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FOREWORD

Forest inventories are used as a starting point for estimating biomass and carbon storage in
national forests. Biomass equations are normally developed on the basis of data collected in the
forest inventory. The Integrated LandUse Assessment project phase Il (ILAJII) is expected to
provide the results of forest stocking that are typically considered within the framework of
sustainable forest management and carbon accounting purposes.

It is for these reasons that an assessment of existing models for biomass voluceculations is
important in order to explore and provide options of models that are relevant to the ILUA I
purposes. It is therefore our belief that this technical paper will highlight the various models for
volume and biomass relevant to ILUA Il purposs which are also supportive of the Reducing
Emissions from Deforestation Forest Degradation (REDD) Mechanisms.

.@M’LW b;:

Ignatius N. Makumba Bwalya Chendauka
DIRECTOR- FORESTRY NATIONAL COORDINATORILUA I
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ABSTRACT

Traditionally, wood stocks in Zambian forests have been estimated using tree volumes. From the
mid-1980s, there has been a growing interest in estimating wood biomass directly from tree
diameter measurements rather than indirectly from volume estimates. Té direct estimation of
wood biomass has fewer sources of error and therefore tends to give more accurate estimafEse
main objective of this study was to test the different volume and biomass models, using an existing
Zambian database, to find confidenckmits and to determine (a) the accuracy and precision of the
models for ILUA Il purposes and (b) the need/usefulness to apply more than one model for ILUA Il
purposes.

The study evaluated four volume models, including the ILUA | model, and compared the=diction
performance of the models against volume estimates based on field observations imiombo

(Brachystegiaz Julbernardia- IsoberliniaQ x 1 T A1 AT A8 31 Al EAT 80 11T AAT 1T OA
OT1 0l A xEEIT A (OAAOSO i1 AAltimates with Ednfllehée iitE @ &H4%; O1 ECE

gave the closest estimates to those based on field observations. HoweelD AA O3 O | AOET A OAI
the measurement of diameter at stem midength, which is not easy to measure in the field. The

ILUA | method was the scond-best for estimating bole and stem volume, although it overestimates

volume by 26730%.

Using specific wood density values, the volume estimates can be converted to wood biomass.

Although the ILUA | method overestimated volume, after conversion to bimass, the method

actually underestimated tree biomass by 18 ¢ bh xEEIT A ( OAA0OS6 O 1 AOET A O1 A,
by 35z 37%, largely because these methods did not account for the volume and biomass of tree

branches and twigs.

Three model types wereevaluated for estimating aboveground wood biomass directly from tree
diameter measurements: (i) log models based on logarithmically transformed data, (ii) polynomial
models and (iii) power models. The last two model types were based on both tree diametendh
basal area (BA). ie models that gave the most accurate estimates (< 20% deviation from observed
values) were the log and power models. The powes, model gave reasonable error terms of <20%
for all the data sets except for drier young miombo and mungaoodland. The polynomial models
only performed well for munga (Acacia spp and mopane Colophospermum mopanewvoodlands
while the polynomial models based on dbhand BA were good for the olegrowth data set. Log
models gave accurate estimates in nearly 80% of the species and species groups in comparison to
50% and 3Qz35% for power and polynomial models, respectively. Log models gave the most
accurate estimates forlsoberlinia angolensis and Uapacaspecies and speciegroups of Acacia
Julbernardia and Uapaca, while power models gave the most accurate estimates for
Colophospermummopane and Diplorhynchus condylocarpon For Brachystegia boehmii and
Julbernardiaglobiflora, both log and power models were equally accurate.
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For ILUA 1l the following recommendations are proposed.

1 The biomass data for felled trees that were used in this assessment did not represent trees in the
very large dbh classes that were inverried in the ILUA | survey. Although the error in the biomass
estimates did not appear to increase with increasing tree size, consideration should be given in
either ILUA Il or REDD+ to oldin biomass data for large (>56m dbh) trees in the country.
However, this recommendation should only be considered if resources are available because, in the
interim, the models recommended in thepaper are adequate for estimating aboveground biomass.

2 It is also recommended that for national estimates, one or a fewegeral models be used to
estimate aboveground biomass directly from diameter data. However, although such models can be
applied at subnational level, it is recommended that general models for each main forest type be
applied at subnational levels.

3 For REDD+ requirements, biomass and carbon stocks will be needed for forest types for which
volume and/or diameter at breast height measurements may not be appropriate. Thus, diameter
measurements at stem/treebase or stump height (0.£0.3m aboveground ground may be more
suitable. Estimating aboveground wood biomass for such forest types can initially be based on
existing models that use diameter or basal area at stem base as predictor variables. Such models
can be applied to estimating biomass and carbon stks in young trees in naturally regenerating
and agroforestry stands, in thickets, scrub vegetation and harvested stands with standing stumps.
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1. INTRODUCTION

1.1.Integrated Land Use Assessmentsin Zambia

There have beenl7 forest assessments (Table 1.1) and numerous other site specific forest
inventories conducted in Zambialn spite of the many forest assessments that have been done, the
databases collected during all these inventories, except ti8952z1967 and 200522008 inventories,
are difficult to find. Some District Forest Management Books developed from the 1952967
country-wide surveys contain data on felled acre (0.405a) sample plots. The datafor each felled
acre plot included tree species stem height, girth at base, breast heightcentre, and top from which
volume over bark of the stem was calculatedstacked volume of branch woog and estimated
firewood headloads

The Integrated Land Use Assessment of 2098008 (ILUA 1) was the most intensive and extensive
inventory ever carried out to collect both forestry and socieeconomic datain Zambia (Forestry
Department and FAQ 2005). The sampling design used in ILUA | was systematiwithout
stratification. Inventory sample tracts were located at every 30 minutes on the latitude/longitude
grid throughout the country. The country was covered by a total of 248 tracts but only 221 were
accessible However, some accessible tracts were lated in government restricted areaswhile in
other caseslandowners refused the inventory teams permission to carry out the surveyA track or
cluster is a square area of Km x 1km within which four rectangular sample plots were demarcated.
Each plot was20m wide and 250m long, with a total area of 0.%a. Within each plot three subplots
were delineated, one midway along the length of the plot and the remaining two at either end of
the plot. Each subplot waslOm wide and 20m long, and at the cente of the subplot, a micro-plot of
3.99m radius was established. All treesn the sample plotwith a diameter at 1.3n aboveground
(diameter at breast height, Dbhin cm) greater than 2&cm were identified by a vernacular or
scientific name, or both, and then measured. Inthe subplots, small diameter trees (7A | S $AE
20cm) were measured while micreplots were used b measure regeneration (Dbh <@m).

Equipment used in the inventory included Global Positioning System (GPS) devices for navigation
and geographical locations, Suunto Hyposometers for tree height measurements, Suunto
Compasses for angles (directions), Suunto diameters for tree diameter measments, Range
finders and rods for calculating distances and ranging out, respectively, and metal pegs for starting
each plot in a track.

Table 1.1 Forest assessments conducted in Zamlidased orfrorestry Department and FAO (2005).

Period Inventory

193271936 Sample plots established near Ndola to determine the productivity of indigenou
Brachystegiaz Julbernardia(miombo) woodland

194271944 Forest inventory to identify and estimate timbervolume for Copperbelt Province

194971951 Smallscale inventory to identify and estimate timber volume for Western
Province concession harvesting

195271967 Country-wide forest inventory to develop District Forest Management Books

1972 Timber and woodland survey of Protected Forest Area No. 170 in East Luangwa
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Period Inventory

198471986 Country-wide wood consumption and supply survey to determine woody
biomass resource in the country

1987 Southern Africa Development Coordination Conference (SADCC) widbenergy
study to determine woody biomass resource in the country

199471996 Government of the Republic of Zambia (GRZ) and Japan Internatior
Cooperation Agency (JICA) forest resources management study for Zambezi te
forests in southhwestern Zambia

1996 Provincial Forest Action Plan forest inventory in Mulungushi West Forest reserv
in Central Province and Mwewa Forest Reserve in Luapula Province

199671998 Provincial Forest Action Plan forest inventories in Copperbelt, Luapula an
Southern Provinces(Phase 1)

1997 Southern Africa Development Coordination Conference (SADCC) forest ai
assessment for Zambia

199972001 Provincial Forest Action Plan forest inventories in Copperbelt, Luapula an
Southern Provinces (Phase Il)

2000 Food and Agricuture Organization (FAO) forest area assessment for Zambia

2001 Environmental Support Programme (ESP) local forest inventories in Centrg
Province

200272003 Forestry Support Programme (FSP) forest inventories in Central, Copperbe
Eastern, Luapula, Lusaka, ®fthern, North-Western, Southern and Western
Provinces

2004 Forestry Support Programme (FSP) woody biomass resource assessment

200572008 Government of the Republic of Zambia (GRZ) and Food and Agricué

Organization (FAO) country wide Integraéd LandUse Assessment (ILUA I)

During ILUA |, 11 different field crews collected inventory datain the different provinces. The
crews identified the plot sample points with GPS receivers and placed a metal polesggermanent
marker at each starting point.Three reference featureswere noted at suitable locations for future
identification of the plot starting point. Bias and errors in the measurements and information were
due to flaws inthe measurementsthe methods of selecting samplegshe measurement tetiniques,
and the varying capacity and skills in estimating parameters among the field crew§he ILUAI
sampling designalso resulted in unequalsample representativeness For example someimportant
forest types were either not sampled or were poorly repesented (Table 1.2).

Table 1.2 Distribution of fully sampled trackgfour plots per track)during ILUA |. Based othe ILUA |

database.

Forest type Number of fully sampled
Floristic association ILUA classification tracks
Cryptosepalunevergreen forest Evergreen forest 1
Baikiaeaforest Deciduous forest 1

Brachystegiaz Julbernardia(Miombo)

Semtievergreen forest | 135

woodland
Kalahari Sand woodland Deciduous forest 20
Colophospermunmopane(Mopane) Deciduous forest 12

10
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Forest type Number of fully sampled
Floristic association ILUA classification tracks
woodland
Acacia(Munga) narrow-leaved woodland | Deciduous forest 2
Undifferentiated broad-leaved woodland | Deciduous forest 27
All forests 198

ILUA 1l is intended to improve information on sample plot location, marking and tree
measurements throughthe use ofbetter equipment, such as higher resolution GPS devices and
Range finders that can also more accuratelpeasuretree heights.In addition, ILUA 1l will carry out
tree re-measurements atselected ILUA | tracks and plotsThe ILUA Il sampling design will be based
on stratified systematic sampling to overcome theproblem of unequalsample representativeness
amongland use and cover types that characterized the systematic sampling design fatJA I. The
long and narrow sample plots used during ILUA | often included more than one land use and cover
type which presented problems in classifying tracks and/or plots and the associated data
according to land use and cover typeAlthough the samging design for ILUA Il has not been
finalized, the use of circular sample plothas beenproposed to replace the rectangular sample plots
used in ILUA I,

1.2 Terms of reference for the study
This study to assessexisting models for biomassand/or volume estimation consisted of three main
parts:

(i) Collection of existing biomass and/or volume models from Zambia and neighbouring countries
with similar species and growing conditions.

(i) Testing the different models on an existing Zambian database find confidence limits and to
determine (@) the accuracy and precision of the models for ILUA Il purposes and (b) the
need/usefulness to apply more than one model for ILUA Il purposes based on, for example, species
or species groups.

(iii) Preparation of a proposal on how to proceed in the most practical, cosdfficient way, so as to
best serve ILUA Il and UNREDD requirements for biomass and/or volume estimations. The
proposal should include considerations like working on a species biss the formation of tree
groups based on similarities in growing patterns, zoning of the country based on, for example,
rainfall patterns, etc.

The assessment was based on available biomass and volume data of felled trees/stems in Zambia
and neighbouring countries with similar vegetation types like Zambia.

11
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1.3 Brief history of volume and biomass estimation for Zambian trees and forests

Forest stocksin Zambia have traditionally been estimated using wood volume (Lees, 1962;

Alajarvi, 1996) with the aim of providing planning information for timber harvesting. The

001 OET AEAT &1 OAOOOU ! AOETT 001 COAIi T A jo&lroq OOAA
(Alajarvi, 1996), while the estimates of growing stock given in the Zambia Forestry Action Plan

(ZFAP) (MENR 1998) were based on the PFABssessments (see Table 1.1) However, Endean

(1967), following his work on the Ndola Indigenous Sample Plotsioted that the best indicator of
harvestable wood volume in indigenous forests wathe Sand Basal Area (BA) and he used this to
estimate the productivity of miombo woodland.

The interest in direct biomass estimation in Zambia arose from the need to determine biomass
regeneration and burning for ash fertilization under the chitemeneshifting cultivation in northern
Zambia. Stromgaard (1985a, 1985b) was perhaps the first researcher to apply logarithmic
regression models to estimate biomass from tree/stem dbh and height for trees in young fallow
regrowth after shifting cultivation. He developed separate equations for six dominant miombo
species, for undisturbed miombo and fo all trees measured in four 20n x 20m clear-cut sample
plots in KasamaDistrict. His approach was later used by Araki (1992) and Oyama (1996) who
worked in Mpika District. Araki (1992) measured the aboveground biomass of miombo woodland
in a 20m x 20m quadrant of semimature woodland (mitanda ste) for trees more than 2.5n high
following the cutting method of chitemene and separated the biomass ito stumps, trunks,
branches and leaves. Oyama (1996) used the regression between logight (dbh2 x H) and log
biomass to estimate biomass in two 10m x 1@ plots in regrowth miombo after chitemene and
from selected harvested trees in mature woodland.

The work of Chidumayo(1990, 1993a and 2002) was more concerned with estimating biomass for
charcoal production and productivity of miombo woodland using both selected drvested trees and
clear-cut 20m x 10m sample plots. He used simple linear regression equations based time
diameter, at 0.3m aboveground (dsh) for small stems and dbh for large stem® estimate different
biomass components for mature and regrowth miombo in Central, Copperbelt and Lusaka
Provinces (Chidumayo, 1990)and later used power and exponential modslto estimate stem wood
and twig wood, respectively (Chidumayo, 2002). He also developed a total of 68 biomass equations
for estimating different biomass components for individual species and species groups from trees
clear cut in 24plots, 20m x 10m, in the Chakwenga area of Chongwistrict (Chidumayo, 1993a).
Recently, Kutsch et al. (2011) estimated aboveground wood biomass in Kataba Forest Reserve in
Mongu District to assess the impact of charcoal production and greenhouse emissigragthough
they do not explain how they arrived at the estimates.

More recently, Kaonga and BaylisSmith (2010) developed linear, multiple linear and loglinear
regression models to estimate stem and total aboveground carbon stocks in twear-old improved
fallows in Eagern Province using a diameter at 0.10n aboveground ground and height. They
harvested 222 trees of 12 species and found that logarithmically transformed power functions
performed well in estimating aboveground carbon stocks in the fallows.

12
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1.4 Estimating t ree volume and biomass

The two approaches for estimating the biomass of woody vegetation types atke volume method
and the direct biomass estimate method he volume method uses measured volume estimates that
are then converted to biomass (tonnes/ha) using a variety of tools. The direct estimates tife
biomass method uses biomasallometric equations, i.e. functions that relate overy biomass per
tree as a function of a single or a combination of tree dimensions (Brown 1997). Tree biomass
eguations are very similar to tree volume equations in that both require data on tree diameter at
breast height (dbh) as an independent variable, often with tree heighH) and other variables, and
both use models of similar types. Buythey also differ in a number of ways.

For the volume estimation method, the tree volume must first be estimated before conversion to
biomass. Total tree volume (M) is calculated as tle sum of each component volume of the tree as
follows (Segura and Kanninen, 2005):

Vtot=\/stem+V|_.branch+Vs—branch 8 8 8 8 8 8 88 88 8 8 8 8 88 88 8 %NéAéEl ]

Where Vsemis total tree volume Vi.pranch is Volume of large branches and Mranch is volume of small

branches. However, more generallystandard models are used to estimate merchantable or bole

volume (up to the point of first branch or defect) and total tree volumePhilip (1994) describes

OEOAA OOAE 11 AAI Od ,(EEQ 4 BAADG A AR OA .O0TAIAGO 11T AAI

Volume estimates are then multiplied by specific wood density values to derive biomass estimates.
Specific wood density (SWDY)efers to oventdry mass per unit of green wood volume (t/n$ or
g/cm3). Where there is inadequate wood density data an estimate of a weighted mean wood
density can be made from known species by applying the arithmetic mean for known species to
unknown species For Africa, this is 0.58 with a range of 0.50 to 0.79 (Brown, 1997). Biomass
estimates are then subjected to biomass expansion factors to account for tree components whose
volume or biomass arenot measured, such as minor branches and twigB1 general the expansion
factor (ExpH is used to calculate total aboveground volume or biomas where there is partial
aboveground volume or biomass datand can be applied to both tree and plot datéSomogyi et al.,
2008).

Thus, biomass from volume data can be expressed as:
Aboveground biomass = Estimated volume over bark x SWDBxpF 8 8 8 8 8 &guation 1.2

Measurements on trees can be directly converted to aboveground biomass using biomass
allometric equations developed from trees of many species harvested with a large range of dbh in
order to estimate biomass per tree. The equationsetate dbh (cm) to biomass (kg/tree) or basal
area (cn?) to biomass (kg/tree). Thisdirect method therefore does not require volume estimates in
order to estimate biomass. However, it is important that the biomass of trees with large dbbe
estimated as accurately as possible because their contribution to the biomass of a forest stand is
much more than their number suggests (Brown, 2002). Similarly, it is important to evaluate several
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regression equations (linear, nonlinear and transformed nonlinear regression equations) and test
the behaviour of the equations against observed data before selecting the final equations. Thais
forest biomass inventory designed to measure forest biomassin addition to volume, can be
conducted to obtain dda on additional components of trees and additional forest areas, such as
young regrowth consisting of small stems or thickets or agroforestry standghat are not normally
included in forest volume inventories. Because of thisbiomass data are used for may purposes,
such as energy, fodder, medicine, etand therefore meet the requirements ofmore forest users
than volume data

1.5 Main sources of error in volume and biomass estimates

Volume and biomass estimation methods are associated with errors aifferent stages ofthe
process. However, because estimating biomass from volume estimates involves more steps than
direct biomass estimation, there are more sources of erraassociated withthe volume method than
the biomass method (Table 1.B The first potential source of error is the tree measurement
process. Errors in trunk diameter, height or specific wood density measuremestall result in
errorsin estimating the volume stocks and aboveground wood biomass he secondnain source of
error arises from the construction of the allometric equations. Ingeneral, forest allometric models
used for aboveground biomass estimation suffer from three important shortcomings: (i) they are
constructed from limited samples (i) they are sometimes applied beyond the valid diameter
range, and (iii) they often do nottake into account available information onspecific wood density
(Chave et al., 2005). It is therefore important to give confidence intervals for the volume and
biomass estimatescalculated by different models so that meaningful comparisons can be made
betweenthe models.

Table 1.3 Main sources of error in two methods of estimating aboveground wood biomass

Source of error Methodology
Volume estimates (cm 3or m3) Biomass (g or kg)
Tree i. Diameter(s) i. Diameter
measurements ii. Height(s) ii. Mass
iii. Specific wood density Only applicableif biomass is derived
from volume
Model estimates iv. Tree height Optional
v. Tree volume iii. Tree biomass
Conversion factors | vi. Conversion to mass Not applicable
vii. Conversion to plot estimates | iv. Conversion to plot estimates

There are a number of statistics for evaluating goodnessf-fit, but the Akaike information criterion
(Burnham and Anderson, 2002)corrected for small samples (AlICc) and residual standard error
(RSE) or the standard error of the residualsvhen reported together, provide sufficient information

on the quality of a statistical fit for mixedspecies regression models (Chave et 22005). However,

a simple way of evaluating the performance of the regression model is by measuring the deviation
of the predicted biomass (BiomasSyedict) from measured observed biomasgBiomassneasured for
each tree. This error is defined as follows (Chave et &005):
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ErI’OI‘ = 100(Bi0ma8§;redict? BiomaSSneasured)/BiomaSSmeasured8 8 8 8 8 8 8 8 8 %N C)A O E I T

This means that before selecting a model, the model must first be tested for its accuracy of
prediction against the observed data. The majority of the existing biomass models for dry forests in
sub-Saharan Africa (see Tabl@.1 below) have been selectedhot on the basis of their accuracybut
on the value of the coefficient of determination (#) which is a measure of the explanatory power of
the variance in the predicted variableand na necessarily on their accuracy as determined by their
mean error of prediction as suggested above. This means that one musst have access to the
observed raw data in order toobjectively evaluate the accuracy of the model derived froma
particular set of observedraw data. Only when this is done and the model meetsthreshold level of
accuracy can a model be applied to other data. For this reaséinwas not possible to evaluatehe
majority of existing volume and biomass models for forests in Zambia anthe neighbouring
countries with similar forests, because orignal raw data that was the basis for modedevelopment
are not available.

2. METHODOLOGY

2.1 Available models for Zambia and neighbouring countries

Many models have been developed and applied to estimate tree volume and biomass in eastern and
southern African countries with forest types similar to ZambiaHenry et al. (2011) present models
for Africa that have been published, although the coverage is by no means complete.This
assessment is limited tomodels for trees in natural forests and not in plantations because
plantation trees tend to have a different structure. In factZambia has only about 6@00ha of exotic
tropical pine and eucalyptus plantation forest, which constitutes an insignificant proportion j
0.1%) of the forested area in the countryThe main focus in this assessment is on the class or type
of models and not the variety of the individual models within each model class or typehich could
be numbered in the hundreds (for example,see Henry et al., 2011)Power models, for example,
belong to one clasf models that consists ofmany individual models that differ in terms of both
the predictor variables andother parameters or coefficients. The most commonly used models in
sub-Saharan African dry forests are presented in Table2.1 and these are the models that were
evaluated in this assessment. Linear models can be based on logarithmically transformed data (log
models) or squarerooted data and/or untransformed data. Others use power models based on
either dbh alone or in combination with other predictors, such as tree height and crown diameter,
or basal areabut a few use polynomial models. Very few researchers have used basal areaaas
predictor in the models. However, Endean (1967) and Frost (1996) indicated that stand basalear
provides a good index of both the harvestable volume anthe aboveground biomass of miombo
woodland stands and recentlya number of publications have shown the importance of basal area
as a predictor of biomass in tropical forests (Feeley et al., 200);

During the inception workshop for this assignment that was attended by stakeholders, it was
proposed to develop and select simple models with a minimum of eadg-measure critical
predictor variables that can be applied at national and subational levels.Brown (2002) also noted
that for practical purposes, regression equations based on diameter alone are more useful and easy
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to apply than those that additionally use heightbecause total tree height measurement is more
prone to error than diameter measurementand is not always available in field inventoriesin fact,
Kamelarczyk (2009) found only slight differences in biomass estimates based on dbh alone and
those based on dbh and height.

Table 2.1 Commonly used model types in estimating aboveground wood biomass irSahlaran
African dry forests.Where y is the dependent variable (biomass), x is the independent variable
(diameter, basal area and/or height), a is an estimate of the intercept of tlegnession line, b and ¢
are estimates of the slope of the regression line and d is the power coefficient.

Model type Publications that used the model to estimate biomass

Linear log model: Stromgaard (1985a, 1985b); Okelleet al. (2001); Ryan et al. (2010);

In(y) =In(a) + Mutakela (2009); Oyama (1996); Shackleton and Scholes (2011); Mugasha
bin(x) and Chamshama (2002); Malimbwi and Solberg (1994); Rutherford (1979);

Sawadogo et al. (2010).

Power model: y = | Mugasha and Chamshama (20028 leemput et al. (2004); Tietema (19934,
axd 1993b); Guy (1981); Munishi et al. (2010).

Polynomial model: | Ryan et al. (2010); Mabowe (2006).
y=a+hx+ hx2+
b3X3

2.2 Biomass and volume data

The data used in thisassessmentwere collected at 21 sites in Botswana, Tanzania and Zambia
(Figure 2.1 and Table 2.2) in the Zambezian floristic region of White (1983)and included 1319
stems representing & species The sites represent threevoodland types found in Zambiaand the
neighbouring countries. (i) BrachystegiaJulbernardia (miombo) woodland, (ii) Acacia (munga)
woodland and Colophospermunmopane(mopane) woodland.

Table 2.2 Description of vegetation and felled trefstems for which biomass measurementaere
madeat study sites in Botswana, Tanzania and Zambia.

Country/Site | Woodland type (age in | Year of | Number of | Felled Size
years for young growth) sampling | tree trees/stems range
species (dbh,
cm)?
Botswana
Serowe Acacia Mature 2005 7 61 3221
(Munga)
Serule Mopane Mature 2005 1 26 6731
Sexaxa Mature 2005 1 27 4739
Tamacha Mature 2005 1 29 4738
Tanzania
Kitulangalo Drier Mature 2002 20 30 1750
miombo
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Zambia
Chabesha Drier Young 1988, 22 336 1z9
miombo (7,9 &12) | 1990/91,
1993
Chisamba Mature 1988 7 13 2236
Kamaila Young 1988 19 47 1z11
(20)
Kamatupa Mature 1990/91 23 123 2738
Kankumba Mature 1988 24 217 2739
Mwambashi Young 1988, 23 231 2718
(16,18 & | 1990/91,
22) 1993
Nyati Mature 2000 2 15 4733
Sanje Mature 1988 5 11 27239
Soli Mature & | 1988 20 57 1z30
young
17)
Makeni Acacia Mature 2000 5 56 3232
(Munga)
Lamba Wetter Mature 1988 10 16 4731
Luano miombo Mature & | 1988 14 49 2743
young
(22)
Luanshya Young 1988 12 32 1z11
(15)
Maposa Young (7 | 1988 20 65 1z13
& 11)
Misaka Mature 1988 12 16 27232
Mwekera Mature 1988 8 13 5235

1dbh is diameter at breast height (1.3 m aboveground ground)
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Figure 2.1 Location of sites from whereaw biomass data of felled treesere obtained in Botswana,
Tanzania and Zambia.

Before felling, eachtree was identified to species levelwhile the diameters at stump height (0.17
0.3m aboveground) and breast heightX.3m aboveground were measured and recordedTotal tree
height was measured either before or after fellingFelled sample trees wereepresentative of tree
sizes in a plot or communityand the species included in the samples are given in AnnexTrees
were cut at ground level (S0.3m aboveground ground)and all aboveground parts (i.e., woodnd
twigs and in some caseteaves) separated and weighed with spring scalésmediately after felling.
Each stem of a multstemmed tree was treated separately.Subsamples of each tissue type were
collected and ovendried to constant mass to correct for moisture content and determie the total
abovegroundwood dry weight of each tree.n the case of samples collected in 1988 in Zambia, the
wood moisture content was measured by an electronic meter and an appropriate factor used to
determine dry weight. More details aboutthese methods can be found inthe original publications
(Chidumayo, 1990; Chidumayq 1993b; Chidumayq 2002; Mabowe, 2006; Mugasha and
Chamshama2002; Mutakela, 2009).

The 1988 data from Zambia also included bole length and, after crosscutting the main stem into
1.0m long logs from bottom to top, the middiameter of each logwas also measured andrecorded
for wetter miombo woodland. Smilar data, but without bole length, were alsorecorded for some
samples from diier miombo collected in 1990 and 1991(Table 2.3). The fresh weight of each 1.t
long log was recorded and converted to ovedry weight as described above. The data were used to
calculate stem volume and specific wood density.
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Table 2.3 Sample stemsnd 1.0n long logs usedbr determining volume and specifiwood density of
miombo woodland trees in Zambia

Species Wetter miombo Drier miombo
Sample Sample logs | Sample Sample logs
stems (from base stems (from base

to top of to top of

stem) stem)
Albizia antunesiana 3 21
Baphia bequaertii 2 15
Brachystegia boehmii 1 9 38 145
Brachystegia longifolia 3 17
Brachystegia spiciformis 3 27 8 51
Brachystegia utilis 5 34
Burkea africana 12 42
Dichrostachys cinerea 7 17
Diplorhynchuscondylocarpon 3 21 5 24
Faurea saligna 1 9
Faurea speciosa 3 7
Isoberlinia angolensis 6 54 29 157
Julbernardia globiflora 66 337
Julbernardia paniculata 3 27
Marquesia macroura 1 9
Monotesspp. 8 31
Ochna schweinfurthiana 1 6
Parinari curatellifolia 4 27 8 34
Pericopsis angolensis 1 9 2 11
Phyllocosmus lemaireanus 12 46
Proteaspp. 5 13
Pseudolachnostylis maprouneifolig 1 8 2 5
Pterocarpus angolensis 1 4
Strychnos innocua 1 5
Swartzia madagascariensis 3 9
Syzygium guineense macrocarput 1 7 6 14
Terminalia sericea 1 9
Uapaca kirkiana 38 153
Uapaca nitida 1 7 17 97
Vangueriopsis lanciflora 1 3
Ximenia americana 1 3
All species (31) 32 264 282 1269

2.3 Statistical models for biomass estimation

Becausedestructive sampling of the entire aboveground mass of trees is a costly, difficult and
labour-intensive process,the preferred method for estimating the biomass of individual trees or
whole stands is to make use of the strong relationships between the stem diameter and the mass of
tree biomassor its components. These relationships vary within and between speciglsut biomass
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allometric equations developed from trees of many species harvested with a large rangesifes
can be used to estimate biomass per treéndeed, for species rich forests and woodlands, mixed
species tree biomass regression models have been recommended (Chave et al., 2006
equations relate dbh (cm) or basal area (cA) to biomass (kg/tree). Brown (1997) highlighted the
importance of evaluating several regression equations (linear, nodinear and transformed
nonlinear regression equations) and testing the behaviour of the equations against observed data
before selecting the final equationsValidation of regression equationsentails tree felling of a
sufficient number (>25) of representative trees (de Gierl999) or at least 50 trees(Chave et al.,
2004). The evaluation of the performance of the regression modeln this study was done by
calculating the deviation of the predicted from the measured observed biomass for each treas
given in Equation 1.3

The mean acrossampletreesis the mean error (or bias, in %), and the standard deviation adrror
among sample treesis the standard error (also expressed in %)that represents the overall
predictive power (accuracy) of the model. The smaller the mean error, the more accuratéhe
allometric model, and the smaller the standard errorof the mean error, the more precise isthe
regression modelin estimating the measured biomassAlthough the selection of many of the
existing models has been based on the coefficient of determination2jy there was no clear
relationship between r2 and mean error in this study (Figure 2.2). Thushigher values of 2 did not
necessarilymean a lower mean error or higher madel accuracy.
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Figure 2.2 Scatter plots for coefficient of determination {y versus mean error for biomass models:
(a) linear log models and (b) power models based on dbtodels with 2 <60.00 have been excluded.

One of the fundamental assumptions of linear regression is that the data is normally distributed and
that, where this is not the casethe normality of the data can be improved by log transformation of
the original data. The Shapirewilk (W) test (Statistix 9.0°) was used to evaluate whether the data
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were normally distributed before and after transformation. The test can also be applied to residuals
resulting from a linear regression analysis. The W statistic apprates 1.0 for normally distributed
data with an associated pvalue that is >0.05.The logtransformation of the datamay improve the
normality of data distribution but also entails a bias in the final biomass estimatiorafter back-
transformation and uncorrected biomass estimates are theoretically expected to underestimate the
real value. A simple, first order correction for this effect consists of multiplying the estimate bg
correction factor (Chave et al. 2005):

CF=exp((RSE/2) 888888888888888888888888888WNOA

CFis always>1.0, exp is equal to 2.7183and RSE is obtained from the model regression procedure.
The largerthe RSE is, the poorer the regression model and the larger the correction fac{&F).

The estimates basd on the modeltypes in Table 2.1 were evaluated against the observed field
measurements the assumption being that biomass values obtained from felled trees/stems
represent the best estimate anchavethe least errors compared to model estimates.

2 .4 Selection of models for volume estimation
Philip (1994) discussed three models that areisedto estimatebole, stem andog volume from field
measurements of felled treesThesemodels were evaluated andare given as follows:

i EQ 4EA iJi1AAI BA T65+@2))I8A , | A

i EEQ ( OAAO&MOdw?)/4 AAT d 6 E j

j EEEQ . AxO1 1 6 Q2+iddAA:k))24 6 E | A, | A
Where:

d; = diameter at base otem/log (m)

dm = diameter at mid-length of stem/log (m)

d2 = diameter at top ofstem/log (m)

L =stem/log length (m)

V = volume ofstem/log (m3)

From the field data, dwas represented bythe diameter at stump height (f9.3 m above ground), d
was the midlength diameter of the 1.0m log halway along the length of the stenor bole, d was
the mid-length diameter of the 1.0m log at the top of the sterar bole and L was the total height of
the stem or bole. Stemor bole volume estimates obtained by these models were compared with
those estimated by summing the volume estimates of indidual 1.0m logs for each stemor bole.
Thus, stem or bole volume by this summation methodwascalculated as
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Volume (m3Q  E2/4nCA ®RIAT C 848 .8.C...A A, EQuation 2.

Where d: is mid-diameter of log 1 at the base of the stem, dis mid-diameter of log 2 and so on and
dn is mid-diameter of the last log on top of the stenor bole. As each log was 1.tn long, log length is
not explicitly shown in Equation 2.2.

For ILUAI, the following models were used to estimate bole and tree/stem volume:
Bolevolume (MQ E j AAEG I T .QA(LE e, 3.Equation 2.
Stemvolume (MQ E j AAEG I LA (LB e 4.Equation 2.

Where H is tree height, fis a correction (form) factor of 0.74 and §is a correction (form) factor of
0.68. Note that in the published ILUA | report these factors are wronglyeversed (see Equation 3.1
for stem volume) and the sources for factors were not giveriThe mean values of these factors
calculated from data of felled stems in miombo woodland in Zambia wer0.81+0.04 for fand
0.67x0.01 for §. The performance of thesdLUA | models wasalso evaluated in the same way as
described above forbiomass models.

2.5 Specific wood density

Specific wood density was calculated by dividinghe ovendry weight of the 1.0m long log by the
calculated freshvolume of the individual log. A meanspecific wood density (SWD) value for each
species was calculated using the data for all thetem logs (from bottom to top of stem) of that
species(seeTable 2.3 for sample sizes)These mearSWDvalues are given in Tabl 4.

Table 244 EA 31 Al E Spedifid wdod derity ¢f trees in drier and wetter miombo woodland
in Zambia.Standard error is not shown where values weskse tozero.

Species Wetter miombo Drier miombo
Kg m-3 Kg m-3

Albizia antunesiana 603.0

Baphia bequaertii 644.85

Brachystegia boehmii 583.54 616.0

Brachystegia longifolia 712.87

Brachystegiaspiciformis 602.66 671.0

Brachystegia utilis 702.0

Burkea africana 543.0

Dichrostachys cinerea 599.0

Diplorhynchus condylocarpon 865.29 586.0

Faurea saligna 600.52

Faurea speciosa 651.0

Isoberlinia angolensis 544.18 560.0

Julbernardiaglobiflora 680.0

Julbernardia paniculata 683.22

Marquesia macroura 640.7
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Species Wetter miombo Drier miombo
Kg m3 Kg m3
Monotesspp. 701.0
Ochna schweinfurthiana 545.0
Parinari curatellifolia 606.62 611.0
Pericopsis angolensis 997.87 654.0
Phyllocosmus lemaireanus 637.0
Proteaspp. 508.0
Pseudolachnostylis maprouneifolia 704.94 671.0
Pterocarpus angolensis 537.0
Strychnos innocua 740.0
Swartzia madagascariensis 598.0
Syzygium guineense macrocarpum 524.77 494.0
Terminalia sericea 693.87
Uapaca kirkiana 505.0
Uapaca nitida 526.92 535.06+9.06
Vangueriopsis lanciflora 399.0
Ximenia americana 463.0
All species (31) 651.45+20.07 602.36+4.15
Combined data 618.55+16.81

3. ASSESSMENT OF VOLUME MODELS USING INDIVIDUAL TREE DATA

3.1 Evaluation of volume models

The five methods used to estimate bole volume for wetter miombo species gave significantly
different results (ANOVA: F = 22.43, P<0.0001). However, multiple pairwise comparisons revealed

that the Smalian method gave significantly higher volume estimates @& the other methods (Figure

3.1). Stem volume estimates for drier and wetter miombo also showed that estimates by the
Smalian method were significantly larger than those bythe other four methods (F = 72.58, P

<0.0001; Figure38 pd8 OEEIED jpwwtq AT O 11 0AA OEAO OEA
estimates than the other methods and for this reasgqrOEA 31 AT EAT 8O0 1| AOET A xEI |
any further in this report. However, it is important to note that the PFAP volume eBhates were
AAOAA 11 OEA 31 Al EAT dmichimhyAhBve regultetl i igherGstem voirmew ¢
estimates
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Figure 3.1 Estimates of bole (top) and stem (bottom) volumes by five different methods: summation
j36igqh ),5! v j),5'qh (OAAOB8O j (OAAOQh . AxOi 1860 j
each bar indicates standard error of mean and bars with the same letteere not significantly

different.

3.2 Stem volume estimates using ILUA | data

Stem volume estimates using ILUA | data are given in Table 3.1. The volume estimateh@lLUA |
report are higher than those calculated using Equation 2. It is difficult to explain thesource of the
differences, unless the reported ILUA | estimatesvere based on a different formula. The Equation
for stem volumeestimation reported in the ILUA | report is as follows:

Stem volume = (DbBF T (ewtee (A 4 8BS 8 88 88 8 8 8 &dhddién 3.1

Where Hq is tree height and 0.74 is form factor. Discussions with ILUA | Assistant National
Coordinator (Mr Jackson Mukosha) and National Consultant (Mr Abel Siampale) over this formula

revealed that in reality, the formulA OOAA n8oyw AO £l O AAAGS BedAT A T 1]
But, even with the use of 0.74 as a form factothe volume estimates only increase to 42.0+2.77

m&/ha for miombo woodland and 30.0+3.67 n§/ha for deciduous forest, which are still much lower

than the reported volumesin Table 3.1.
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Table 3.1 Stem volume estimates for adequately sampled forest types using ILUA | data.

Forest type Estimated stem | Volume

Floristic association ILUA classification volume estimates
(m3/ha) (m3/ha) in ILUA

report

Miombo woodland Semievergreen forest | 38.6+2.54 62.4

Kalahari Sand woodland Deciduous forest 35.24+5.69

Broad-leaved woodland Deciduous forest 17.2+3.52 40.0

Mopane Deciduous forest 44.5+9.82

All forest types 35.0£2.06 51.2

4. ASSESSMENT OF BIOMASS MODELS USING INDIVIDUAL TREE DATA

4.1 Biomass models for different forest types

Annex 2 gives the details of the models and their outputs using the individual trebiomass data.
Using the deviation of the predictedfrom the measured observed biomass for each tree (mean
error, %) the models that gave the most accurate estimategwith narrow confidence intervals) are
the log modek and power modek (Table 4.1). It is also important to note that log transformation of
data did not always significantly improvethe normality of data distribution (see Annex 2) The
powergs,n model type gave reasonable error terms of <20% for all the data sets except for drier
young miombo, drier miombo in Tanzania and munga woodland (Tablet.1). The polynomial
models only performed well for Zambian muga and mopane woodlandswhile the polynomial
based on dbh and BA were good for the Zambia oldgrowth data set and drier oldgrowth,
respectively.

Table 4.1 Deviatiors of the predictedfrom the measured observed biomass by different modeding
community data Bold figures indicate regression models with less than 20% mean error that was
adopted as the minimum acceptable level of accuracy.

Data set | Deviation mean error (%) for each model estimates

Log Logcr Polymonial Polynomial | Power Power
(dbh) (BA) (dbh) (BA)

All Zambia miombo 20.9 21.0 515 14.9 7.3 7.3

All Zambia young 24.9 25.0 80.6 85.5 46.8 46.8

growth

Drier young miombo 23.7 23.8 69.2 89.5 15.3 15.3

Wetter young miombo | 26.4 27 74.8 65.4 10.2 10.2

All Zambia oldgrowth 12.9 13.3 33.7 1.7 2.3 2.3

miombo

Drier oldgrowth -35.9 -35.6 7.0 -47.0 -7.8 -7.7

miombo in Zambia

Wetter oldgrowth 10.9 14.3 38.7 21.4 22.3 22.3

miombo in Zambia

Drier oldgrowth 29.1 51.1 1389 30.5 65.6 65.7

miombo in Tanzania
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Data set | Deviation mean error (%) for each model estimates
Log Logcr Polymonial Polynomial | Power Power

(dbh) (BA) (dbh) (BA)
Munga in Zambia 4.1 54 12.9 7.8 23.1 23.1
Mungain Botswana 9.4 21.6 24.4 24.1 26.8 26.8
Mopane 5.6 6.5 8.5 5.9 -3.2 -3.2
All the data 16.6 16.9 134.7 10587 24.4 24.4

Nickless et al. (2011) foundconfidence intervalsof aboveground woody biomass estimates derived
from log models for sites in Kruger National Park, South Africa, tange between 24% and 9%,
with larger biomass estimates generally having wider intervalsl. chose the 20% coridence interval

as an acceptale cut-off point for good performance ofa regression model The log and logemodels
gave the most accurate estimates for all the data from the three countries but power models gave
the most accurate estimates for the miombo data, especially oldgrowth mitho in Zambia. There
was little difference between the use of dbh and BA in the power model. Surprisingly, none of the
models performed well for the drier oldgrowth miombo data at Kitulangalo in Tanzania, although
Mugasha and Chamsham@002) used log models to estimate biomass of that woodland'he log
transformation correction factor (CF, see Equation 2.1in the log model increased estimates and
mean error slightly (Table 4.1). Polynomial models were generally less accurate than thather
models, expect for oldgrowth miombo in Zambia for which the polynomial model based on BA gave
the most accurate estimatesGenerally, model estimates with the lowest mean error also had the
lowest standard error of mean error (see Annex 2).

4.2 Biomass models for species and species-groups

Annex 3 gives the full description of model outputs based on species and species groufs.
observed for the different forest types, log models gave accurate estimates in nearly 80% of the
species and species groups comparison to 50% and 3@35% for power and polynomial models
respectively (Table 4.2). Log models gave the most accurate estiates forlsoberliniaangolensis and
Uapacaspecies andspeciesgroups of Acacia Julbernardiaand Uapacawhile power models gave
the most accurate estimates forColophospermunmopane and Diplorhynchuscondylocarpon For
Brachystegiaboehmiiand Julbernardiaglobiflora, both log and power models were equally accurate.
None of the models accurately estimated the biomass of the shrub specieghrostachysinerea

Table 4.2 Deviations of the predictedfrom measured biomasdor different models using species
and/or specieggroups.Bold figures indicate regression models with less than 20% mean error that
was adopted as the minimum acceptable level of accuracy.

Species/Group | Deviation mean error (%) for each model estimates

Log Logcr Polymonial | Polynomial | Power Power

(dbh) (BA) (dbh) (BA)

Colophospermunmn| 5.6 6.5 8.5 5.9 -3.2 -3.2
mopane
Albizia species | 20.6 23.5 33.2 -18.2 -39.4 -39.4
Brachystegia 12.9 13.2 -32.0 -123.0 -12.8 -12.9
boehmii

26



Assessment of Existing Models for Biomass Volume CalculafiongJA Il

Species/Group | Deviation mean error (%) for each model estimates
Log Logcr Polymonial | Polynomial | Power Power

(dbh) (BA) (dbh) (BA)

Brachystegia 13.1 13.6 -87.0 36.2 -36.0 -36.2

species

Diplorhynchus 28.0 30.1 51.5 34.8 8.8 8.7

condylocarpon

Isoberlinia 5.5 7.0 14.1 -32.5 31.6 31.6

angolensis

Julbernardia 9.4 10.6 47.9 37.1 9.6 9.7

globiflora

Julbrernardia 9.1 10.3 9.9 -77.8 14.2 14.2

species

Uapacaspecies | 12.7 13.7 146 30.7 85.1 85.1

Uapaca kirkiana | 13 14.3 108.7 50.3 92.5 92.5

Uapaca nitida 11.1 15.8 246.9 2689.0 58.2 58.2

Piliostigma 2.4 3.9 5.9 11.7 8.1 8.1

thonningii

Acaciaspecies 4.4 8.4 18.7 16.3 10.0 10.0

Dichrostachys 39.3 40.4 87.9 96.2 62.3 62.3

cinerea

4.3 Aboveground b iomass estimat es
4.3.1 Estimating biomass from tree volume data

Specific wood density (SWIP(see Table2.4) values were used to convert stem volume estimates to

biomass estimates using the different stem volume modelsvVolume estimates weremultipl ied by

SWDto derive biomass estimates [Figure 4.1). Compared to observed stem biomassdata, the

. AxOT 160 1 AGET A O AAOA OQEA | EquAtidon 2X)Eniethddl Overestintated A OE A
biomassAOO OEA OOi i AGETT AT A (OAAOSO 1 AOET AO t¢ AOA Al
the observed values. However, when all th@boveground wood biomass (excluding leaves)is

considered, even thdLUA | method slightly underestimated abovegroundwood biomass. Thusto

improve the estimates for all the abovegroundwood biomass, the estimatesderived from

multiplying volume by SWDshould be correced by an expansion factor ExpB which is calculated

as follows:

ExpF=OTB/(VXxSWD)8 8 888888888888888888888nNOAOEI
Where ExpFis biomass expansion factomas in Equation 1.2 OTB is observed total aboveground

biomass (kg) and S8VD is specificwood density (kg/m 3). The expansion biomass factors for the
different methods used incalculating stem volume(V in Equation 4.1)are given in Table4.3.
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Figure 4.1 Aboveground wood biomassstimates from volume data and field observations for drier

and wetter miombo specie; Zambia Estimates by the summation (Sunmi),UA | (ILUA), HOAA O3 O

i (OAAOQ AT A .AxOT T80 j.Ax0I1q i AOE I iwdodOuséndani AOAOOA
all wood instem, branches and twigs (Obser)

Table 4.3 Biomass expansion factor€ExpFs)for biomass estimated by the product of volume and
specificwood density using different methods for miombo woodland trees.

Method of estimating volume Biomass expansion factor (mean+1SE)
Summation 1.68+0.03
ILUA I 1.38+0.02
( OAAOB8 O 1.71+0.03
. Ax01160 4.28+0.09

The biomass estimategpublished in the ILUAI report were based onthe IPCC (2006) methodology
using stem volume data (Equation 2) and the following Equation to estimate aboveground wood
biomass (AGB):

AGB = GS X BCEE ... e Equation 4

Where GS is growing stock (fover bark) and BCEF is biomass conversion and expansion factor
(growing stock in tonnes m?). Often, BCEFs areapplied to plot or stand level data to estimate plot

or stand biomass. Kamelarczyk (2009) used low anaverageBCEF values to derive AGB using ILUA
| data after calculating stem volume using th&quation:

30AT Of 1 Ol2A04)/ At AsREs 8888888888888 sEqudtiohue3

Where H is tree height and 0.74 ia correction (form) factor (fg) as described inEquation 24. This
means thatKamelarczyk (2009) useda higher factor valuebased onthe ILUA | report that should
have beenchanged t00.68. Kamelarczyk (2009) also used two other global models (Brown, 1997;
Chave et al. 2005) to estimate biomass from volume datiaut these models were not evaluated in
this study because they are derived from data of forests not found in Zambéad the neighbouring
countries with similar forest types (see Terms of Reference)
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4.3.2 Estimating biomass usingUA | treediameter data

The majority of sample tracks used to collect forest inventory data during ILUA | were located in
miombo and Kalahari Sand woodlands (78%) that share similar tree species, undifferentiated
broad-leaved woodland (14%) and mopane woodland (6%). Some tree spies in broadleaved and
mopane woodlands are also found in miombo and Kalahari Sand woodlands. Téelected best
general model for estimatingaboveground wood biomassAGRB for all the ILUA | datais therefore
the log model(with a mean error of + 16% see Table 4.):

In AGB = 2.342*In(dbh)z 2.059 8 8 8 8 8888888888888888NNOAOEI

This model was applied to estimate AGB using dbh dat@ihe modelwas developed usng stems

with a dbh range of £50 cm and should ideally be applied to stems within this range. However, the

dbh range of saple stems in ILUA | data was245cmal OET OCE wwb xA@A. Itis£ AAE
therefore difficult to determine the error in estimation of biomass forstems large than 50.00cm

dbh. But the relationship between error in biomass estimate and dblappeared to stabilize withan

increase in the size of trees (Figure 2).

Figure 4.2 Relationship between stem size and biomass estimation error for miombo woodland trees
in Zambia.

Biomass estimates from stem volume are based on the following equation:
AGB ={ AAE Q TolOBAN .. ..ottt Equation 4.5

Where 0.619 is mean SWD for all speci¢$able?2.4).
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