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Abstract

Background: National forest inventory and forest monitoring systems are more important than ever considering
continued global degradation of trees and forests. These systems are especially important in a country like
Bangladesh, which is characterised by a large population density, climate change vulnerability and dependence on
natural resources. With the aim of supporting the Government’s actions towards sustainable forest management
through reliable information, the Bangladesh Forest Inventory (BFI) was designed and implemented through three
components: biophysical inventory, socio-economic survey and remote sensing-based land cover mapping. This
article documents the approach undertaken by the Forest Department under the Ministry of Environment, Forests
and Climate Change to establish the BFI as a multipurpose, efficient, accurate and replicable national forest
assessment. The design, operationalization and some key results of the process are presented.

Methods: The BFI takes advantage of the latest and most well-accepted technological and methodological approaches.
Importantly, it was designed through a collaborative process which drew from the experience and knowledge of multiple
national and international entities. Overall, 1781 field plots were visited, 6400 households were surveyed, and a national
land cover map for the year 2015 was produced. Innovative technological enhancements include a semi-automated
segmentation approach for developing the wall-to-wall land cover map, an object-based national land characterisation
system, consistent estimates between sample-based and mapped land cover areas, use of mobile apps for tree species
identification and data collection, and use of differential global positioning system for referencing plot centres.
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Results: Seven criteria, and multiple associated indicators, were developed for monitoring progress towards sustainable
forest management goals, informing management decisions, and national and international reporting needs. A wide
range of biophysical and socioeconomic data were collected, and in some cases integrated, for estimating the indicators.

Conclusions: The BFI is a new information source tool for helping guide Bangladesh towards a sustainable future.
Reliable information on the status of tree and forest resources, as well as land use, empowers evidence-based decision
making across multiple stakeholders and at different levels for protecting natural resources. The integrated socio-
economic data collected provides information about the interactions between people and their tree and forest resources,
and the valuation of ecosystem services. The BFI is designed to be a permanent assessment of these resources, and future
data collection will enable monitoring of trends against the current baseline. However, additional institutional support as
well as continuation of collaboration among national partners is crucial for sustaining the BFI process in future.

Keywords: South-Asia, Forest monitoring, Innovation, Remote sensing, Socio-economic, Partnership, Ecosystem services,
Carbon sequestration

Background
Forest resource monitoring has long been applied for
managing natural resources and is perhaps more import-
ant now than ever. Over the past 25 years, the world’s
forest area continues to decline, with a net loss of some
129 million ha (FAO 2015a). Although the annual rate
of deforestation has slowed during the period 2010–
2015, land resources are increasingly being degraded and
the need for quantitative and spatial information has
increased (Dubovyk 2017).
The Sustainable Development Goals (SDG) (UN 2015),

as well as multilateral environmental agreements, recognize
forests as key ecosystems for the sustainability of our soci-
eties. The role of trees and forests is increasingly recognized
for the multiple services they provide. However, the cap-
acity to collect, compile and analyse data, and to generate
and disseminate forest related information needs strength-
ening in many countries (FAO 2017).
National forest inventories (NFI) are crucial for

national forest monitoring (FAO 2015b) and are used to
report to international frameworks, such as FAO’s Forest
Resources Assessment (FRA). Contributions to the FRA
have increased, with 45 countries reporting forest esti-
mates from NFIs in 2010 (FAO 2010) to 112 in 2015
(FAO 2015a). NFIs and national forest monitoring sys-
tems are continually evolving to improve precision and
accuracy of estimates and, more recently, to consider
policy needs (Kleinn 2017). Political and socioeconomic
settings for policy decision-making about forests are
complex and characterised by growing user demands
and efforts to produce data that are not only technically
reliable and cost-efficient but also relevant to and ac-
cessible by stakeholders (Arnold et al. 2014).
Bangladesh is a deltaic country with one of the largest

population densities in the world (1253 people per km2).
The current estimate of 163 million people is expected
to grow to 192 million by 2050 (UNDESA 2019). Despite
socio-economic and environmental challenges, in 2015,

the country became a lower-middle income country and
aspires to become an upper-middle income country by
2021 (GED 2018). However, the growing demands for
food, energy, and timber put tremendous pressure on
the remaining forests. While most of the deforestation
happened in the semi-evergreen hill forests of the
Chittagong region (Dhali 2008; Reddy et al. 2016), all
forests, including the Sundarbans (the world’s largest
contiguous mangrove forest) and the coastal plantations,
in particular the planted mangroves, are under pres-
sure (Uddin et al. 2019). In addition, Bangladesh is
one of the most vulnerable countries to climate
change (Hasnat et al. 2018; Mojid 2020). Increasing
income inequality and vulnerability of the poor to
shocks such as those from natural disasters, and en-
vironmental degradation and unsustainable use of the
remaining natural resources are major areas of con-
cern. These may undermine its recent gains and fu-
ture development trajectory.
Multiple forest inventories have been conducted in

Bangladesh for different purposes and at various
geographic scales. The impetus for conducting a forest
inventory evolved over time, historically focusing on
quantifying the timber resource, often for a specific pur-
pose such as to service pulp mills (Forestal 1960), to
more multipurpose inventories (Iftekhar and Saenger
2008). As the Government’s focus changed to producing
accurate forest information at the national scale, the first
national forest and tree resource assessment was carried
out in Bangladesh during 2005 to 2007 (FD, FAO, 2007).
The 2007 inventory successfully provided national esti-
mates of forest resources, however, its usefulness for
monitoring tree and forest resources was limited because
of the difficulty in re-locating the field inventory plots,
and the limited documentation of the previous field data
collection process (Costello et al. 2016). In addition,
there was generally a lack of awareness of the data
generated, limited access to the data, and insufficient
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information on key forest types such as Sal (Shorea ro-
busta) and coastal forests. In summary, as in other coun-
tries, the usefulness of inventories prior to the current
study in Bangladesh has been limited because of incon-
sistent methods, unclear data sharing structures, lack of
skilled human resources, lack of access to technologies,
and insufficient financial capacities. Yet, forestry infor-
mation remains a high priority for Bangladesh as is
recognized in key national plans and strategies such as
SDG’s (GED 2018), seventh 5 Year plan (GED 2015),
Country Investment Plan for Environment, Forests and
Climate Change sectors (GoB 2017a), the Reducing
Emissions from Deforestation and Forest Degradation
(REDD+) mechanism (MoEFCC 2018), the country’s for-
est investment plan (MoEFCC 2018) and the Bangladesh
Forestry Master plan 2017–2036 (FD 2016a). In the light
of these plans, the Government is currently setting tar-
gets to enhance forest area, increase the area of tree-
covered land and increase the proportion of important
sites for terrestrial and freshwater biodiversity by 2030
(GoB 2020a). Consequently, to meet the increasing need
for tree and forest resource information, an institutiona-
lised national forest inventory, which combines biophys-
ical, land-use, and socio-economic data collected from
the field and by remote sensing was envisioned in 2015
and implemented from 2016 to 2019. The aim of this
article is to present the Bangladesh Forest Inventory, the
centrepiece of the Forest Department’s national forest
monitoring system, including its design and operationali-
sation process and key results.

Methods
Bangladesh Forest inventory design process
The design of the Bangladesh Forest Inventory was pre-
pared through a stepwise and consultative process. This
included the development of a specific set of objectives
and a process of identification of criteria, indicators and
variable selection using the Design Tool for Inventory
and Monitoring (Scott et al. 2009). Criteria and indica-
tors are the means for monitoring the achievements or
progress towards sustainable forest management (Julve
Larrubia et al. 2017). Seven criteria and 47 indicators
(Fig. 1) were identified for organising the BFI results
along with other available data and information taking
into consideration the need for the BFI to contribute to
national and international reporting requirements as
well as policy makers’ data needs (GoB 2017b).
The wide ranging data needed for informing the

criteria, indicators, and variables were collected across
the country through sample plots for the biophysical
data, sample households for the socio-economic data
and using remote sensing for the land use and land
cover mapping through collaborative efforts of different
expert agencies (GoB 2020b).

Integration
An integrated approach considering both natural and
social sciences (Zeng et al. 2015; Tewari 2016; Mensah
and Casadevall 2019) is required for sustainable natural
resource management through development of common
indicators as they are interrelated and interdependent
(De Lange et al. 2010). Three components (field inven-
tory, remote sensing-based land cover analysis, and
socio-economic survey) are integrated in the BFI to bet-
ter inform decision-making to manage the interactions
between people and natural resources for sustainable
forest management. Particular attention was put into the
sampling design of the socio-economic survey for the
integration between the socio-economic and biophysical
components.

The biophysical NFI design process
The design of the BFI is stratified random sampling with
zones serving as strata, using quasi-systematic sampling
within strata. The number of plots within each stratum
was optimized to achieve minimum cost while also
meeting national precision requirements for each of the
key attributes of interest to be between ±5% to ±10% of
the attribute mean at the 90% confidence level. This was
achieved iteratively by using the Forest Resource Inven-
tory, Edit and Design (FRIED) tool (Scott 1993) and
following the process and inputs as described below.

Stratification
Five specific zones, which capture major differences in
vegetation, soils, climate and land use, were used for
stratification. The strata (or zones) afford the opportun-
ity to use different sampling intensities to improve over-
all precision and to simplify estimation of change over
time. The five zones are Sal (small forest areas domi-
nated by Shorea robusta trees and mostly nonforest),
Sundarban (dominated by mangrove tree species), Hill
(hilly areas dominated by Dipterocarpus spp., Swietenia
mahagoni, Tectona grandis, and others), Coastal (domi-
nated by Sonneratia apetala, Avicennia officinalis, and
Excoecaria agallocha), and Village (all areas not occu-
pied by the other zones with no trees or mainly planted
trees) (Fig. 2).

Cost assessment
Costs included on-plot costs (time and materials) and
off-plot costs (travel, equipment, supervision and lab
analysis). The estimated costs of each potential design
combination were based on costs depending on the plot
configuration, the number of plots, distances between
plots, and accessibility within each zone.
The cost for transportation was calculated considering

an average distance between field offices and any loca-
tion in the zone, and the average transport cost within
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each zone (Fig. 3), and assuming that one plot is mea-
sured in 1 day and that the field team spent an average
of 15 days in the field at a time for all zones except the
coastal zones where field teams must go back to the duty
station after each field visit.

Optimization of sample size and plot configuration
While there are linear, nonlinear and integer program-
ming algorithms and software to do optimizations, these
models do not accommodate well a mixture of models
and integer and continuous design variables. The FRIED
tool (Scott 1993) optimizes the process to select efficient
plot configurations and sample sizes by minimizing the
total inventory cost subject to fixed precision require-
ments (confidence interval and confidence limit) for key
metrics (tree resource indicators) of interest. Since the
target plot-related total costs were USD 2 million, adjust-
ments were made as needed to the precision requirements.
Combinations of plot configurations were formed by the
number of subplot locations (m), the average pairwise
distance (d) between subplot centres based on number, dis-
tance and spatial arrangement, such as L-shape or radiating

from a single centre subplot location, the small tree subplot
size (zS) and the large tree subplot size (zL). For each com-
bination, the coefficient of variation (CV) was predicted for
three key metrics (biomass, volume and number of trees).
CV models were developed for three different land types,
and two concentric plots designs for sampling small trees
vs. large trees using data from previous forest inventories
(FD, FAO, 2007; Donato and Iqbal. 2011) using Eq. (1):

CV i ¼ b0m
b1 d þ 1ð Þb2zb3S zb4L ð1Þ

The sample size, n, for each metric i is estimated using
Eq. (2).

n≥ max
t CV i m; d; zS; zLð Þ

Errori%

� �2
" #

ð2Þ

where, n > 2; n is the minimum required sample size
across all metrics; Errori% is the confidence interval half
width for the key metric i, e.g., ±5%; t is the Student’s t-
value based on the desired confidence level, e.g., 90%;
CVi is the percent coefficient of variation for key metric
i predicted using Eq. 1.

Fig. 1 Visualization of the relationships of data from multiple sources for multiple purposes in the BFI process. The numbering corresponds to the
number of indicators in each criterion (modified from GoB, 2020a, b)
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Fig. 2 Zones for the biophysical component of the Bangladesh Forest Inventory
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Fig. 3 Mean estimate distance from road to plot (Euclidean distance from the closest road was calculated for each pixel of 1 km by 1 km)
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The optimization was performed by doing a grid search
of different combinations of the plot configuration param-
eter (m, d, zs and zL) values, then evaluating the required
sample size using Eq. 2, then estimating the cost of each
combination to find the one which minimises cost.
The ultimate requirements are at the national level so

the Neyman allocation (Cochran 1977) was used consid-
ering weights estimated as the proportion of the total
area and variance in each zone using Eq. 3, so the larger
and more variable zones were allocated more plots .

nh ¼ n
NhShP
NhSh

¼ n
NhxhCVhP
NhxhCVh

ð3Þ

where, nh is the sample size in stratum (zone) h; Nh is
the area of stratum h; Sh is the standard deviation of the
metric in stratum h; CVh is the coefficient of variation of
the metric in stratum h; and xh is the mean of the metric
in stratum h.
Using the plot configuration parameters and the sample

sizes by stratum, the total costs could be estimated. This
process was repeated for thousands of different combina-
tions until no further reduction in cost was found.

Plot configuration
Based on data from previous inventories and results after
many iterations, the preferred plot configuration has 3
or 5 subplot locations, 38 m apart in cardinal directions
(bearings 0, 90, 180 and 270 degrees). At each subplot
location three concentric circular subplots are observed
for trees, each with a different radius (19, 8 and 2.5 m)
corresponding to different tree diameter thresholds (≥
30 cm DBH, DBH ≥ 10 cm to < 30 cm, DBH ≥ 2 cm to <
10 cm) for all zones. The smallest subplot for regener-
ation is offset 5 m to the east to avoid trampling. Four
down woody transects and a soil sample are observed at
each subplot location as well (Fig. 4). Here, the plot
refers to having five subplot locations (each with three
subplots) in the Sal, Village, Hill and Coastal areas or

three subplot locations for the Sundarban area. The ad-
justment to three subplot locations in the Sundarban
area was made to ensure that field data collection could
be carried out in a single day due to the complicated
logistical arrangement to reach each parcel in these
remote areas (Fig. 4b).

Plot selection
As mentioned, the BFI uses stratified random sampling
with zones serving as strata, using quasi-systematic
sampling within strata, and the strata sample sizes were
selected using Neyman allocation to maximize the preci-
sion across strata (FD 2016b). To determine the plot lo-
cations, a hexagonal grid reflecting the desired stratum
sample size was constructed as the sampling frame, such
that the hexagon area was the stratum area divided by
the stratum sample size. One plot from the grid was ran-
domly selected in each hexagonal grid cell (Fig. 5). If the
selected location fell outside the stratum, then no plot in
that zone was selected for that hexagon which helped
ensure that the desired sample size was achieved (forcing
one in each hexagon would not). Accordingly, the num-
ber of expected plots to be visited in each stratum was
obtained (Table 1).

Data collection
The land feature related information, i.e. land cover,
canopy cover, vegetation type, crown density, was col-
lected at the plot level. At the subplot level, data for tree
measurements (live and dead), down woody material, lit-
ter, and soil samples were collected. All live and dead
standing trees and stumps ≥ 30 cm DBH were measured
within the largest subplot; all live and dead standing
trees and stumps with DBH ≥ 10 cm to < 30 cm and
bamboo clumps were measured in the intermediate sub-
plot; all live, dead saplings and stumps with DBH ≥ 2 cm
to < 10 cm of two non-tree species (Nypa fruticans and
Cerops decandra) and all tree seedlings for regeneration

Fig. 4 Plot and subplot configurations (a) Sal, Hill, Village and Coastal zones, (b) Sundarban zone and (c) subplots. The number of subplot
locations in the Sundarban zone was limited to three to ensure plot measurements to be completed within one day
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estimation (DBH < 2 cm) were measured in the smallest
subplot. Down Woody Material was measured on four
transects per subplot location, each transect starting at the
subplot centre and extending 8m at 45°, 135°, 225° and
315°. Small (< 1 cm), medium (1–3 cm) and large (3–8 cm)
pieces were counted and the diameters of coarse pieces
intercepting the transect were measured. Litter (collected
within 1-m2 frame) and soil samples (at 0–15 cm and 15–
30 cm soil depths in all zones and 30–100 cm soil depth in
the Sundarban zone) were collected in the three subplot
locations at eight meters and 270° from the subplot centre.
Laboratory analyses were conducted to measure litter
carbon content, the soil bulk density and organic carbon
content (by loss on ignition method). Moreover, additional
information was collected at the plot and subplot level such
as land management, ownership, disturbances. Detailed
information about the data collection process is provided in
the field inventory protocol (FD 2017a).

The socio-economic design
Sampling framework
The socio-economic survey used stratified sampling with
two-stage sampling within strata (GoB 2017c). The
strata were defined first by the five zones of the socio-
economic component and were identical to the biophys-
ical component except for the Sundarban zone where no
people live (Fig. 6). Each stratum was subdivided into
four sub-strata, that were defined by classifying all
unions within each stratum into quartiles of the variable
Household Tree Availability, which is estimated as per-
cent tree cover per household (%TC∙HH− 1) using Eq. 4.
The definition of sub-strata was based on the assump-
tion that tree and forest ecosystem services to house-
holds is related to tree cover per household, which is a
proxy for the quantity of tree and forest resources avail-
able. Thus, the total number of sub-strata is 20 (4 classes
within 5 zones). To have an equal distribution of unions

Fig. 5 Selection of plots by hexagonal grid in the Sundarban zone (a) random selection of plot location for each hexagon (including outside the
boundaries) and (b) selected plot locations within the zone

Table 1 Number of expected and visited plots and subplot and sampling intensity by zone

Zone Land area (ha) Expected number
of plots

Expected number
of subplots

Number of
visited plotsa

Number of
visited subplots

Expected sampling
intensity (ha per plot)

Hill 1,716,149 428 2140 376 1664 4010

Sal 534,430 145 725 142 619 3686

Sundarban 632,680 173 519 173 467 3657

Coastal 986,618 113 565 109 506 8731

Villages 10,887,123 998 4990 981 4469 10,909

Total 14,757,000 1858 8713 1781 7725 7942
aThe number of visited plots reflects the fact that the crews were unable to safely access 77 plots
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Fig. 6 Zoning used in the socio-economic component. The Sundarban periphery zone was defined by all unions within a 10 km buffer area
(assumed to be where most of the forest dependent people live) around the boundary of the Sundarban zone which corresponds to the white
area on the map (where no people live)
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(primary sampling units) in each sub-stratum, 16 unions
were randomly sampled from each sub-stratum, which
results in 64 unions selected in each stratum and 320 at
the national level (GoB 2017c). Within each selected
union, a random sample of 20 households was selected
for interview as the secondary sampling units.

Household Tree Availability ¼
TCarea

Union area

� �

NumberHH0s
¼ %TC

HH
ð4Þ

where, TC is the tree cover estimated from remotely
sensed Landsat data from 2014 (Potapov et al. 2017),
and HH is the number of households from the ‘Popula-
tion and Household Census - 2011’ dataset (BBS 2015).

Sampling design
The estimation of the optimal sample size in complex sur-
veys, such as the present one, is not a trivial exercise. When
information on more than one item must be collected, it is
necessary to focus on the item which is considered as the
most relevant to the survey. One of the most relevant out-
comes of the survey is the number of people depending on
forest resources in each zone (stratum). Each substratum is
designed to be homogeneous based on the variable (tree
cover/number of households/area) considered and the
number of unions selected was equal in each substratum.

Sample size
The sample size was calculated for each zone using Eq. 5
(Cochran 1977) considering an uncertainty in the number
of forest-dependent people of ±5% (at a 95% confidence
level) for each zone.

n0 ¼ t2pq
e2

ð5Þ

where, n0 = the sample size; p the estimated proportion
of an attribute that is present in the population; and q is
1–p and e the margin of error to be attained (here ±
0.05). Setting the value of p to 0.5 results in the largest
variance for a proportion, thus yielding a large (conser-
vative) sample size. By using Eq. 5, the resulting sample
size was 384. That assumes a simple random sample of
households. The sample size was increased by 10% to
compensate for non-response. In addition, the design effect
to account for clustering of households within unions was
chosen as 3 which was a conservative choice. The total
number of households to be surveyed in each zone was
1268 (384 × 3 × 1.1), which corresponds to a total of 6340
(1268 × 5) and 0.02% of households at a national level.

Sample selection
Because a list of enumeration areas from the agricultural
census was not available and the agricultural census does

not provide information related to tree and forest de-
pendency, households were selected within the selected
unions (Fig. 7) by randomly generating five GPS points
within the “rural settlement” and “built-up areas” land
cover classes of the 2015 national land cover map. Inter-
viewers then navigated to the five GPS points and chose
the nearest four households to interview so that 20
households were visited in each union. A total of 6400
households from 320 unions were surveyed (20 substrata
× 16 unions × 20 households = 6400 total households).
Of the respondents, 53% were female and 47% were
male. The 2015 land cover map was used by enumera-
tors to ask respondents from which land cover certain
primary products were collected (FD 2017a).

Socio-economic survey
A structured questionnaire was prepared considering the
identified criteria and indicators, an optimal size of the
questionnaire, and identifying target groups for the
Focus Group Discussions (FGDs). The questionnaire
was tested to ensure that the questions were clear and
then used for interviewing the selected households
(Rahman and Jashimuddin 2017).

Focus group discussions
In addition to the household survey, one hundred FGDs
were carried out across the whole country (20 in each
zone) involving important stakeholders (e.g., forest re-
source users) that were identified from the household
survey to collect information related to trends of land
use, access to services, tree and forest products prices
based on market value and benefits from tree and forest
resources.

The national land cover map
A national land cover representation system (NLRS) for
Bangladesh (GoB 2017d) using the Land Cover Classifica-
tion System (Di Gregorio and Leonardi 2016) and follow-
ing the Land Cover Meta Language (LCML) ISO 19144
(ISO 2012) was prepared as the result of several processes
of data collection, translation, gap identification and ana-
lysis of existing land cover/use mapping processes.
The legends of three existing national land cover/use

maps were collected, documented and translated using
the Land Cover Classification System (LCCS v3) – an
implementation tool of ISO standard (ISO 19144-2)
LCML (Di Gregorio and Leonardi 2016). This step
identified the gaps in existing legends and assisted the
interpretation of land feature classes considering the
objectives of the institutions responsible for land cover
map development. In parallel, field data were collected,
using Open Foris Collect (Costello and Piazza 2015),
from 1144 locations across the country to characterize
the classes of the NLRS (BSGI FD, 2016).
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Fig. 7 Spatial distribution of selected unions representing different household tree availability classes across the zones for socioeconomic survey
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From the NLRS, the initial legend classes for land
cover map 2015 were derived during a national work-
shop with experts from different organizations working
in relevant fields (Udita et al. 2016). These initial classes
were further refined during map development process to
develop the final legend. Some of the classes were
extended from the NLRS (e.g., bamboo forest, rubber
plantation, etc.), while some other classes were merged
(e.g., short and long rotation plantation into forest
plantation) when differences among these classes were
not discernible from the available satellite images by visual
interpretation. The final land cover map has 33 classes.
For the development of land cover map 2015 (Fig. 8),

multi-spectral ortho (Level 3) SPOT6/7 four band im-
ages of 6-m spatial resolution with maximum 10% cloud
coverage were primarily used for the whole country. An
Object-Based Image Analysis approach (i.e., multi reso-
lution segmentation algorithm (Baatz and Schäpe 2000))
was adopted to create image objects using the green, red
and near-infrared bands of SPOT imagery. Meaningful
image segments (Castilla and Hay 2008) were directly
assigned with land cover code by visual interpretation.
Image segments not corresponding well to geo-objects
were manually edited (i.e., manual digitization by visual
interpretation of satellite image) before assigning an ap-
propriate land cover code. Seasonal variations in land
and water features are common in Bangladesh. Landsat
8 and Sentinel 2 images from different seasons were taken
into consideration in visually interpreting areas having a
seasonal variation (especially agricultural classes).
Quality checking was an integral part of the whole

production chain and was completed using multiple ap-
proaches including a spatial topology check, an attribute
check, a consistency check, expert judgment and field
validation. The accuracy assessment analysis of the land
cover map was performed through visual interpretation
of fine resolution imagery (pseudo-ground truth valid-
ation technique), with stratified random sampling by
district and by land cover class. The most commonly
used measures of accuracy (i.e., overall accuracy, user’s
accuracy, producer’s accuracy) were estimated following
the approach suggested in Olofsson et al. (2013) and
presented in Jalal et al. (2019). The overall accuracy,
through visual interpretation, was estimated at 89%.
User’s accuracy ranged from 20% to 99% while pro-
ducer’s accuracy ranged from 13% to 100%. The detailed
methodological process and results (including the
accuracy, uncertainty and adjusted area estimates) of
land cover 2015 are presented in Jalal et al. (2019).

Operationalization
In total, 51 trainings, 10 workshops, and 14 consulta-
tions involving 1206 people were conducted to provide
all technical expertise to the different teams for the

biophysical, socio-economic and remote sensing compo-
nents of the BFI. The three components were planned to
be implemented within a four-year period (1 year for
enhancing technical capacity, 2 years for the field data
collection and 1 year for data analysis and sharing the
results). The field data collection was supervised by a
Conservator of Forests from the Forest Department,
while local Conservators of Forests supervised the field
implementation in each district.
Regarding the biophysical component (FD 2016b), one

specific working group constituted by the Chief Conser-
vator of Forests was established to oversee its implemen-
tation. The measurements on field plots were performed
by 13 field inventory teams of seven members. Local
people were engaged as much as possible in the compos-
ition of the field team or as guides. Local FD staff helped
by providing information about access conditions to the
plot and recruiting local people with required local
knowledge. Field teams were trained using a manual de-
veloped by FAO, SilvaCarbon and staff from universities
and two research organisations (FD 2017a). Field work
preparation involved maps, digital field forms, equip-
ment and other logistics. Quality control was achieved
through hot and cold checks on 3% and 7% of the plots
respectively by four Quality Assurance and Quality
Check (QA/QC) teams composed of FD and the Univer-
sity Faculty members (FD 2016c).
The data were collected in the field using the Open

Foris Collect Mobile app (FAO 2018a) installed on tab-
lets. The data were exported to an online data repository
as ‘.collect-data’ files and then imported to the Open
Foris desktop version regularly for conversion to other
data formats (e.g. .csv, .xml). This ensured a more effi-
cient and cost-effective field data collection and facili-
tated quick and ready access and validation of the data
by Forest Department. Validation rules included data
type validation (verifies that the data entered are consist-
ent with the expected primitive data type), range checks
(verifies that the entered value falls within an accepted
value range), checks for missing records (flags missing
data, miscoded data values appearing to be outliers and
other issues), and cross checks (whether the data entered
in different fields is consistent with other fields based on
a set of underlying assumptions). Field data collection
concluded by visiting 1781 out of 1858 plots (1480 ac-
cessible, 301 partially accessible), or 96% of the total. Of
those plots which were not measured at all, 42 were in-
accessible plots (2.3%) and 35 were not measured for
other reasons (1.9%). In the case of inaccessible plots, a
visit was attempted but tree measurements were not
possible in any subplot, most commonly due to the plot
centre falling inside hazardous conditions such as steep
slopes (52%), water (33%), or other reasons such as de-
nied access, restricted areas, or wall or building (15%).
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Fig. 8 National wall-to-wall land cover map 2015 with overall accuracy of 89%
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The socio-economic component (GoB 2017c) was
overseen by a separate working group from relevant
universities, Government and non-government organisa-
tions. It was implemented by a contracted entity experi-
enced with socio-economic data collection. The data
were collected by five enumerator teams with five mem-
bers in each team which followed the manual for the
socio-economic component (FD 2017b). For verification
of household interviews and ensuring consistent field
data collection, a quality assurance and quality control
(FD 2016c) was conducted in 4% interviewed households
(254 hot checks, 13 cold checks).
The preparation of the national land representation

system (GoB 2017d) and the land cover map involved 13
national entities. In addition, agreements were signed with
other organisations for the preparation of, for example, the
land representation system (Soil Resource Development
Institute, Bangladesh Society of Geo-Informatics and the
Centre for Environmental and Geographic Information
Services), allometric models (Khulna University, Bangladesh
Forest Research Institute), soil analysis and archiving (Soil
Resource Development Institute, Dhaka and Khulna Uni-
versity), the development of the Bangladesh Forest Informa-
tion System (Bangladesh Computer Council), and the tree
species list (Bangladesh National Herbarium). The collected
data were documented, archived, and shared with stake-
holders through the Bangladesh Forest Information System
(FD 2019) and the main results are presented in the up-
coming BFI report (GoB, 2019).

Allometric models
A national database of allometric models was prepared
to identify gaps and needs for further development
(Hossain and Siddique 2016). Among the 517 models,
only 189 species-specific models belonging to 35 tree
species (including several models for the same species
with differences such as sample size, diameter range,
author, year) were identified as valid in a country with
rich biodiversity which indicates a great dearth of site-
and species-specific allometric models (Hossain 2016).
Based on this review, new allometric models were
developed to fill needs at both species and zone levels
through extensive field tree data collection in all five
zones (Hossain and Siddique 2016). A decision tree for
selecting the most appropriate allometric models was
developed (Hossain et al. 2019).

Data analysis
All the estimation procedures of the BFI indicators were
documented to ensure transparency, sustainability and
future improvement (Hossain et al. 2019). The data
collected were archived into a mass storage for backup.
MS Access and R-scripts were used for updating the
database regularly with predefined queries. For data

cleaning and cold checking individual plot reports were
prepared as .pdf from MS Access. Data cleaning was
done through multiple procedures including within the
Open Foris platform, manual cleaning based on the
errors identified in the plot report and identifying incon-
sistencies or outliers through running customized R-
scripts.
After data cleaning, customized R-scripts (supplemen-

tary information 1) were used for the estimation and are
based on the assumptions for stratified random sampling
(Hossain et al. 2019). The ratio-to-size sample-based
estimator (Thompson 2012; Korhonen and Salmensuu
2014; Scott 2018) combined with stratified random sam-
pling estimators were used to estimate the means, totals
and variances for national and zone level statistics using
the equations in Table S2.1 (e.g. stem density, basal area,
volume, biomass and carbon stock). One of the reasons
for choosing the ratio-to-size estimator is because of the
ability to include plots which are incompletely measured
(i.e. when some subplots within a plot were inaccessible).
The estimator was also used for estimating disaggregated
statistics based on additional domains as per stakeholder
requirements (e.g. land cover, forest / other land, or
administrative boundaries).
For estimation of land cover area, the subplot

boundaries were overlaid with the land cover map to
assign land cover classes and areas within each sub-
plot. The decision to use the land cover information
directly from the map avoids possible inconsistency
and errors arising from determination of land cover
information from field (e.g. land cover boundary de-
lineation within a subplot, number of land covers,
etc.). Visual interpretation of fine resolution imagery
revealed that the map more consistently characterised
the land cover than the field classification approach
(Figs. S3.1, S3.2 and S3.3). Differential global position-
ing system coordinates were available for most of the
plots to reduce errors related to the misalignment of
the map and subplots.
The wall-to-wall Landsat based tree cover extent and

change maps, developed by the Resources Information
Management System unit of FD and the University of
Maryland (Potapov et al. 2017), have been integrated
with land cover 2015 data. At the scale of the polygons
of the land cover map 2015, zonal statistics of the 2000–
2014 tree cover data were estimated. This resulted in
each polygon of the land cover map containing the num-
ber of pixels with tree cover in 2000, and the number of
pixels with tree cover gains and the number of pixels
with tree cover loss for each year between 2000 and
2014. Based on this, tree cover percentage within each
land cover class was estimated for 2000 and 2015
(assuming 2014 tree cover), and changes in percentage
tree cover were also estimated.
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Stratum-specific mean values of carbon density were
assigned by land cover classes for the preparation of the
map of carbon density (Fig. 9). The carbon density with
standard errors by stratum and land cover classes were
provided in Table S2.2.

Key results
Criterion 1 - trees and forest extent
Forest land cover area derived from the land cover map
and the stratified area estimates obtained after the accur-
acy assessment for 2015 are provided in Table 2. Based on
the FRA definition of forest cover (FAO 2018b), forest
cover in Bangladesh was 1,884,019 ha, or 12.8% of the
total country area. This amounts to 11.7 ha per 1000
people. When only terrestrial land area was considered
(i.e. excluding river area), the forest cover was 14.1%. Hill
Forest was the largest forest type by area (4.6% of the
country area) followed by Shrubs with Scattered Trees
(4.2%) and Mangrove Forest (2.7%). Land covered by
Permanent Crops accounted for half of the country’s area
and although these areas are primarily used for agricul-
ture, they still had a mean tree cover of approximately 7%
(GoB 2020b). Nationally, there was a net decrease in tree
cover of 3.4% from 2000 to 2015 (GoB 2020b).

Criterion 2 - biological diversity and conservation
A total of 392 species was recorded in the biophysical
survey with the largest number of species in the Hill
zone (primarily Hill Forest) followed by the Village zone
(primarily Rural Settlement) (Table 3). The Hill zone is
composed mainly of naturally regenerated forest whereas
trees in the Village zone are mostly planted and are often
fruit trees. Biological diversity in terms of number of tree
species per land cover area is richest in the Hill Forest and
Rural Settlements, with each of these zones having more
than 232 different species. However, 63% of individual
trees in the Rural Settlement are introduced species,
compared to only 33% in the Hill Forest. The inventory
recorded the largest number of tree species in the Hill
zone though the basal area was only 29% of the total basal
area of Sundarban zone (Table 3 and Table 4). This indi-
cates that the more intense planting activities in the Hill
zone may at least be partially responsible for the richer
biological diversity. At least two species in the Hill zone
were endangered or critically endangered (A. agallocha
and A. scaphula) according to the IUCN Red List.

Criterion 3 - Forest growing stock, biomass and carbon
The Sundarban being the zone with the largest densities
of stems, basal area, gross volume, biomass and carbon
(Table 4). C. decandra, E. agallocha, and H. fomes are
the three dominant species in terms of stem density
across the country, though they almost exclusively occur
in the Sundarban zone. As a single land cover class,

Rural Settlements is the largest source of the national
growing stock volume contributing 50% of the total
growing stock which is 270% larger than the volume in
Forest area.
Trees outside forest (i.e. trees in other land), which in-

clude rural settlement areas, contained 66% of the total
biomass whereas the greatest biomass density occurred
in the mangrove forest. One mangrove species (Heritiera
fomes), one fruit species (Mangifera indica), and one
introduced species (Swietenia mahagoni) make up the
top three species by biomass in the country, and 19% of
the total biomass. Biomass that is usable as fuelwood
(i.e. coarse woody debris, fine woody debris, and litter)
was largest in the Hill Forest (3408 tons biomass, or 33%
of the total), but substantial amounts were also present
in Rural Settlements (2587 tons, or 25%).
The total terrestrial carbon stock (aboveground,

belowground, dead wood, litter and soil) was estimated
to be 1275.6 million tons. Carbon stock density was lar-
gest in the Sundarbans zone compared to other zones,
primarily due to its large aboveground, belowground
and soil carbon stocks (Fig. 9, Table S2.2). Most of the
country’s carbon stock is held in soils to 30-cm depth
(80.5%), followed by aboveground (15%), belowground
(4%), dead wood (0.5%), and litter (0.1%) biomass.

Criterion 4 - Forest management and ownership
Tree and forest management is being conducted on an
estimated 3.1 million ha of land covering 23.2% of the
total area. Forest land ownership is still being delineated
in Bangladesh. Nonetheless, the BFI is a sample of the
total land area and may be used to estimate proportions
of ownership types. Almost 9.4% of the total land was
owned by the FD, containing 24.5% of the country’s total
aboveground carbon stock. Several plantation manage-
ment types (block, woodlot, coastal, rubber or strip)
made up 48% of the managed land, whereas the rest of
the managed land was mostly homestead forest, agrofor-
estry, orchards or tea gardens. Most of the households
collected their tree and forest products from privately
owned lands chiefly for energy (41% of total households),
materials (8%), and food (7%).

Criterion 5 - tree and forest disturbances
About 32% of the Forest area experiences natural distur-
bances, with landslides, erosion, and cyclones as the most
common types. In contrast, in trees outside forest, the
most common disturbance was waterlogging. Disturbance
was also assessed through household interviews, where
respondents overwhelmingly identified cyclones and in-
frastructure development as major disturbance types.
When asked more specifically about the reasons for
tree cover loss, the respondents mostly identified
overharvesting and tree removals for construction.
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Fig. 9 Spatial distribution of the carbon stock density estimates across the country in 2015 using carbon stock densities available in Table S2.2
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Criterion 6 - support for sustainable forest management
The socio-economic survey revealed that few respon-
dents (1.3%) received support for sustainable tree and
forest management from any organization. Those who
reported receiving support, identified support mostly in
the form of free seedlings and trainings on tree planting.
People usually purchase seedlings and planting materials
from a local market; but in some cases, they receive free
seedlings from the Forest Department along with other
organizations. Nationally, 43% of the households pur-
chased their own seedlings over the past year (2017 to
2018) and spent an average of 1015 BDT (12 USD, 1
USD = 84.36 BDT) per year to purchase seedlings.

Criterion 7 - trees and forest services and livelihoods
The socio-economic survey revealed that trees and for-
ests are a rich source of materials, energy, nutrition, and
income for most households. An estimated 64% of the
total population was involved in collecting primary tree
and forest products. The total estimated value of the
primary tree and forest products collected was 3.07% of
the 2017–2018 national Gross Domestic Product (GDP)

measured in current price. The value of collected prod-
ucts to the household was on average BDT 19518 per
year (USD 231.4 per year), mostly contributed in the
form of fruit (47%) and energy (40%).
Trees outside forest supply most of the country’s

primary tree and forest products. An exception is in the
Hill zone, where about 70% of the timber, bamboo, fire-
wood, and leaves, and almost half of the fruit are sup-
plied from Forest areas near the households.
The total value of products used for cooking and heating

was 202,927 million BDT per year (USD 2405.5 million per
year). The annual value of these products to households in
the Hill zone was nearly 400% of the national average value
(BDT 24476 v. 6138 HH− 1∙year− 1, USD 290 v. 73 HH− 1∙
year− 1, respectively). The average cost of buying forest prod-
ucts for cooking and heating purposes was BDT 2554 HH− 1∙
year− 1 (USD 30 HH− 1∙year− 1) nationally.
In terms of income, a household in Bangladesh annually

earns BDT 9160 (USD 108) from selling primary tree and
forest products which contributed to 1.29% of the 2017–
2018 national Gross National Income (GNI) measured in
current market price. Households belonging to larger

Table 2 Land area of forest classes, their proportion of total country area, stratified area estimates and standard error estimates

Forest land cover classes Map area Stratified estimates Standard error

(ha) Proportion of total country (%) (ha) Proportion of total country (%) (ha) (%)

Hill Forest 683,852 4.63 894,204 6.06 22,268 2.5

Shrubs with scattered trees 614,537 4.16 354,757 2.40 22,093 6.2

Mangrove Forest 402,185 2.73 419,149 2.84 4518 1.1

Forest Plantation 79,299 0.54 68,090 0.46 7622 11.2

Mangrove Plantation 55,089 0.37 30,723 0.21 3831 12.5

Rubber Plantation 23,684 0.16 37,357 0.25 5789 15.5

Plain Land Forest (Sal Forest) 18,918 0.13 17,606 0.12 2744 15.6

Bamboo Forest 5686 0.04 6246 0.04 1633 26.2

Swamp Plantation 628 0.004 302 0.00 45 14.9

Swamp Forest 140 0.001 431 0.00 269 62.4

Forest area 1,884,019 12.77 1,828,865 12.39 33,480 1.8

Table 3 Tree and sapling species, families, species richness and threatened species by zone (stratum). The species richness index is
calculated based on Margalef (1958)

Zone Number of species Number of families Species
richness
index

Total
number of
threatened
species

Density of threatened
tree speciesTrees &

saplings
(≥2 cm
DBH)

RegeneratingSpecies Trees &
saplings
(≥2 cm
DBH)

RegeneratingSpecies
(Stem∙ha−1) SE(±%)

Coastal 103 56 35 26 9.44 2 4.2 194

Hill 284 195 63 52 24.32 11 19.7 48

Sal 113 42 39 20 11.49 3 4.1 87

Sundarban 28 19 15 12 2.19 1 1743.6 47

Village 232 110 53 41 20.29 5 0.83 56

National 392 278 71 63 29.37 12 166.2 45
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income classes earn more from tree and forest products.
Nowhere was the total annual income from trees and for-
ests greater than in the Sundarbans periphery zone which
stands at BDT 29,275 HH− 1∙year− 1 (USD 347 HH− 1∙
year− 1), or 9% of the total income in that zone, an income
earned mainly from selling fishery products (78%).

Discussion
Sustainable forest management is at the core of forest
planning and policy, and national forest monitoring pro-
vides the science-based information needed to imple-
ment and understand the impact of forest management
plans (FAO 2017). To cope with increasing information
needs and demand for expertise, comprehensive efforts
need to be undertaken to strengthen capacities, includ-
ing establishing a stable institutional setting for forest
monitoring. Though the BFI is not yet fully institutional-
ized, strengthened national institutional partnerships
contribute to improved forest monitoring by (1) defining
and updating the objectives as stakeholder purposes and
national priorities evolve, (2) building sustainability by
sharing expertise and contributions, (3) contributing to
the robustness of the results and recognition by national
entities, (4) collecting field data through local stake-
holder consultation particularly in unstable local political
contexts, and (5) engaging youth. In addition, mobilising
different technical expertise, such as forestry and remote
sensing, contributes to its cost-effectiveness, e.g. redu-
cing the cost and time related to data collection and
processing.
Strengthened partnerships and stakeholder engage-

ment contributes to increasing interest in the multiple
uses of the datasets for planning and monitoring. As an
example, the socio-economic and biophysical informa-
tion about fuelwood demand and supply were used to
assess access to wood fuel supply and support land
restoration activities in Cox’s Bazar district. The results

were also used as baseline information in support of
Investment Plans such as for the World Bank Forest
Investment Program. In 2018, GoB confirmed its com-
mitment to the plan by seeking an IDA credit of USD
175 million to finance the Sustainable Forests & Liveli-
hoods project. This contributes to the cross-sectoral
Country Investment Plan for Environment, Forest and
Climate Change (GoB 2017a). It responds to the urgent
need to address environmental degradation and to im-
prove the country’s ability to meet the threats posed by
climate change.
Common indicators developed through integration of

socio-economic and biophysical variables and remote
sensing, contributes to better understand drivers of en-
vironmental change and the interactions of human soci-
ety and forest ecosystems. Though integration of natural
and social sciences is already being applied (Mousavi
and Alireza 2016; Westfall et al. 2018), their integration
remains challenging. An enhanced consideration of the
tree and forest ecosystem services and related informa-
tion in the national statistics would contribute to
overcoming some of the challenges related to data acces-
sibility, linking area frames and list frames in ecosystem-
related socio-economic survey, and the completeness
and robustness of the integrated approach of the BFI.
The integration between field and remote sensing can
improve the robustness of the results of the BFI by (1)
improving the classification and proportioning tech-
niques of the land features at plot and subplot level, (2)
post-stratifying to improve estimates within zones, (3)
integrating remote sensing parameters and field infor-
mation, and (4) developing programs for monitoring and
assessing land and multiple environmental functions
(Corona 2010).
Classification of the land features on the ground, using

fine-resolution aerial and satellite images, or following a
hierarchical object-based approach using LCML (ISO

Table 4 Stand characteristics, volume, biomass and carbon stock estimates by zone (stratum). Standard error (±%) is provided in ().
Total carbon stock includes soil organic carbon up to 30 cm

Zone Tree density with
DBH ≥10 cm
(stem∙ha−1)

Sapling density
with 2 cm ≤ DBH
< 10 cm (stem∙ha− 1)

Basal
area
(m2∙ha− 1)

Gross
volume
(m3∙ha− 1)

Above ground
biomass
(t∙ha− 1)

Below ground
biomass
(t∙ha− 1)

Above
ground
carbon
(t∙ha− 1)

Total
Carbon
(million t)

Coastal 229 (25) 740 (51) 8.82 (20) 50.08 (23) 43.63 (20) 8.31 (20) 21.79 (20) 47.43 (7.04)

Hill 146 (10) 485 (16) 6.23 (10) 47.69 (19) 48.32 (14) 9.3 (14) 24.03 (14) 199.83
(3.95)

Sal 169 (18) 99 (40) 5.89 (16) 34.17 (17) 59.43 (17) 10.18 (17) 31.36 (17) 63.23 (6.33)

Sundarban 661 (9) 6200 (11) 22.29 (6) 97.75 (12) 98.37 (8) 66.06 (7) 49.28 (8) 66.04 (3.40)

Village 98 (12) 86 (21) 3.28 (10) 21.44 (11) 20.66 (10) 3.98 (11) 10.47 (10) 899.02
(2.87)

National 129 (8) 344 (9) 4.52 (6) 28.54 (8) 28.78 (7) 6.91 (6) 14.55 (7) 1275.55
(2.16)
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2012), is not trivial and subject to classification/inter-
pretation errors, particularly for a first NFI cycle. When
comparing the classes assigned by field crews with the
land cover map and aerial pictures, dissimilarities were
as large as 38% (Table S2.3). This can be related to the
limited ability of the field crews to distinguish the differ-
ent land classes in the field particularly when this
depends on the size of land feature, land use and vegeta-
tion change (i.e., temporal and spatial dynamics) as
illustrated in Fig. S3.1. In the south-eastern hill region,
because of the lack of ground-based information due to
inaccessibility, it was particularly difficult for the land
cover mapping to distinguish classes such as shrub,
forest and other vegetation forms. In a similar situation,
the use of fine-resolution and multi-dated satellite data
is recognized to result in better accuracy (Uddin et al.
2015). In the context of the broad ranges of class-
specific accuracies of the remote sensing-based land
cover map, we note that the reference classes were
labelled using a pseudo-ground truth validation tech-
nique (Jalal et al. 2019) and were assumed to be correct
considering the fact that reference classification error
often occurs and may have implications for analysis of
accuracy of land cover by remote sensing (Foody 2010).
Another approach was tested using object-based classifi-
cation of the land cover based on the descriptors col-
lected by field crews. However, more data and research
are needed to generate reliable results using this
approach. Accordingly, the use of the land area estimates
from the land cover map was preferred under this
process considering it provided consistent wall-to-wall
spatially explicit land cover information that could be
used for the integration of the socio-economic and bio-
physical information. However, it is crucial for the next
cycle to improve the classification of the land features
on the ground by the field crews, the integration of the
field and remote sensing information and the use of the
accuracy assessment resulting in stratified land area
estimates and associated uncertainty. Another option to
improve the accuracy of the land area estimates is to use
post-stratification within zones, which should be further
investigated since it can be applied to permanent ground
plots, while stratified random sampling cannot. Hewson
et al. (2014) and Westfall et al. (2011) reported that the
uncertainty due to post-stratification is only slightly lar-
ger than for stratification, particularly when there are at
least 10 or more sample plots in each post-stratum. The
accurate plot location of the BFI is useful to ensure the
plots can be re-assigned unambiguously to remote
sensing-based strata (Hewson et al. 2014). In addition,
the increasing flow of temporally and spatially correlated
multi-source data along with improved statistical ap-
proaches can meet the requirements of information
about timber production and protection status of forests.

Conclusion
The BFI has provided national and sub-national esti-
mates of key forest indicators for the period 2016 to
2019. Several innovations were introduced to ensure
an efficient and repeatable national forest monitoring
system that will help Bangladesh meet its natural
resource-related targets and goals. The BFI has been
established through a collaborative and participatory
process in which the main governmental organisations,
institutions, academia, research, NGOs and associations
involved in tree, forest and natural resources monitoring
were involved. This participatory process is crucial for
supporting future needs as they arise, including capacity
building and evolving national priorities.
Nonetheless, the full potential of the BFI will not be

realized, and national needs will not be met, if the
process is not supported by an institutionalized frame-
work and regular budget allocation. Only in this way will
the BFI be enable to continue enhancing collaboration,
sharing data, exchanging information and experience,
establishing the required agreements, and enhancing the
research and development activities based on identified
priorities such as related to SDGs, valuation of ecosys-
tem services, and soil fertility among others. In the
meantime, it is critical to disseminate the results and
promote its value to society which will provide the sup-
port needed to justify a permanent national program.
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