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10.1 Background
Coconut tree (Cocos nucifera) is one of the four major palm species of 
economic importance among nearly 2400 palm species in the world. The 
other three are Elaeis oleifera, Borassus flabellifer and Phoenix dactylifera 
(Arancon, 1997; Govaerts and Dransfield, 2005; Goodman et al., 2013). 
A lager majority of coconut trees are found in higher rainfall coastal areas 
characterised by saline soils (Kant, 2010). In Tanzania mainland, coconut 
trees are dominantly found in regions located in the eastern coast and quite 
a few in patches in non-coastal regions like Morogoro, Manyara and Tabora 
(Mwinjaka et al., 1999). In Zanzibar, coconut trees are the most dominant 
tree species (Revolutionary Government of Zanzibar, 2013). At the end of 
1990s, the number of coconut trees in Tanzania was estimated to be about 
22.6 million, growing on 240,000 hectares (ha) where about 95% of the 
coconut acreage was grown by smallholder farmers (Mwinjaka et al., 1999).

Coconut trees have high economic and environmental importance. Fruits, 
fronds and wood provide thousands of smallholders throughout the tropics 
with a cash income and many of the basic necessities of life such as food, 
drink, fuel and shelter. The coconut fruit is by far the most important nut in 
the world (DebMandal and Mandal, 2011). The mature trunk of a coconut 
tree may be used for timber and charcoal (Arancon, 1997; Durst et al., 2004).

Nevertheless, there is an unexploited opportunity in which smallholder 
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farmers of coconut trees may benefit. This is their potential to sequester 
atmospheric carbon dioxide and therefore qualify for carbon (C) trading 
mechanisms such as Reducing Emissions from Deforestation and forest 
Degradation and the role of conservation, sustainable management of 
forests and enhancement of carbon stocks (REDD+). An added advantage of 
coconut trees to the farmers is that quite few other woody vegetation types 
grow in coastal saline lands. Therefore, coconut trees provide an outstanding 
opportunity to the community residing in these lands to benefit from C 
market projects. However in Tanzania, biomass models which are necessary 
tools for estimation of C stored in coconut trees are missing. Similarly, 
models for estimating timber volume from coconut trees are lacking. Much 
of the efforts in developing these tools were focused on dicotyledonous trees 
(e.g. Mugasha et al., 2013; Mauya et al., 2014). The aim of this chapter is 
therefore to describe recently developed biomass and volume models for 
coconut trees in Tanzania. 

10.2 Site description
Data for development of biomass and volume models were collected from 
Mkuranga and Kisarawe districts, Pwani region. Mkuranga district is located 
50 km south of Dar es Salaam city adjacent to the coastal shores of the Indian 
Ocean, whereas Kisarawe district is located about 78 km from the coastal 
shore. Study sites description is presented in Table 10.1.

District Location Dominant 
soil type

Altitude 
(m)

Mean annual 
rainfall 
(mm)

Mean annual 
temperature 

(0C)

Mkuranga 39o 09” 16’ E
07o 17” 23’ S

Sandy soils 
(Arenosals)

< 400 1,090 28.0

Kisarawe 38o 44” 12’ E
07o 15” 44’ S

Sandy soils 
and fluvisols

< 400 1,090 26.1

Table 10.1: Study sites description

10.3 Data collection and analysis

Selection of sample trees
Mixed age farms of coconut trees were selected for data collection. Farms 
are often small and fragmented. This limits systematic layout of sample plots. 
Therefore, purposive sampling was carried out in a few farms to represent 
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a wide range of coconut tree sizes. For each study site, a total of 23 coconut 
trees were selected for destructive sampling. Prior to destructive sampling, the 
coconut trees were measured for diameter at breast height (dbh) using calliper 
and total height (ht) excluding rachis using Suunto hypsometer. The ht was 
measured at the bottom of the oldest rachis. Summary statistics of sampled 
coconut trees are presented in Table 10.2. It was not possible to include young 
coconut trees whose trunks were still occupied by rachis below 1.3 m from 
the ground. Consequently, the minimum dbh encountered was 19.0 cm.

Component Site n dbh (cm) ht (m)

Mean Min. Max. Mean Min. Max.

AGB and 
volume

Mkuranga 23 29.4 21.0 40.0 8.1 1.6 14.4

Kisarawe 23 29.5 19.0 39.0 12.7 5.9 21.0

All 46 29.5 19.0 40.0 9.9 1.6 21.0

BGB Mkuranga 14 29.7 21.0 37.0 8.4 1.6 14.4

Kisarawe 15 29.3 22.5 38.0 12.2 9.6 15.3

All 29 29.5 21.0 38.0 9.5 1.6 15.3

Table 10.2: Summary statistics of sample trees used for developing biomass and 
volume models 

Destructive sampling and determination of biomass and volume
The aboveground component consists of stem (other uses including 
charcoal and merchantable component), rachis and leaflets (Figure 10.1). 
Characterisation of the stem components was based on local knowledge as 
well as observable wood properties during crosscutting. Consequently, the 
merchantable component is the entire stem excluding the top part which 
is normally softer than the rest (Figure 10.1). The stem components were 
crosscut into billets with lengths of 1 m at most. Each billet was weighed, 
measured for length and mid diameter. Leaflets were removed from rachis, 
bundled and their fresh weight determined separately. Three samples from 
stem components of about 2.5 cm width from the bark to the pith were 
extracted and weighed using an electronic balance. Similarly, at least two 
samples from rachis and leaflets were collected and fresh weighed ready for 
laboratory analysis. 

Due to the fibrous nature of coconut tree roots, BGB was determined by 
excavating an area of 1 m radius from the coconut tree to the depth of 1.5 
m. This is because most of the coconut tree roots are within this radius and 
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depth (Thampan, 1981). The coconut trees were excavated while still standing 
for them to fall on their own weight and thus uproot any roots beyond the 
prescribed excavation dimensions. Roots were removed from the root crown 
and then both root crown and roots were cleaned off soils and measured for 
fresh weight. For each of the two belowground components, at least three 
sub-samples were collected and fresh weighed for laboratory analysis. In 
the laboratory, the collected sub-samples were oven dried at 105 ± 2 oC for 
at least 72 hours to constant weight. Thereafter, average dry to fresh weight 
ratios (DF-ratio) were computed for each component.

Tree biomass was determined as a product of respective component fresh 
weight and DF-ratio. AGB and BGB were computed by summing the biomass 
of all above- and belowground components respectively (Figure 10.1). Billet 
volume was computed by using Huber’s formula. Scatter plots of AGB, BGB 
and volume versus ht and dbh are shown in Figure 10.2.

Leaflets

Rachis

Rachis 
base

Other uses including 
charcoal

Merchantable 
component

Figure 10.1: Components of a coconut tree
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Working conditions and resources required
Working conditions in the coconut tree farms were conducive. Distance 
and terrain conditions from the road to the working sites had no impact on 
time consumption, since most of the farms are accessible by road. Terrain 
conditions were also favourable. The soils are sandy and therefore easily 
excavated.

In contrast to other vegetation types studied where sample trees were provided 
free of charge by relevant authorities, coconut trees for this study were 
purchased at an average price of TZS 50,000 per tree. During the fieldwork, 
the owners of the trees and neighbours were recruited as members of the 
crew to facilitate understanding with local communities and avoid conflicts.

On average it was possible to accomplish three trees of 40 cm dbh per day 
for both above- and belowground components with a crew of 10 people. 
Table 10.3 summarises the cost estimates used for the destructive sampling 
of coconut trees. Note that the estimates exclude the cost of researchers, 
transport and equipment.
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Figure 10.2: Scatter plots of AGB, BGB and volume versus ht and dbh
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Equipment used during the sampling included diameter tape and calliper 
for dbh measurements. Suunto hypsometer was used for ht measurements. 
Tape measure was used for measuring the length of billets; machetes and 
axe for cutting off small branches; a chainsaw to fell trees and crosscut 
stems, large branches and roots. Hoes, spades and mattock were used for 
excavating and exposing roots, while iron brush was used to remove soils 
from roots. A spring balance was used to weigh logs and branches whereas 
an electronic balance was used to weigh sub-samples or small tree parts.

Item Number of units Unit cost 
(TZS)

Total cost 
(TZS)

Crew size (10 persons) Labour cost per day, per person 20,000 200,000
Petrol 5 litres per day 2,000  10,000
Engine oil 0.5 litre per day 7,000  3,500
Chainsaw replaceable 1 pc per day 45,000  45,000
Research assistant 1 person 65,000  65,000
Total cost per day 323,500
Number of trees per day 
(3) Average cost (one coconut tree) 107,833

Table 10.3: Cost estimates for destructive sampling

Model fitting and evaluation
Biomass and volume data were fitted to non-linear functions (1-4) which 
are common and widely documented in literature (e.g. Zianis et al., 2005; 
Chave et al., 2014). The mixed effect modelling approach was applied to 
accommodate the variation among sites using PROC NLMIXED, a procedure 
in SAS (SAS®, 2008). To account for random effects, parameter b varied 
with sites in such a way that 
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sites. 

Y = a × dbh (1)
Y = a × dbh2 + b (2)
Y = a × ht (3)
Y = a × ht × dbh (4)

where Y is dependent variable i.e. biomass (kg) or volume (m3), a, b and c are 
unknown parameters to be estimated. Total tree height (ht) and dbh are in m and cm 
respectively.

Selection of best performing models was based on low Akaike Information Criterion 
(AIC) and relative mean prediction error. Other model performance criteria such as 
Root Mean Square Error (RMSE) and coefficient of determination (R2) were 
presented. Relative mean prediction error was computed as:

MPE (%) = 100 ×

where e is model residuals (difference between observed and predicted biomass or 
volume), and MB is mean observed biomass or volume.

 is a random parameter 
varying with sites. 
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where Y is a dependent variable i.e. biomass (kg) or volume (m3), a, b and 
c are unknown parameters to be estimated. Total tree height (ht) and dbh 
are in m and cm respectively.
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Selection of best performing models was based on low Akaike Information 
Criterion (AIC) and relative mean prediction error. Other model performance 
criteria such as Root Mean Square Error (RMSE) and coefficient of 
determination (R2) were presented. Relative mean prediction error was 
computed as:

100

Item Number of units Unit cost 
(TZS)

Total cost 
(TZS)

Crew size (10 persons) Labour cost per day per person 20,000 200,000
Petrol 5 litres per day 2,000 10,000
Engine oil 0.5 litres per day 7,000 3,500
Chainsaw replaceable 1 pc per day 45,000 45,000
Research assistant 1 person 65,000 65,000

Total cost per day 323,500
Number of trees per day (3) Average cost one coconut tree 107,833

Table 10.3: Cost estimates for destructive sampling

Model fitting and evaluation

Biomass and volume data were fitted to non-linear functions (1-4) which are common 
and widely documented in literature (e.g. Zianis et al., 2005; Chave et al., 2014). 
Mixed effect modelling approach was applied to accommodate the variation among sites using 
PROC NLMIXED, a procedure in SAS (SAS®, 2008). To account for random effects, parameter 
b varied with sites in such a way that  b = β  , here is a random parameter varying with 
sites. 

Y = a × dbh (1)
Y = a × dbh2 + b (2)
Y = a × ht (3)
Y = a × ht × dbh (4)

where Y is dependent variable i.e. biomass (kg) or volume (m3), a, b and c are 
unknown parameters to be estimated. Total tree height (ht) and dbh are in m and cm 
respectively.

Selection of best performing models was based on low Akaike Information Criterion 
(AIC) and relative mean prediction error. Other model performance criteria such as 
Root Mean Square Error (RMSE) and coefficient of determination (R2) were 
presented. Relative mean prediction error was computed as:

MPE (%) = 100 ×

where e is model residuals (difference between observed and predicted biomass or 
volume), and MB is mean observed biomass or volume.

 

where e is model residuals (difference between observed and predicted 
biomass or volume), and MB is mean observed biomass or volume.

10.4 Biomass and volume models 
This study developed allometric models for predicting total AGB, BGB 
and merchantable stem biomass for coconut trees. Total and merchantable 
volume models were also developed. For all models predicting biomass, i.e. 
AGB, BGB, merchantable stem, there is one option i.e. models with ht only 
as an independent variable (Table 10.4).

For all models predicting volume, i.e. total volume and merchantable volume, 
there are two options: 1) with ht only as an independent variable and 2) with 
both dbh and ht as independent variables (Table 10.5).

10.5 Application recommendations
Models presented in this chapter were developed with data collected from 
two sites located in Pwani region covering tree sizes ranging from dbh of 
19.0 - 40 cm and ht of 1.6 - 21 m. These models can only be applied elsewhere 
after they are tested.

For coconut trees, ht explained a lot of variation in biomass and volume, 
which contrasts with most models developed for dicotyledonous tree species 
where dbh explained much of the variation. This implies that for accurate 
estimation of biomass and volume, ht should be measured with care, e.g. 
for leaning and curved coconut trees. In addition, ht should be measured 
from stump to the bottom of the oldest rachis. 
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