaf, flower) usually contain higher
I NS I N concentration of nutrients (Binkley 1986) and woody
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S and carbon concentration in plant parts vary with the
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ﬂ Z 1989; Gong and ong 1990; Cienciala et al. 2006;
E . _g Mahmood et al. 2012; Siddique et al. 2012). Tree
o X = g i, height measurement is complicated, time consuming
et
E § E x | 2.2 and involves error in measurement. But, DBH is easy
NI = Q .
a) o eﬂ T Z 5§ to measure and more acceptable physical parameter of
S=58A8Aa|8¢g trees (Komiyama et al. 2002). Accurate measurement
=2 -=ss£s|5% of independent variables in biomass models will
+ T+ oo |BE P v W
© ‘l‘l‘ s ++ +[358 increase its acceptability and applicability (Overman
=} o e . .

v g .= et al. . Similar consideration was made for the
imlﬁ"l‘l’ﬁjz t al. 1994). Simil derat de for th
é g é 2 2 2 |s32 present study and the recommended allometric model

S < < - 2] . . . .

£ 5 g EEE _EE g of leaf biomass includes DBH as independent variable

S Eﬁ £ '—E E E 2 8§ (Log Biomass = 0.9256 Log DBH” — 2.133) instead

=A== g %’ g of the model (Log biomass = 0.5994 Log DBH? x
CREE 52 E HT? — 2.4814) with higher R* and AICc values
£1|2 B % £ (Table 5). In a comparison with the present study,
- ) - = . .
g1l¢ 85 = the common allometric biomass model of mangroves
wn _§ Z & 5 g (Komiyama et al. 2005) showed similar amount of

8 . oo .

2|z S S § :3 total above-ground biomass for the individual having
S % F x DBH of 2-5 cm. Conversely, the common model
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Fig. 1 Estimated total above-ground biomass of Excoecaria
agallocha

gives about 16—60 % over estimation of total above-
ground biomass for trees of higher DBH (range
6-22 cm) (Fig. 1). This difference in biomass estima-
tion of the present study and Komiyama et al. (2005)
may be due to the variation in biophysical condition of
the study areas (Bangladesh, Indonesia and Thailand).
Furthermore, the common allometric model did not
include E. agallocha as sample tree and individual
having DBH less than 5 cm. Irrespectively, the
variation in estimated biomass may also be related to
the differences of coefficients in allometric models
(Mahmood et al. 2004). Even the coefficients value of
the same species may vary with localities and depends
on site quality, tree density, species composition and
management practices (Clough 1992; Steinke et al.
1995). In conclusion, the common allometric model is
not applicable for E. agalloch in the Sundarbans and
species specific allometric equations are required for
accurate estimation of tree biomass. The findings of
this study will be useful to estimate biomass, nutrients
and carbon stock for single stem E. agallocha with its
wide range of DBH (2-22 cm), which finally con-
tributes in planning for future management and
sustainable exploitation of this species.
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