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Abstract

Dhaka, one of the world’s most crowded megacities, is undergoing rapid urban development that has led
to an alarming and fast decline of urban forests and trees. Urban trees provide critical services to city
landscapes, including the provision of shade, reducing air pollution through absorption of air pollutants,
managing wastewater runoff and surface water, and absorbing carbon dioxide from the atmosphere.
There is very little information on the extent, characteristics, and ecological value of Dhaka’s urban trees,
which limits policymakers in designing sustainable measures that protect urban trees for the future.To
address this information gap, we conducted Dhaka’s first-ever urban tree inventory that provides robust
baseline data to set and monitor goals for improving urban tree cover and access to urban tree benefits.
We used the i-Tree Eco modeling tool to estimate the economic value of selected ecosystem services
urban trees provide.We found that the tree cover in Dhaka is currently below | 1%, which is much lower
than its potential as a tropical city. There are 1.3 million trees, or about one tree per 7 people.The
inventory identified |10 tree species belonging to 33 families in Dhaka, and more than 60% of the tree
species are exotic. Overall, urban trees provide an estimated USD 6.74 million per year in ecosystem
benefits and store an additional estimated USD 3.19 million worth of carbon.The overall tree diversity is
considered moderate to high based on several diversity indices. The three most dominant species of
Dhaka are Mangifera indica, Swietenia mahogani, and Cocos nucifera. This new baseline information equips
policymakers to guide urban greening strategies and monitor progress towards city-level tree cover
goals.
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|. Introduction

Urban green spaces provide essential ecosystem services that connect the human population with the
environment, improve the quality of urban life, and promote overall human well-being. These ecosystem
services include clean air, waste assimilation, regulation of the urban heat island (UHI) effect, water
filtration, noise reduction, pollination facilitation, and climate moderation, among others '2. Access to
green spaces promotes physical activity, reduces stress, and improves the mental well-being of urban
people.Trees, an integral part of the urban green spaces, act as natural air purifiers, absorbing carbon
dioxide and releasing oxygen, thereby improving air quality3-5. Urban trees lower air temperature as
much as 1.5 °C in heat-prone areas by providing shade and evapotranspiration ¢. It produces localized
cooling that biodiversity experiences at ground level and improves thermal comfort for humans?s. .
Assessment performed in all US urban areas larger than 500 km? suggests that extended urban tree
canopies can help reduce heat-related discomforts and offer life-saving potential®!0. Urban forests are
also widely recognized as a nature-based solution that contributes to climate resilience and ecological
health®!1.12,

As urbanization intensifies globally, the need for accurate data to manage and monitor urban forests has
become increasingly critical. Urban tree inventories offer essential information related to tree resources
and help stakeholders understand the value of the ecosystem services they provide. Regular forest cover
inventories are critical to track the periodic changes in ecosystem services and support data-driven city
planning'3. Notably, however, nearly 80% of published urban forest rescarch focuses on the United States
and Europe. On the other hand, fast-growing cities in the Global South, like Dhaka, remain
understudied'4. Recent global assessments indicate that urban canopy cover varies widely across regions
due to differences in climate, planning, and investment iri green infrastructure’.!213, Cities in the Global
North often report substantially higher canopy levels. Foir example,Washington, DC has an estimated
28.6% tree canopy, and national assessments in Canada show many urban areas sustaining canopy in the
20-30% range, supported by long-standing urban forestry programs and canopy targets!’-!°. Sales et al.
(2023) demonstrated this variation within the United Kingdom, where urban tree canopy cover ranged
from 11.8% in Northern Ireland to [8.1% in Wales20. Broader synthesis further revealed that access to
canopy and associated tree benefits remained consistently higher and more stable in the Global North,
while similar access declined in many Global South cities over the past two decades?!. In contrast, rapidly
urbanizing regions of South America reported canopy level below 20% in more than half of its cities due
to climate, geographic factors, and mounting development pressure2?, Similar patterns were documented
across Southeast Asia, where cities such as Kuala Lumpur in Malaysia, Jakarta in Indonesia, and Metro
Manila in the Philippines experienced reductions in greenspace from 45% to 20% over the 25 years
period2.Taken together, these studies show that Global South cities, in comparison with Global North,
generally maintain much lower canopy cover, experience uneven access to green space, limited
institutional and financial resources, and intense anthropogenic pressures.2* Against this global backdrop,
establishing Dhaka’s first urban tree inventory, provides critical baseline data which is a much-needed
effort to align local efforts with international best-practice trends for sustainable urban development and
to fill a critical data gap.

According to publicly available data, vegetated areas, hereafter defined as green spaces, of Dhaka
primarily consist of 54 parks and one botanical garden, rooftop gardens, and roadside vegetation2526. The
city features 61.45 km of primary roads and 108.2 km of secondary roads, with significant roadside
vegetation citywide?’. However, tree cover and green spaces in Dhaka are declining, primarily due to an
increasing population and relentless demands on infrastructure, often followed by unplanned
urbanization28. According to the Population and Housing Census, Dhaka’s population increased by nearly



five million between 2022 and 20212°.The unprecedented population growth in recent decades is mainly
fueled by increasing rural-to-urban migration, with nearly half a million people moving to Dhaka each
year303!. The migration influx has strained available land, creating an urgent need for housing,
infrastructure, and commercial establishments?832. Although the greater Dhaka area occupies just 1% of
the national territory with an area of 1,528 km?, the city and its suburbs are home to over 10% of the
country’s total population and 36% of the total urban population3334. Rampant tree felling, prioritizing
brick works and infrastructure over greeneries, encroachments on parks and open areas, and inadequate
efforts to maintain greenery have left Dhaka in an unhealthy and unbalanced urban environmental
condition35. One study estimated that land cover changes from 2000 to 2020 in Dhaka, included a 5%
decrease in vegetative cover and a 14% increase in built-up areas, resulting in a subsequent 7.24°C
increase in Land Surface Temperature over the same period3e.

Prior to the current study, there was no urban tree inventory in Dhaka, making it challenging to
accurately assess the overall extent, condition, and value of trees in the city.As such, researchers have
relied on global datasets and remote sensing techniques. For example, using remote sensing, Endreny et
al.37 estimated that Dhaka had between 18% and 23% tree cover. For vegetation cover, which is
somewhat different than tree cover, Nawar et al.3* estimated that “healthy” vegetation cover decreased
from 17% in 1989 to only 2% in 2020. Shammi et al.38 estimated |6% vegetation cover for Dhaka North
City Corporation, the result of a 65.9% decrease in vegetation cover and a 95% increase in urban areas
from 1992 to 2022. Collectively, these studies have helped to highlight the impact of declining tree cover
and green spaces. Yet, the variability of tree cover estimates that rely primarily on satellite imagery makes
it difficult to establish a baseline for monitoring. This complicates what decision makers can do with the
information. They also fall short in capturing detailed information on urban tree resources, such as
vegetation structure, species composition, diversity, and associated ecosystem services.

In contrast, a field-based urban tree inventory, supplemented with tree valuation tools such as i-Tree and
mapping initiatives, offers a reliable alternative to accurately represent the resources and economic value
provided by urban trees.The i-Tree Eco model has emerged as a de facto standard for quantifying the
benefits of urban trees, and its adoption now spans multiple continents3?4. Co-developed by the United
States Department of Agriculture Forest Service (USFS) and Davey Institute, i-Tree Eco integrates field
inventory data with local environmental variables and land uses to estimate the economic value of
services including air pollution removal, carbon sequestration potentials, surface runoff reduction, oxygen
production, and more. Its rigorous, peer-reviewed, and scientifically validated methodology has
encouraged researchers in North America, Europe, Asia, and beyond to apply i-Tree Eco to estimate their
urban tree benefits!341-43. Researchers have also extended the capabilities of i-Tree Eco by coupling its
outputs with Geographic Information System (GIS) and statistical programming tools to gain finer
insights3°.

This study, based on stratified random field measurements, established Dhaka’s first comprehensive
baseline information for tree resources, including species composition, vegetation structure, and the
ecosystem services provided by the urban trees. Specifically, we address three interrelated research
questions: (1) What is the current urban canopy cover of Dhaka? (2) What is the taxonomic composition,
structural characteristics, and origin (native versus exotic) of the city’s urban tree population? (3) What is
the approximate economic value of major ecosystem services provided by these trees? We used i-Tree
Eco, spatial datasets, and R programming to enrich our urban tree inventory analyses and enhance the
scientific foundation of the overall assessment.We collaborated with the Bangladesh Forest Department,
Green Savers, Davey Institute, and the USFS, through their implementation of the USAID-funded
Community Partnerships to Strengthen Sustainable Development (Compass) program, to customize i-



Tree Eco for Dhaka’s local context. The findings provide crucial data for informed decision-making,
enabling authorities to set tree cover goals, execute robust monitoring of tree cover change, and identify
areas with the greatest potential for urban greening. Inventory-derived metrics may also justify
investments for enhancing urban greenery, support funding proposals, and integrate green infrastructure
into development plans#+45. Having a tree inventory reflects progress along the continuum from initial
urban forestry efforts towards a fully developed and institutionalized urban forestry program#.
Ultimately, this study lays the groundwork for evidence-based strategies to protect existing urban tree
resources, enhance urban resilience, and promote environmental equity across Dhaka.

2. Methods
2.1.Study area

The research area is Dhaka, Bangladesh, the world’s most densely populous megacity#. Dhaka spans from
23.58° N to 23.90° N latitude and 90.33° E to 90.50°E longitude*’. It is subdivided into two
administrative units - Dhaka North City Corporation (DNCC) and Dhaka South City Corporation
(DSCCQ), covering an area of 194.2 km2 and 109.24 km?2, respectively. Both the DNCC and the DSCC are
overseen by political units and were established under the Local Government (City Corporation) of
Bangladesh Act 2009, Amendment 201 I, and governed by elected mayors. Over the last several decades,
urban areas have expanded by 17%, which altered the city’s land uses and landscapes at the cost of its
green spaces and wetlands*. Such expansions resulted in reduced canopy cover, increased UHI effect, air
pollution, and seasonal flooding, to name a few.A large part of both city corporations such as Mirpur,
Tejgaon, and old Dhaka are the worst victims of UHI450. Pocr zir quality is a persistent concern for
Dhaka and frequently measures particulate matter (PM-s) at about |12.49 pug/m? which exceeds both the
national and global standards'. The city experiences a humid subtropical monsoon climate, which is
characterized by high temperatures, humidity, and rainiall. The monsoon, from June to September,
contributes nearly 80% of the country's annual rainfall, which often causes flooding in large parts of the
city5253. On the other hand, dry winter months witness accumulated air pollution levels since low
seasonal rainfall is insufficient to disperse airborne pollutants effectively.

2.2. Preparations and Fieldwork
2.2.1. Establishing Experimental Land Use Zoning

Dhaka's land cover is heterogeneous, which largely influences ecosystem services54, and it is helpful to
stratify the areas into homogeneous zones before applying a sampling strategyss. Therefore, we created
land cover zones based on high-resolution worldview satellite imagery (0.5m spatial resolution) using the
SupportVector Machine (SVM) algorithm,a commonly used non-parametric imagery classifiersé-8.
Considering the tree occurrence and homogeneity of the urban areas, the land cover classes were
categorized into three zones (what we considered as strata): Trees, Scatter, and Others.Tree patches
greater than an area of 400 m2were included in the Tree zone, which covered 1,636 ha in DNCC and
1,201 ha in DSCC.The Scatter zone, characterized by tree patches ranging from 200 m2 to 400 m2,
occupied 11,445 ha in DNCC and 1,304ha in DSCC.The remaining areas were included in Others zone,
which occupied 5,209 ha in DNCC and 6,974ha in DSCC (details in the supplementary material S1). In
addition to improving sampling efficiency, our zoning system, considering tree occurrence, also offers
operational and planning advantages. Such as Trees zone typically consists of parks or fenced areas,
mostly managed by government authorities, where protection and maintenance are prominent than re-
greening needs. The Scatter zone is often located within institutional compounds or residential
neighborhoods, where community engagement is central to sustaining Dhaka’s urban forests. The Others
category captures areas with the greatest potential for future government-led greening interventions.



Thus, these zones constitute broader categories defined by the presence and spatial configuration of
trees, rather than conventional land-cover classes, and were used as strata in the sampling design of this
study.

2.2.2. Sampling Design

We used i-Tree Eco to conduct this urban tree inventory in the metropolis of Dhaka.The i-Tree Eco is a
freely accessible tool that adequately estimates and quantifies the multifarious benefits trees confer upon
communities*!5°. Given that stratified random sampling increases the accuracy in heterogeneous areasé-
62 j-Tree Eco was configured to a stratified random sampling where Trees, Scatter, and Others were the
three strata. After delineating strata on the map, random points were generated within each zone using
ArcGIS Pro for locating the sample plots (Figure |).The sample plots were circular with |1.35 m radius
(0.04047 ha or 0.1 acre) as per recommendation in the i-Tree Eco guidelinesé3-¢5,
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Figure I: Study area (A) location in Bangladesh, (B) plot distribution in DNCC and DSCC and (C) schematics of
sample circular plot with a radius of | 1.35m, reference points are permanent landmarks used to triangulate the
location of the plot center using the GPS coordinates of the points.

To determine the sample size within each strata, we used Cochran’s formula¢6¢7 as shown in Equation |,

z*xp(1-p)
32

Sample size = Equation |



N = population size

e = margin of error (5%)

z = z-score (derived z-score for 95% confidence level was 1.96)
p = proportion (0.5)

As per the sampling design, we aimed to visit and measure a total of 756 plots for Dhaka (386 for
DNCC and 370 for DSCC). Due to access limitations, we were able to collect data from 697 plots, of
which 344 from DNCC and 353 from DSCC (details in supplement table S2).The access limitations
were either from security restrictions for critical government infrastructure or because of limited access
to private property. Despite this limitation, the achieved sample size remains robust and suitable for
Dhaka’s inventory. The USDA Forest Service Forest Inventory and Analysis (FIA) program recommends
at least 200 plots for urban forest assessment in a city®8. With the archived 697 plots for data collection,
we calculated the overall standard error for this study using Equation 2 suggested by i-Tree developers¢?,

which is 6.48%.
Nexp .
SEges = SEexp Equation 2
Nopt

SE4es= desired standard error (%)
SEexp = expected standard error (%), as found by Nowak et al®*,, which is 12.1

Nexp = number of plots used to determine SE¢y,, which is 200
Nopt = achieved sample size of the study area

2.2.3.Plot and tree data collection

We collected the sample plot inventory data during the period spanning September 202 1- February
2023.A team of 40 graduate students with academic backgrounds in Forestry, Environmental Science,
Geography, and Botany was recruited to support our fieldwork.They were trained for 4 days on
theoretical and practical aspects of tree attributes, definition, and instrument usage for inventory data
collection.We used diameter tape for tree diameter at breast height (DBH) measurement, laser range
finder for height measurement, measuring tape, and distance measurement equipment (DME) for laying
the plots and distance measurements. See Figure S3 in the supplement materials for a complete list of
instruments and associated usage. Tree attributes collected from sample plots include the tree species
name, horizontal bearing from the plot center, DBH (up to six stems in case of trees with multiple stems
emerging below 1.3m height), tree total height, crown base height, crown width, canopy missing, canopy
dieback, and crown light exposure. Additional attributes included information about tree ownership,
roadside presence, and the nature of ground cover under the trees.The data collection form is available
in S4.Two taxonomists consistently supported field team to identify the right floral species in the plots.
Beyond individual tree details, we collected plot-specific information, such as actual land use, ground
cover, reference objects, and coordinates using GPS. Land-use and ground cover categories and
definitions are listed on S5.To ensure the accuracy of collected data, a separate Quality Assurance and
Quality Control (QA/QC) team from BFD conducted hot checks of 10% of the plots, and cold checks of
6% of the plots, and updated the plot data respectively where needed. Hot Checks are in-field quality
assessments conducted during data collection that allow QA/QC experts to provide real-time feedback.
Cold Checks happen later through a subsequent visit to a plot, when QA/QC team revisits a plot and
independently verifies the original recorded data.

2.3. Analytical framework



2.3.1. Forest Structure, Diversity, and Attributes

We used the R (version 4.0.2) to estimate key tree inventory derivatives like vegetation structure
metrics, phytosociological attributes, and diversity indices (Table 1). Structural attributes, such as tree
density, basal area, growing stock, above and belowground biomass, were analyzed to provide insights into
urban tree stand dynamics, biomass productivity, and carbon stock potentials. Phytosociological
attributes, such as density, relative density, frequency, relative frequency, abundance, relative abundance,
and importance value index, were estimated to understand the composition, dominance, and spatial
distribution of the tree species. In addition, an Importance Value (IV) was calculated as the sum of the
percent population and percent leaf area. As indicators of ecological stability and species richness, we
computed diversity indices like Shannon-Wiener Diversity Index, Margalef’s Richness Index, Simpson’s
Dominance Index, and Pilou’s Evenness Index. The exotic and native trees were identified based on the
existing literature and records indicating their history of occurrence, as well as by consulting with
national experts and taxonomists.



Table I:Analytics, attribute, and methodological details related to the measurement of urban trees of Dhaka, adopted from Bangladesh Forest Inventory70

Analytics Attribute Methodological details
vi @) Tree Density [trees ha~'], Drpy Drpy = % where N, is the number of trees in plot k and Ay is an area of plot k in ha.
‘egetation 5
structure Basal Area [m’], BA BA=m x= Where D is the diameter at breast height in m.
. 3
Growing Stock [m’], I Vy = T X T X Htot X fgross» Where Dy, is tree diameter at breast height (m) and greater than
10 cm, 7t is 3.1416, Hy,, is tree total height (m),and f;,,s is average form factor of trees 0.693
Aboveground Biomass [kg], Yo g1 Yogp = 0.0673 x (pD?H)®%7® ,where p is average wood density 0.6133782 g cm” adopted
from BFI”°. D is diameter at breast height in cm,and H is total height in m
Belowground Biomass [kg], Y, 4 Yogp = exp[—1.0587 + 0.8836 In(Y,,,)], where Y, ;) is aboveground biomass
Zonal mean, y "oy )
n Vp = lenﬁ, where yy,; is value of i-th unit and ny, is sampled units in zone h
h [
Stratified mean, ¥ y= Zfl 1 Wh¥n, where W, is weight of zone h, k is total zones, and ¥, is mean of zone h
Zonal variance, s; st = o~ 121 " Vhi — Fn)?, wh are yp,; is observation i in zone h, and ¥, is zonal mean
Stratified variance, Var (y) Var(y) = ¥k_, w2 (1 N —) ,where ny, is sample size and Nyis population size in zone h and
Nh
Stis zonal variance
(b) Density, D D= ,whe e a is the number of individuals of the i" species and b is total number of quadrats
Phytosociological —po-er—go—=RD — :
attributes elative density, RD = ﬂ % 100, where M is total number of individuals of all the species in the area of interest
Frequency, F F = ; ,Where c is the total number of quadrats in which the species occurred
Relative frequency, RF RF = 53 FEF ) ,where F; is frequency of i-th species and S is number of species.
__ N i=1\"i
Abundance, A A= % , where a is the number of individuals of the i species and c is the total number of quadrats
Relative abundance, RA RA = i where A is abundance
Zis=1(Ai) ’
Importance Value Index, IVI IVI = RD + RF + RA
(o) Shannon-Wiener Diversity Index, H ~ H = —Y7_, P,(In P,), where Pi is proportional occurrence of i-th species and S is total number
Diversity of species
indices Margalef’s Richness Index, R R = I(S(I;;,where S is total number of species and M is total number of individuals of all species
Simpson’s Dominance Index, S, Sp=[1- %),where a; is number of individuals of i-th species and M is total number

of individuals of all the species

Pilou’s Evenness Index, E E=— (s)’ where H is Shannon-Wiener Diversity Index, and S is total number of species




2.3.7. Ecosystem services and benefit estimates

Ecosystem services and benefits were quantified using the i-Tree Eco (version 6.0.32) tool, which has
been extensively used for similar applications globally3?. The model integrates inventory field data, city
information, local air pollution, and local rainfall data to estimate the environmental benefits of a given
urban forest area*!. In this study, estimated ecosystem services were air pollution removal, avoided
runoff, and carbon sequestration.Also, supply of oxygen production was estimated but this ecosystem
service was not valued in monetary terms®’. i-Tree Eco uses peer-reviewed model equations based on
long term ecological research to quantify ecosystem services. Core inputs required for the models are
species information and stem DBH from the sample plots. Additional tree attributes of condition,
structure, and spatial context increase model accuracy. Graphics S5 in the supplement provides an
overview of i-Tree-Eco attributes and associated relations, adopted from the US Forest Service i-Tree
documentation by Nowak>°. For localized estimates, it is crucial to use local air quality and precipitation
data. Hence, we used air quality data from the Department of Environment (DoE) for the period of 2012
to 2019.This dataset contained hourly pollutant measures of Carbon Monoxide (CO), Nitrogen Dioxide
(NO»), Ozone (O3), PMjo, PMy 5, Sulfur Dioxide (SOy). Rainfall data were obtained from the Bangladesh
Meteorological Department (BMD) for 2015 to 2020, and the most recent data were used for this
analysis. These datasets were processed and integrated into the i-Tree database, following the template as
required to enable localized ecosystem modeling and analysis.

All ecosystem services were quantified using field inventory data and anciliary information specific to
Dhaka. During the monetary valuation process, the best available !ocai economic data were applied first,
and the remaining parameters were taken from the i-Tree Eco default values for tropical regions. For
example, the electricity price was based on the average local irate of USD 0.07 per kWh, and the carbon
price was set at USD 15.78 per metric ton of carbon’!72. This approach aligns with global practice, as
researchers using i-Tree Eco typically combine local prices with model default values when local data are
unavailable’374. In our case, unit value of removing one metric ton of each pollutant was calculated as
follows: CO at USD 1,607.61 per metric ton, Ozat USD [1,319.63 per metric ton, NO, at USD
11,319.63 per metric ton, SO, at USD 2,771.00 per metric ton, PM,5and PMgat USD 7,555.06 per
metric ton. For avoided stormwater runoff, the valuation was based on USD 2.36 per m3.While these
figures provide a basis for estimating the economic benefits of ecosystem services, they rely on model
assumptions. Therefore, the resuiting monetary valuations represent indicative economic benefits rather
than exact financial savings.

3. Results
3.1.Urban tree baseline of Dhaka
3.1.1. Species richness and structural composition

This inventory finds the urban forest of DNCC has an estimated 682,810 + 66,181 trees with a tree
cover of 10.5%.The three most common occurring species are Mangifera indica (17.2%), Swietenia
mahagoni (16.9%), and Cocos nucifera (8.2%). On the other hand, DSCC has an estimated 616,947 +
48,446 trees with a slightly higher tree cover of 10.8%.The three most common species are Mangifera
indica (33.3%), Cocos nucifera (10.2%), and Swietenia mahagoni (9.3%).A total of |10 species belonging to
33 families were found, of which 73 species (under 30 families) were found in DNCC and 82 species
(under 32 families) in DSCC (S7 and S8). Species occurrence varied significantly among zones, indicating
spatial variations in diversity across the city. A higher number of both native and exotic tree species
were found in the residential areas (§9), likely due to individual houseowners' preference for plant
species selection. Many households prefer to plant exotic fruiting and ornamental species in their house



premise and rooftop gardens.While higher tree diversity can minimize the risk of widespread damage
from species-specific pests or diseases, the presence of exotic species, especially invasives, can potentially
out-compete and displace native species.Tree species of only approximately 38% in DNCC and 36% in
DSCC are native to Bangladesh.This highlights the need for careful species selection and urban forestry
planning to balance diversity with ecological integrity. In terms of forest structure and maturity, tree DBH
in Dhaka ranges from 10 to over 121.9 cm.The largest proportion of trees falls within three DBH
classes: 15.2-30.5 cm, followed by 10-15.7 cm and 30.5-45.7 cm, indicating a predominance of mid-aged
tree stands in the city.

3.1.2. Leaf area, tree density, and basal areas

Among the different zones across both city corporations, the Tree zone exhibited the highest leaf area,
followed by Scatter and Others zones. In DNCC, the most dominant species in terms of total leaf area
are Swietenia mahogani, Mangifera indica, and Swietenia macrophylla. In DSCC, the dominant species
contributing to leaf area are Mangifera indica, Swietenia mahogani, and Albizia procera.Tree density and
basal area varied significantly across zones, and land uses within Dhaka. Most trees were concentrated in
Tree zones for both DNCC (235 £ 32.70 stems/ha) and DSCC (254.95 + 27.15 stems/ha). In DNCC, the
tree density is almost six times higher in Tree zone than that’s of whole city corporation area (Table 2).
On the other side, in DSCC, the Tree zone has almost four times the average density of the city
corporation as a whole. In contrast, Scatter zone primarily consisted of built-up areas, exhibited
significantly lower tree densities. For example, DNCC’s Scatter zone has a sparse distribution of 16 *
2.63 stems/ha, reflecting fragmentation of the urban green space in these areas. Similarly, Tree zones have
the highest basal areas, particularly in DSCC, where the average basal area reached 17.70 £ 2.68 m*/ha.
This suggests the presence of larger and more mature trees in these areas. Combining all zones, we
found DSCC exhibited higher overall tree density (64.34 % 6.5 stems/ha) and basal area (3.88 + 0.48
m?/ha) than DNCC, indicating a relatively better-developed urban forest structure in the southern part
of the city. In terms of land-use, Parks had the highest tree density and basal area within DNCC, whereas
graveyards showed the highest values for both parameters in DSCC (Figure 2). In addition to dominant
species, other trees with high Importance values (IV) in Dhaka include Artocarpus heterophyllus, Albizia
lebbeck, Peltophorum pterocarpum, Syzygium cumini, and Moringa oleifera. These species contribute
significantly to the structure and function of urban green spaces across Dhaka (a list of ten species with
the highest IVs is provided in S10).

Table 2:Tree density and basal area as per zones

SI  Zone Tree density in stem/ha Basal area in m?/ha
(Mean £SE) (Mean £SE)
DNCC DSCC DNCC DSCC
I Tree 235 £ 32.70 25495 + 27.15 13.32 £ 1.82 17.70 + 2.68
2 Scatter 16 +£2.63 111.95 % 19.19 0.73 £0.14 4.83 £ 0.90
3 Others 22 + 471 22.62 £ 3.53 .14 £ 0.29 .33 £0.23

All Zones 37 £ 449 64.34 £ 651 .97 £0.25 3.88 + 0.48
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Figure 2: Land use segregated values of aboveground biomass, belowground biomass, Carbon in aboveground

biomass, carbon in belowground biomass, total tree carbon, tree density, basal area



3.1.3. Phytosociological attributes

The phytosociological attribute of species indicated that both DNCC and DSCC are dominated by a few
key species, with Mangifera indica consistently exhibiting the highest relative density, frequency, abundance,
and Importance Value Index (IVI) regardless of land use types and zones. In DNCC, Mangifera indica and
Swietenia mahogani were the most frequently occurring species, together contributing over 40% of the
relative density, particularly in tree and Scatter zones (Figure 3). Similarly, in DSCC, Mangifera indica alone
accounted for more than one-third of the total tree population across zones, with peak IVI values
reaching 63.88% in the Scatter zone. Other species such as Cocos nucifera, Artocarpus heterophyllus, and
Swietenia macrophylla showed moderate dominance.The dominance of a few species, indicated by their
high IVI values, suggests a relatively low species evenness that urges for a promotion of the rare species
occupying the lower end of the IVI to prevent them from disappearance locally (more on supplemental
table SI'| and S12).This can potentially enhance the value of Dhaka’s urban green spaces in terms of
biodiversity and ecological resilience.
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Figure 3: Phytosociological attributes namely relative density, relative frequency, relative abundance, and
importance value index of DNCC (left) and DSCC (right)

3.1.4. Biomass and Carbon

In both administrative regions of Dhaka, the spatial distribution of biomass and carbon pools exhibited
distinct but complementary patterns across land use types. Parks recorded the highest levels of
aboveground biomass (AGB), belowground biomass (BGB), aboveground carbon, belowground carbon
and total tree carbon per ha (70 metric tons in DNCC and | 10 metric tons in DSCC), followed by
graveyards and institutional premises (Figure 2).These findings highlight the positive influence of
enhanced protection, reduced anthropogenic disturbance, and active maintenance practices typically



associated with fenced or managed green spaces.The dominance of these land-use types in carbon
storage suggests that the most mature and long-standing trees in Dhaka are concentrated within those
areas. The second tier of carbon stock contributors included agricultural, commercial, residential, and
transportation-related land uses, with total tree carbon ranging from 2 - 8 metric tons per ha in DNCC
and 8 - 18 metric tons per ha in DSCC.While biomass and carbon value in residential premises
remained relatively consistent between two city corporations, the key differentiating factor was the
substantially higher carbon reserves in parks and graveyards in DSCC compared to DNCC, likely due to
more established vegetation and greater canopy continuity. Looking at the zonal statistics, Tree zones
held the highest carbon, averaging 54.88 * 8.73 metric tons per ha in DNCC and 74.02 *+ 10.96 metric
tons per ha in DSCC (S13). Similar patterns were observed for the aboveground carbon pool, which was
nearly double in DSCC compared to that of DNCC. In contrast, the Scatter zone which was largely
characterized by built-up areas, stored considerably lower tree carbon stocks, ranging from 2.27 — 16.78
metric tons per ha in both cities. Overall, DSCC demonstrates a higher potential for biomass-based
carbon sequestration, reflecting the presence of older, denser, and well-maintained urban green spaces.

3.1.5. Growing stock

Growing stock distribution across Dhaka’s urban forests showed clear spatial variation, with DSCC
consistently recording higher timber volumes than DNCC, across larid use types and vegetation zones.
At the zone level, Tree zones accounted for the largest share of growing stock, amounting to 227,743 m?
in DNCC and 236,890 m? in DSCC. Despite occupying a smaller spatial extent, the Scattered zone
exhibited timber volume of 43.72 m?ha in DSCC which is much higher compared to DNCC with 5.70
m3/ha growth stock, indicating relatively better urban greening in fragmented built-up areas of DSCC.
Land uses categorized as Others, A zone also contributed modest growing stock in both city areas
(DNCC: 10.32 m*ha, DSCC: 12.1 | m3/ha).Among the land uses, parks and institutional premises
emerged as the dominant contributors to growing stock in both city corporations. Interestingly,
graveyards in DSCC also held high growing stock, contrasting with lower growing stock in DNCC.The
total growing stock was estimated at 346,686 m® in DNCC and 378,354 m? in DSCC, with Tree zones
accounting for nearly two-thirds of the total in each city corporation.

3.1.6. Diversity indices of the tree species per zone of Dhaka

Tree species diversity across Dhaka was assessed using four standard ecological indices, revealing clear
spatial variation between the two city corporations and across different zones (Table S14).The Shannon-
Wiener Diversity Index was highest in the Scatter zone of DNCC (3.15), which indicates relatively
greater species diversity, though it mainly consisted of fragmented built-up areas. In DSCC, Tree zone
showed greater species richness, though with slightly lower Shannon value (3.01). Previous research on
species diversity in Dhaka often categorizes a Shannon value above 3 as high diversity and values ranging
from 2.1 to 3.0 as moderate diversity’5-77. Margalef’s species richness index highlighted differences in
total number of species present, peaking in the Tree zone of DSCC (9.32) and the Scatter zone of
DNCC (8.9).At city corporation-wide scale, DSCC supported slightly larger species pool than DNCC.
Simpson’s Dominance Index ranged from 0.84 to 0.93, with the highest value in DNCC’s Scatter zone,
reflecting a lower probability of the tree community being dominated by few species and a greater
compositional balance. Pielou’s Evenness index indicated relatively balanced species distribution across
most zones, with the highest evenness recorded in the Tree zone of DSCC (0.89). Interestingly, while
DSCC exhibited higher overall species richness (Margalef’s index: 12.17 vs. 11.99), DNCC had higher



evenness (Pielou’s index: 0.76 vs. 0.67) and a marginally higher Simpson’s index (0.92 vs. 0.86).
Researchers using Simpson’s value note that values close to | indicate higher diversity, while Pielou’s
index 0 stands for low and | for greater evenness’. Collectively, this pattern indicates that although
DSCC harbors more species, the distribution is more uneven, possibly due to dominance by few species.
Conversely, DNCC, despite harboring fewer species, maintains a more balanced structural composition -
likely influenced by differences in land-use history, management practices, and urban development
trajectories between the two city corporations.

3.2. Ecosystem Services of Dhaka’s Urban Trees
3.2.1.Air pollution removal

Poor air quality is a common problem in densely populated megacities that pose threats to human health,
degrade landscape materials, and interrupt ecosystem processes. Urban forests improve air quality by
directly reducing air temperature and capturing airborne pollutants on leaf surfaces.This inventory
quantified the annual air pollutant removal by trees and shrubs in Dhaka.The existing trees and shrubs
were estimated to remove 319.3 metric tons of all pollutants annually in DNCC and 219.2 metric tons

in DSCC.Among air pollutants, PM;o removal was highest in both city corporations, followed by PM;,
NO,, O3, SO,, and CO.The economic value of the pollutant removal is estimated as USD 2.43 million in
DNCC and USD 1.67 million in DSCC.

3.2.2. Carbon Sequestration

Trees in DNCC were estimated to store 98,700 + 12,758 metric tons of carbon, valued at USD 1.56
million, while DSCC estimated carbon storage is slightly higher at 103,000 % | 1,413 metric tons of
carbon, valued at USD .63 million.Among the inventoried species, Swietenia mahogani stored and
sequestered the most carbon, approximately 21.4% of the total carbon stored and 19.6% of annual
sequestration. In DSCC, Mangifera indica was the dominant contributor, accounting for approximately
22.2% of total carbon storzage and 20.4% annual sequestration. Previous research by Jaman et al.7”®
reported aboveground carbon stocks range from 45.47 to 193.50 Mg ha™' in urban green spaces like
parks, playground edges, botanical gardens, and roadside plantations of Dhaka, respectively.As a tree
grows, the amount of carbon annually sequestered increases with the size and health of the tree. Gross
carbon sequestration by trees in DNCC was estimated at | 1,120 £ 1,230 metric tons of carbon per
year, with an associated monetary value of USD 0.18 million. Similarly, gross annual sequestration of
DSCC trees is about 10,800 + 1,040 metric tons of carbon, with an associated value of USD 0.17 million.

3.2.3. Oxygen production

Oxygen production is one of the most cited ecosystem services provided by urban trees. A tree’s net
annual oxygen production is directly proportional to the amount of carbon it sequesters, which is closely
linked to biomass accumulation.This study estimated that trees in Dhaka produced approximately 53,550
metric tons of oxygen annually, 26,420 metric tons from DNCC and 27,130 metric tons from DSCC.
Among all species, Swietenia mahogani, Mangifera indica, and Cocos nucifera were the top three
contributors to total oxygen production.

3.2.4. Avoided runoff



Surface runoff is a growing concern for Dhaka, as it transports pollutants into nearby streams, wetlands,
lakes, and rivers. During rainfall, a portion of raindrops are intercepted by trees and shrubs, slowing them
down, while the remainder reaches the ground. In densely built environments, impervious surfaces
prevent water infiltration, thereby increasing the volume of surface runoff. Urban vegetation is critical in
minimizing the problem by intercepting rainfall by aboveground parts, while the tree root system
increases soil water infiltration and water retention.VWe estimated that the trees of DNCC reduce
surface runoff by approximately 604,000 m3 a year with an associated value of USD 1.39 million. On the
other hand, trees and shrubs of DSCC help to reduce runoff by an estimated 378,000 m3 per annum,
valued at USD 0.90 million.We provided a consolidated comparison of key results for DNCC and DSCC

of this study in Table 3.

Table 3: Summary comparison of key urban forest structure metrics and ecosystem service estimates

between DNCC and DSCC

Key issues DNCC DSCC
Tree coverage 10.5 % 10.8 %
No of trees 682,810 616,947

Tree density

37 trees/hectare

65 trees/hectare

Dominating species

|. Mangifera indica
2. Swietenia mahagoni
3. Cocos nucifera

|. Mangifera indica
2. Cocos nucifera
3. Swietenia mahagoni

Carbon sequestration

11,120 metric tons
(USD 0.18 million)

163800 metric tons
(USD 0.17 million)

Carbon storage

98,700 metric tons
(USD 1.56 million)

103,000 metric tons
(USD 1.63 million)

Oxygen production

26,420 metric tons/yeai

27,130 metric tons/year

Pollution removal

319.3 metric tons/year
(USD 2.43 million/year)

Avoided runoff

219.2 metric tons/year
(USD 1.67 million/year)

604,000 m3/year
(USD 1.39 million /year)

378,000 m3/year
(USD 0.90 million/year)

Exotic vs Native

38% native

36% native

4. Discussion

This study represents Dhaka’s first comprehensive urban tree inventory, establishing a much-needed

baseline for understanding the structure, composition, and ecosystem services of the city’s urban forests.
The findings reveal that Dhaka’s overall canopy cover is approximately | 1%, half of the national average of
24%.The Bangladesh government8? has a target of 25% national tree cover by 2030.The tree cover found
in this study varies substantially from that reported by other studies. For example, Endreny, Sica, and
Nowak found tree cover of Dhaka was 22.9% based on Google Earth photo interpretation,and 10.5%
with moderate resolution (250m) based on NASA MOD44B imagery37.This study findings show
similarity with neighboring countries like India, having slightly better urban tree cover in New Delhi
(11.87%) according to the India State of Forest Report 20238!. Our estimate in Dhaka is within the lower
range of tree cover among other cities that conducted field-based inventories like Dhaka’s. For example,
Washington DC, USA (28.6%) and Toronto, Canada (26.6%) were much higher, while San Francisco, USA
(11.9%) was similar to Dhaka'!882, A widely endorsed urban forestry guideline is the 3-30-300 rule, which
Dhaka can adopt to set its tree cover target and improve access to green spaces8.This rule
recommends that a person should be able to see 3 trees from their residence, live in a neighborhood of



30% tree canopy, and green spaces are available within 300 meters. Similar field-based inventories in the
Global North report higher canopy cover than Dhaka, as well as greater per-capita access to tree co-
benefits; however, social inequities were also highlighted in the Global North. National and city-scale
assessments in the United States and Canada show that tree cover is often lowest in hotter, lower-
income neighborhoods, where additional canopy has the greatest potential to reduce heat-related health
risks and improve environmental justice. These studies underscore the urgency of expanding tree cover
in a dense, heat-vulnerable city such as Dhaka5940.

Despite the limited canopy, the urban forests of Dhaka showed floral diversity and delivered considerable
environmental and economic benefits. Species richness was found to be moderate, with |10 tree species
recorded citywide, although a substantial portion were exotic. Other research similarly estimates that
39-56% of Dhaka’s urban trees are exotic’67584 Exotic species pose ecological risk, reduce resilience to
pests, and increase vulnerability to climate variability8. A few species, particularly Mangifera indica,
Swietenia mahogany, and Cocos nucifera were dominant and indicate limited species evenness. Although
these species contribute to urban ecosystem services, a study by Pandey and Kumargé in Allahabad city,
India, suggests that such structural homogeneity may reduce adaptive capacity, increase vulnerability to
disturbance, and limit long-term ecological functionality. Promoting a wider variety of native species is
crucial for robust ecosystem functions and a prerequisite to avail all ecosystem benefits of urban trees,
which reduces pest outbreaks, and climate extremes87:88. . The findings of Martin et al. (2025) revealed
how structural inequities in the density, size, and diversity of urban forests emerge even in high-income,
Global North cities®. This suggests that prioritizing species diversification and equitable distribution is
not only relevant for tropical megacities like Dhaka, but a broadly recognized need across urban contexts
globally. Therefore, to increase native dominance in Dhaka, a comprehensive strategy to gradually replace
exotic trees with locally adapted native species is a criticai step in phasing out exotics. It will enhance
ecological integrity without causing abrupt canopy loss. Complementing this, a mixed-species planting
strategy prioritizing native species while allowing socially preferred, non-invasive exotics aligns with best
practice in tropical urban forestry and improves both ecological fit and public acceptability?°

The current study found considerable spatial variation in tree structure and services among different
zones and land uses. Tree zanes consistently, compared to the Scatter and Other zones, held the highest
tree density, basal area, growing stock, biomass, and carbon across both city corporations. Parks and
graveyards in DSCC, in particular, exhibited notably higher carbon storage, likely due to the presence of
older and less-disturbed trees’®. Researchers found that similar urban areas, like parks, playground edges,
botanical gardens, and roadsides, concentrate the highest amount of carbon in urban areas due to the
stand diversity’®?!. On the other hand, a fragmented canopy or single stand offers less carbon
concentration, particularly in soils?2. These findings emphasize the need for long-term conservation of
mature trees and advocate for mixed-species in fragmented-canopy areas like Scatter and Others zones
as part of the city's greening strategies.

The diversity indices indicate that DSCC had higher overall species richness (Margalef’s Index), but
DNCC exhibited greater species evenness and slightly higher Simpson's dominance scores. This suggests
that although DSCC hosts a wider variety of species, they were likely less evenly distributed. In contrast,
DNCC supports a more balanced tree composition, potentially resulting from different management
practices and urban development patterns. Researchers suggest a balance between richness and evenness
is critical for ecosystem stability?3-95. This underscores the importance of not only increasing the number
of species planted but also ensuring they are distributed more evenly across Dhaka to support ecological
integrity.



We found that trees in Dhaka play a critical role in mitigating urban air pollution by removing 538.5
metric tons of air pollutants annually, with the highest removal for PM followed by PM,s. Researchers
identified PMa.s and PM¢ as the air pollutants of greatest concern for Dhaka?®9%7. According to an
emission inventory, different anthropogenic sources emit 181,438.8 metric tons of air pollutants annually
in Dhaka®.Trees are a natural buffer to neutralize atmospheric pollution, along with other government
regulations to scale down Dhaka’s atmospheric pollution. Previous studies identified native species like
Mangifera indica among the most suitable tree species in Dhaka due to its air pollutant removal capacity
and tolerance?.!%. Beyond air pollution, Dhaka is a hotspot of urban flooding and waterlogging*3.We
found Dhaka’s trees act as the interceptors of rainwater before it reaches the bare surface.They reduce
nearly 982,000 m3 of stormwater runoff per annum, which reduces the flood intensity. Urban vegetation
enhances infiltration and provides localized flood mitigation in the urban built-up environment.This is
critical, as Dhaka’s flooding is leads to livelihood disruptions, climate vulnerability, river pollution, and
degrades city living conditions!!.192, Recent work on global urban-forest governance warns that while
urban tree cover targets help, they fail to deliver long-term ecosystem services if tree health, species
diversity, structural integrity, and equitable spatial distribution are not included as core considerations!s.
Ecological analyses of street trees in multiple Indian cities suggested that increasing structurally diverse
native trees can enhance carbon storage, mediate heat, and support progress towards the Sustainable
Development Goals!93. So, prioritizing the native species, equity, distribution, and expanding the tree
cover at least to the national average (24.4%) or a global benchmark of 30% would substantially confront
Dhaka’s dual challenges- air pollution and urban flooding.

Taken together, current findings highlight both the strengths and shortcomings of Dhaka’s urban forest.
While some areas, particularly parks, graveyards, and institutional premises, strongly support biomass and
ecosystem services, the overall canopy cover and stiuctural diversity remain inadequate for a city of
Dhaka’s size and climatic context. Expanding canopy cover, increasing the representation of native
species, and diversifying plantings, particularly in densely populated neighborhoods to reduce reliance on
a few dominant species should be core objectives in future greening strategies. These results provide a
data-driven foundation to inform urban forestry planning, guide equitable resource allocation, and build
long-term resilience to climate change and urban environmental stressors.

5. Conclusions and Recommendations:

Urban vegetation in Dhaka delivers a multitude of environmental and economic benefits, including air
pollutant removal, carbon storage and sequestration, oxygen production, and stormwater management.
These ecosystem services underscore the crucial role of urban trees in fostering ecological balance,
urban resilience, and the well-being of city residents.This study presents the first comprehensive urban
tree inventory for Dhaka, addressing a critical knowledge gap in urban forestry data.The findings reveal a
moderate tree cover of 10.5% in DNCC and 10.8% in DSCC, which is considerably low for a tropical
metropolis.Yet, despite limited canopy coverage, the estimated annual economic value of ecosystem
services provided by Dhaka’s urban trees is approximately USD 6.74 million, highlighting the value these
green assets offer relative to their spatial footprint. However, the current urban tree population remains
inadequate to support a healthy and resilient urban environment.To maximize benefits from urban green
spaces in Dhaka, future planting and greening efforts should:

e Use the findings of this urban tree inventory to raise public and institutional understanding and
clarity on urban green spaces and their essential role in environmental health, climate adaptation,
and quality of life in Dhaka.



e Set tree cover goals for DNCC and DSCC, which will motivate action to create or update
policies and engage partners and grass-roots efforts who care about the urban environment.The
goals should be ambitious to reverse trends of decreasing tree cover, but also be practical and
consider resources needed to sustain trees over their lifetimes.

e Develop plantation guidelines specific to the urban environment to provide a structured
approach to urban tree planting, ensuring optimal environmental impact. Site-specific plantation
guidelines can be formulated from the data of this urban forest inventory.The urban tree
inventory reveals that certain tree species dominate, providing a majority of the city's
environmental benefits, such as absorbing atmospheric carbon, neutralizing air pollution, and
reducing surface runoff. These species are Swietenia mahogani, Mangifera indica, Swietenia
macrophylla, Albizia lebbeck, Peltophorum pterocarpum,Albizia procera, Syzygium cumini, Moringa
oleifera, and Cocos nucifera, which thrive due to their high survival rates, resilience to urban
microclimates, and popularity among Dhaka residents. Planners and urban foresters should
recognize the preference for these species to promote public interest in addressing
environmental concerns through tree planting.

e Given the high prevalence of exotic species compared to native ones in Dhaka, there is a need
for more emphasis on native species during urban plantation programs.We recommend a phased
replacement of exotic species for Dhaka. This will enhance biodiversity and create habitats that
are friendly to local bird species and other urban wildlife. Native plants are also better suited to
local ecosystems, contributing to overall urban ecological health.

e The plan should also direct efforts towards specific plantation areas that seem most promising
for planting trees, such as cemeteries and institutional premises. This targeted approach will
ensure efficient resource allocation and maximize the impact of tree-planting initiatives.

For the sustained improvement of Dhaka's urban tree cover, the formulation of an urban greening master
plan is crucial integrating the urban tree goals, guidelines, and inventories. This long-term strategy will
outline targets and actions to systematically improve the city's green coverage.This will ensure
coordinated efforts among stakeholders engaged in urban greening, maximizing the positive effects on
the urban environment, aesthetics, and overall well-being of its residents. This study provides a
foundational baseline for the city planners, policymakers, and researchers, facilitating evidence-based
decision-making and integration of urban forestry in Dhaka’s broader sustainable agenda. Investing in
urban green infrastructure is not only ecologically imperative but also a cost-effective strategy for
improving public health, climate resilience, and urban livability.



Acknowledgements

We acknowledge the Bangladesh Forest Department for supporting throughout the process and
validation.We are also grateful to Dhaka North City Corporation, Dhaka South City Corporation,
University of Chittagong, Bangladesh National Herbarium, Bangladesh Forest Research Institute, Green
Savers, Davey Institute, and the data collection team for their contribution.

CRediT author contribution statement

Sahadeb Chandra Majumder: Conceptualization, Methodology, Software,Validation, Formal analysis,
Investigation, Data Curation, Writing - Original Draft,Visualization, Supervision, Project administration.
Md. Shams Uddin: Conceptualization, Methodology, Writing - Review & Editing, Supervision, Project
administration, Funding acquisition, Md. Akhter Hossain: Formal analysis, Investigation, Data Curation,
Writing - Review & Editing,Visualization, Md. Zaheer Igbal: Conceptualization, Methodology, Writing -
Review & Editing, Supervision Pinky Rani Sarkar: Methodology, Software, Validation, Formal analysis,
Investigation, Data Curation, Writing - Review & Editing, Visualization Kristofer Johnson: Resources,
Writing - Review & Editing Md.Tariq Aziz: Methodology, Software, Investigation, Data Curation, Md.
Tauhidor Rahaman: Methodology, Validation, Investigation, Data Curation, Md. Bablu Zzaman:
Methodology, Validation, Investigation, Data Curation, Mohammed Kamal! Hossain: Investigation,
Khandakar Kamrul Islam: Investigation, Data Curation, Ahsan Rony: Investigation, Resources, Data
Curation. Shahadat Hossain Shakil: Resources, Writing - Review & Editing, Project administration,
Funding acquisition. Ashraful Haque: Resources,Writing - Review & Editing, Project administration,
Funding acquisition. Md. Zaglul Hossain: Resources,Writing - Raview & Editing, Supervision, Project
administration. Jason Henning: Resources,Writing - Review & Editing. Liza Vida C. Paqueo:
Resources, Writing - Review & Editing. Justin Green: Conceptualization, Resources, Writing - Review &
Editing, Supervision, Project administration, Funding acquisition.

Data availability statement

Analytical codes and data supporting the findings are available in the GitHub repository, and this paper's
Supplementary Information. GitHub link : https://github.com/sahadeb-gis/DhakaUrbanTreelnventory.
Should any raw files be needed, they will be made available from the corresponding author after this
publication upon reasonable request.

Funding

This research was funded by USAID's Community Partnerships to Strengthen Sustainable Development
(Compass) Program (Award No 72038819T00002) implemented by US Forest Service International
Programs.


https://github.com/sahadeb-gis/DhakaUrbanTreeInventory

References

Haase, D. et al. A Quantitative Review of Urban Ecosystem Service Assessments: Concepts, Models,
and Implementation. AMBIO 43, 413433 (2014).

Langemeyer, J., Gomez-Baggethun, E., Haase, D., Scheuer, S. & EImqvist, T. Bridging the gap between
ecosystem service assessments and land-use planning through Multi-Criteria Decision Analysis
(MCDA). Environ. Sci. Policy 62, 45-56 (2016).

Seto, K. C,, Fragkias, M., Guineralp, B. & Reilly, M. K. A Meta-Analysis of Global Urban Land
Expansion. PLOS ONE 6, 23777 (2011).

Emon, N. U. et al. Assessing atmospheric particulate matters and their removal potential through
roadside trees in Chattogram City, Bangladesh. Atmospheric Pollut. Res. 102535 (2025)
doi:10.1016/j.apr.2025.102535.

Cavender-Bares, J. M. et al. The hidden value of trees: Quantifying the ecosystem services of tree
lineages and their major threats across the contiguous US. PLOS Sustain. Transform. 1, €0000010
(2022).

Zaerpour, M., Papalexiou, S. M. & Pietroniro, A. Increasing tree canopy lowers urban air temperature
by up to 1.5 °C in heat-prone areas. Npj Urban Sustain. 5, 92 (2025).

Manavvi, S. & Milosevic, D. Chasing cool: Unveiling the influence of green-blue features on outdoor
thermal environment in Roorkee (India). Build. Environ. 267, 112238 (2025).

Fong, C. S. et al. Traits of Adaptive Outdoor Thermal Comfoit in a Tropical Urban Microclimate.
Atmosphere 14, 852 (2023).

McDonald, R. I. et al. Current inequality and future potential of US urban tree cover for reducing
heat-related health impacts. Npj Urban Sustain. 4, 1-16 (2024).

. Sinha, P. et al. Variation in estimates of heat-reiated mortality reduction due to tree cover in U.S.

cities. J. Environ. Manage. 301, 113751 (2022).

. McPhearson, T. et al. Global synthesis and regional insights for mainstreaming urban nature-based

solutions. Proc. Natl. Acad. Sci. 122, €2315910121 (2025).

. Anderson, V., Suneja, M. & Dunijic, J. Sensing and Measurement Techniques for Evaluation of Nature-

Based Solutions: A State-of-the-Art Review. Land 12, 1477 (2023).

. Rossi, L., Menconi, M. E., Grohmann, D., Brunori, A. & Nowak, D. ]. Urban Planning Insights from

Tree Inventories and Their Regulating Ecosystem Services Assessment. Sustainability 14, 1684 (2022).

. Ale, S. et al. Urban Forestry in Sub-Saharan Africa: Challenges, Contributions, and Future Directions

for Combating Climate Change and Restoring Forest Landscapes. Sustainability 17, 24 (2025).

. Morgenroth, |. et al. Urban tree cover targets: The good, the bad and the SMART. Urban For. Urban

Green. 112, 128979 (2025).

. Croeser, T., Sharma, R., Weisser, W. W. & Bekessy, S. A. Acute canopy deficits in global cities

exposed by the 3-30-300 benchmark for urban nature. Nat. Commun. 15, 9333 (2024).

. Pasher, ]., McGovern, M., Khoury, M. & Duffe, |. Assessing carbon storage and sequestration by

Canada’s urban forests using high resolution earth observation data. Urban For. Urban Green. 13, 484—
494 (2014).

. Nowak, D. |. et al. Assessing Urban Forest Effects and Values: Toronto’s Urban Forest.

http://dx.doi.org/10.2737/NRS-RB-79 (2013) doi:10.2737/nrs-rb-79.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Nowak, D. J., Hoehn, R. E. I, Crane, D. E,, Stevens, . C. & Walton, ). T. Assessing Urban Forest Effects

and Values, Washington, D.C.’s Urban Forest. (U.S. Department of Agriculture, Forest Service, Northern
Research Station, 2006). doi:10.2737/nrs-rb-1.

Sales, K. et al. The canopy cover Webmap of the United Kingdom’s towns and cities. Arboric. J. 45,
258-289 (2023).

Leng, S., Sun, R,, Yang, X. & Chen, L. Global inequities in population exposure to urban greenspaces
increased amidst tree and nontree vegetation cover expansion. Commun. Earth Environ. 4, 464 (2023).
Guo, J., Hong, D, Liu, Z. & Zhu, X. X. Continent-wide urban tree canopy fine-scale mapping and
coverage assessment in South America with high-resolution satellite images. ISPRS J. Photogramm.
Remote Sens. 212, 251-273 (2024).

Muhamad Nor, A. N. et al. Evolution of Green Space under Rapid Urban Expansion in Southeast
Asian Cities. Sustainability 13, 12024 (2021).

Derdouri, A., Murayama, Y., Morimoto, T., Wang, R. & Haji Mirza Aghasi, N. Urban green space in
transition: A cross-continental perspective from eight Global North and South cities. Landsc. Urban
Plan. 253, 105220 (2025).

Islam, M., Mahmud, A. & Islam, S. M. D. Open space management of Dhaka city, Bangladesh: A case
study on parks and playgrounds. Int. Res. J. Environ. Sci. 4, 118-126 (2015).

Misty, M. S., Hoque, M. A.-A. & Mukul, S. A. Assessment of Urban Green Space Dynamics in Dhaka
South City Corporation of Bangladesh Using Geospatial Techniques. Land 13, 1426 (2024).

Jaman, S., Zhang, X. & Islam, F. Carbon storage and tree diversity in the urban vegetation of Dhaka
city, Bangladesh: a study based on intensive field investigation. Arboric. J. 42, 76-92 (2020).

Abdullah, S. et al. Urban green and blue space changes: A spatiotemporal evaluation of impacts on
ecosystem service value in Bangladesh. Ecol. Inform. 70, 101730 (2022).

BBS. Population and Housing Census 2022.
https://bbs.portal.gov.bd/sites/default/files/files/bbs.portal.gov.bd/page/b343a8b4_956b_45ca_872f 4cf
9b2f1a6e0/2024-01-31-15-51-b53c55dd6922332e401ba013060b9cbb.pdf (2024).

Swapan, M. S. H., Zaman, A. L), Ahsan, T. & Ahmed, F. Transforming Urban Dichotomies and
Challenges of South Asian Megacities: Rethinking Sustainable Growth of Dhaka, Bangladesh. Urban Sci.
1,31 (2017).

Abdullah, A. Rural-urban migration and informal sector of Dhaka city: issues and facts. Res. J. Humanit.
Soc. Sci. 7, 101-106 (2016).

Mahbubur Rahman, M., Hassan ,Md. Shareful, Md. Bahauddin ,Khalid, Khondoker Ratul ,Adib & and
Hossain Bhuiyan, M. A. Exploring the impact of rural-urban migration on urban land use and land
cover: a case of Dhaka city, Bangladesh. Migr. Dev. 7, 222-239 (2018).

BUET & Compass, USDA Forest Service. Political Economy of Urban Green Spaces of Dhaka City. 117
https://urp.buet.ac.bd/UploadedPDFs/Pdf638275217921348080.pdf (2022).

Hassan, M. M. & Southworth, J. Analyzing Land Cover Change and Urban Growth Trajectories of the
Mega-Urban Region of Dhaka Using Remotely Sensed Data and an Ensemble Classifier. Sustainability
10, 10 (2018).

Nawar, N., Sorker, R., Chowdhury, F. |. & Mostafizur Rahman, Md. Present status and historical
changes of urban green space in Dhaka city, Bangladesh: A remote sensing driven approach. Environ.
Chall. 6, 100425 (2022).

Kafy, A.-A. et al. Modeling the relationship between land use/land cover and land surface temperature
in Dhaka, Bangladesh using CA-ANN algorithm. Environ. Chall. 4, 100190 (2021).



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Endreny, T., Sica, F. & Nowak, D. Tree Cover Is Unevenly Distributed Across Cities Globally, With
Lowest Levels Near Highway Pollution Sources. Front. Sustain. Cities 2, (2020).

Shammi, M., Reza, F., Sarker, A. C. & Sakib, A. A. Prospects and challenges of achieving sustainable
urban green-spaces: A case study of urban greening in Dhaka North City Corporation (DNCC),
Bangladesh. PLOS Sustain. Transform. 2, e0000061 (2023).

Cimburova, Z. & Barton, D. N. The potential of geospatial analysis and Bayesian networks to enable i-
Tree Eco assessment of existing tree inventories. Urban For. Urban Green. 55, 126801 (2020).
Steenberg, . W. N. et al. A national assessment of urban forest carbon storage and sequestration in
Canada. Carbon Balance Manag. 18, 11 (2023).

Nyelele, C. & Kroll, C. N. The equity of urban forest ecosystem services and benefits in the Bronx,
NY. Urban For. Urban Green. 53, 126723 (2020).

Tan, X,, Hirabayashi, S. & Shibata, S. Estimation of Ecosystem Services Provided by Street Trees in
Kyoto, Japan. Forests 12, 311 (2021).

Sonti, N. F. et al. Urban net primary production: Concepts, field methods, and Baltimore, Maryland,
USA case study. Ecol. Appl. 32, 2562 (2022).

Restrepo-Mieth, A. Who wants a tree inventory and why? The politics of inventorying urban forestry
in Galapagos, Ecuador. Urban For. Urban Green. 112, 128919 (2025).

Ma, B. et al. A global basis of urban tree inventories: What comes first the inventory or the program.
Urban For. Urban Green. 60, 127087 (2021).

Edelman, D. J. Managing the Urban Environment in Dhaka, Bangladesh. Curr. Urban Stud. 13, 110-148
(2025).

Chaki, S. & Hasan, M. Assessment of meteorological parameters in predicting seasonal temperature
of Dhaka city using ANN. Heliyon 10, (2024).

Rahman, M. N. et al. Impact of Urbanization on Urban Heat Island Intensity in Major Districts of
Bangladesh Using Remote Sensing and Gec-Spatial Tools. Climate 10, 3 (2022).

Rashid, K. J., Islam, S. & Rahman, M. A. Ecological impact evaluation of urban heat island in Dhaka city;
a spatio-temporal approach. Preprint at https://doi.org/%255Bhttps://doi.org/10.21203/rs.3.rs-
307151/vl (2021).

Abrar, R. et al. Assessing the Spatial Mapping of Heat Vulnerability under Urban Heat Island (UHI)
Effect in the Dhaka Metropolitan Area. Sustainability 14, 4945 (2022).

Faisal, A.-A.- et al. Assessment of temporal shifting of PM2.5, lockdown effect, and influences of
seasonal meteorological factors over the fastest-growing megacity, Dhaka. Spat. Inf. Res. 30, 441—453
(2022).

Md. Anwarul Abedin & Kibria, M. G. Resilience to Water-Related Disasters: Risks, Vulnerabilities and
Coping Strategies in Dhaka. in Urban Drought: Emerging Water Challenges in Asia (eds Ray, B. & Shaw,
R.) 113-129 (Springer, Singapore, 2019). doi:10.1007/978-981-10-8947-3_8.

Mohuya, F. A, Walsh, C. L. & Fowler, H. J. Urban flood risk management through the lens of citizen
science: A case study on the two city corporations’ area of Dhaka. Int. J. Disaster Risk Reduct. 124,
105405 (2025).

Rahman, M. M. & Szabé, G. Impact of Land Use and Land Cover Changes on Urban Ecosystem
Service Value in Dhaka, Bangladesh. Land 10, 793 (2021).

McRoberts, R. E., Tomppo, E. O. & Czaplewski, R. L. Sampling designs for national forest
assessments. Knowl. Ref. Natl. For. Assess. 23—40 (2015).



56.

57.

58.

59.

60.

6l.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

Rosmasita, Siregar, V. P., Agus, S. B. & Jhonnerie, R. An object-based classification of mangrove land
cover using Support Vector Machine Algorithm. IOP Conf. Ser. Earth Environ. Sci. 284, 012024 (2019).
Hossan, M. S., Afjal, M. I., Hasan, Md. F. & Hanif, Md. A. Assessment of land dynamics transformation
into tea plantations using support vector machine. Trees For. People 18, 100703 (2024).

Mourin, M. M., Ferdaus, A. A. & Hossain, Md. J. Landslide Susceptibility Mapping in Chittagong District
of Bangladesh using Support Vector Machine integrated with GIS. in 2018 International Conference on
Innovation in Engineering and Technology (ICIET) 1-5 (2018). doi:10.1109/CIET.2018.8660782.

Nowak, D. J. Understanding i-Tree: 2023 summary of programs and methods. Gen. Tech. Rep. NRS-
200-2023 Madison WI US Dep. Agric. For. Serv. North. Res. Stn. 103 P Plus |4 Append.
https://doi.org/10.2737/NRS-GTR-200-2023 (2024) doi:10.2737/NRS-GTR-200-2023.

Monteiro, M. V., Handley, P. & Doick, K. J. An insight to the current state and sustainability of urban
forests across Great Britain based on i-Tree Eco surveys. For. Int. J. For. Res. 93, 107—123 (2020).
Martin, N. A., Chappelka, A. H., Somers, G., Loewenstein, E. F. & Keever, G. J. Evaluation of Sampling
Protocol for i-Tree Eco: A Case Study in Predicting Ecosystem Services at Auburn University. Arboric.
Urban For. AUF 39, 5661 (2013).

Song, P., Kim, G, Mayer, A, He, R. & Tian, G. Assessing the Ecosystem Services of Various Types of
Urban Green Spaces Based on i-Tree Eco. Sustainability 12, 1630 (2020)

i-Tree. I-Tree Eco v6.0 User Manual. (2021).

Nowak, D. |., Walton, J. T., Stevens, J. C., Crane, D. E. & Hoehn, R. E. Effect of plot and sample size
on timing and precision of urban forest assessments. Aboriculiure Urban For. 34, 386—390 (2008).
Graca, M. S. et al. Assessing mismatches in ecosystem services proficiency across the urban fabric of
Porto (Portugal): The influence of structural and sociceconomic variables. Ecosyst. Serv. 23, 82-93
(2017).

Cochran, W. G. Sampling Techniques, 3rd Edition. (John Wiley & Sons, New York, 1977).

Ahmed, S. K. How to choose a sampling technique and determine sample size for research: A
simplified guide for researchers. Oral Oncol. Rep. 12, 100662 (2024).

Edgar, C. B. et al. Strategic National Urban Forest Inventory for the United States. J. For. 119, 86—95
(2021).

Henning, . How many i-Tree Eco Plots Should | use? - i-Tree Support Forums.
https://forums.itreetools.org/viewtopic.php?t=1210 (2014).

GoB. Tree and Forest Resources of Bangladesh: Report on the Bangladesh Forest Inventory. Forest
Department, Ministry of Environment, Forest and Climate Change, Government of the People’s Republic of
Bangladesh. http://bfis.bforest.gov.bd/bfi/wp-content/uploads/202 1/02/BFI-

Report_final_08 02_2021.pdf (2020).

Forest Trends’ Ecosystem Marketplace. Voluntary Carbon and the Post-Pandemic Recovery. State of
Voluntary Carbon Markets Report, Special Climate Week NYC 2020 Installment.
https://waconservationaction.org/wp-content/uploads/2020/ | |/EM-Voluntary-Carbon-and-Post-
Pandemic-Recovery-2020.pdf (2020).

DESCO. Dhaka Electricity Supply PLC (DESCO). Electricity Tariff Rate
https://desco.gov.bd/site/page/4698285e-0659-4d52-9069-
5b05345cfcc3/http%3A%2F%2Fdesco.gov.bd%2Fsite%2Fpage%2F4698285e-0659-4d52-9069-
5b05345cfcc3%2FTariff-Rates.



73.

74.

75.

76.

77.

78.

79.

80.

8l.

82.

83.
84.

85.

86.

87.

88.

89.

90.

9l.

92.

Hintural, W. P, Jeon, H. |, Kim, S. Y., Go, S. & Park, B. B. Quantifying Regulating Ecosystem Services
of Urban Trees: A Case Study of a Green Space at Chungnam National University Using i-Tree Eco.
Forests 15, 1446 (2024).

Zhao, H., Zhao, D, Jiang, X., Zhang, S. & Lin, Z. Assessment of Urban Forest Ecological Benefit Based
on the i-Tree Eco Model—A Case Study of Changchun Central City. Forests 14, 1304 (2023).

Akter, E. & Uddin, M. Z. Tree Diversity, Abundance And Dominance In The Lakeside Vegetation of
Dhaka City, Bangladesh. Bangladesh J. Plant Taxon. 30, 263-275 (2023).

Shila, M. A, Shomrat, A. & Uddin, M. Z. Assessent of tree diversity in the vegetation of ramna areas
of dhaka city for better management. Bangladesh J. Bot. 53, 605—617 (2024).

Mosyaftiani, A. et al. Monitoring and analyzing tree diversity using i-Tree eco to strengthen urban
forest management. Biodiversitas 23, 4033—4039 (2022).

Divakara, B. N., Nikitha, C. U., Nolke, N., Tewari, V. P. & Kleinn, C. Tree Diversity and Tree
Community Composition in Northern Part of Megacity Bengaluru, India. Sustainability 14, 1295
(2022).

Jaman, S., Zhang ,Xiang & and Islam, F. Carbon storage and tree diversity in the urban vegetation of
Dhaka city, Bangladesh: a study based on intensive field investigation. Arboric. J. 42, 76-92 (2020).
MoEFCC. Bangladesh National Conservation Strategy (2021 —2036). 210
https://moef.portal.gov.bd/sites/default/files/files/moef.portal.gov.bd/page/acOce881_4bld_4844 a426
Ib6ee36d2453/IUCN_NCS%20BOOK%20ENGLISH_5_07_20223%20Latest%20File.pdf (2021).
Forest Survey of India. India State of Forest Report 2023: Volume !. 368
https://fsi.nic.infuploads/isfr2023/isfr_book_eng-vol-1_2023.pdf (2023).

Nowak, D. |. et al. A Ground-Based Method of Assessing Urban Forest Structure and Ecosystem
Services. Arboric. Urban For. AUF 34, 347-35% (2008).

Konijnendijk, C. The 3-30-300 rule for urbarn forestry and greener cities. Biophilic Cities J. 4, 2 (2021).
Uddin, M. Z. et al. Evaluation of plant species diversity in the road dividers of Dhaka city. Bangladesh .
Plant Taxon. 28, 141-154 (2021)

Constantine, K., Chaudhary, M. & Williams, F. An Assessment of the Invasive Species System in
Bangladesh. https://www.cabi.org/wp-content/uploads/VWorking-Paper-28.pdf (2022).

Pandey, R. K. & Kumar, H. Tree species diversity and composition in urban green spaces of Allahabad
city (U.P). Plant Arch. 18, 2687-2692 (2018).

Sjoman, H. et al. Resilient trees for urban environments: The importance of intraspecific variation.
PLANTS PEOPLE PLANET 6, 1180-1189 (2024).

Islam, M. T., Shomrat, A. & Uddin, M. Z. Plant diversity, conservation worthiness and people’s
perception in future management of Purbachal Sal Forest, Bangladesh. Bangladesh J. Plant Taxon. 31,
279-292 (2024).

Martin, A. J. F., Fleming, A. & Conway, T. M. Distributional inequities in tree density, size, and species
diversity in 32 Canadian cities. Npj Urban Sustain. 5, 18 (2025).

Sjoman, H., Morgenroth, J., Sjoman, J. D., Sebg, A. & Kowarik, |. Diversification of the urban forest—
Can we afford to exclude exotic tree species? Urban For. Urban Green. 18, 237-241 (2016).

Shadman, S. et al. The carbon sequestration potential of urban public parks of densely populated cities
to improve environmental sustainability. Sustain. Energy Technol. Assess. 52, 102064 (2022).

Parvin, N. et al. Plant diversity enhances soil organic carbon content in mixed stands more than single
stands in the urban vegetation of Dhaka, Bangladesh. Ecol. Front. 45, 316-327 (2025).



93.

94.

95.

96.

97.

98.

99.

Wilsey, B. . & Potvin, C. Biodiversity and Ecosystem Functioning: Importance of Species Evenness in
an Old Field. Ecology 81, 887—-892 (2000).

Wiesel, P. G., Dresch, E., Santana, E. R. R. de & Lobo, E. A. Urban afforestation and its ecosystem
balance contribution: a bibliometric review. Manag. Environ. Qual. Int. J. 32, 453—469 (2021).

Valencia, E. et al. Synchrony matters more than species richness in plant community stability at a
global scale. Proc. Natl. Acad. Sci. 117, 24345-24351 (2020).

Rahman, M. M., Mahamud, S. & Thurston, G. D. Recent spatial gradients and time trends in Dhaka,
Bangladesh, air pollution and their human health implications. J. Air Waste Manag. Assoc. 69, 478-501
(2019).

Begum, B. A, Hopke, P. K. & Markwitz, A. Air pollution by fine particulate matter in Bangladesh.
Atmospheric Pollut. Res. 4, 75-86 (2013).

Randall, S., Sivertsen, B., Ahammad, S. S., Cruz, N. D. & Dam, V. T. Emissions Inventory for Dhaka and
Chittagong of Pollutants PM 10, PM2. 5, NOx, SOx, and CO.
https://doe.portal.gov.bd/sites/default/files/files/doe.portal.gov.bd/page/cdbe5 1 6f 1756 _426f aféb_3ae
9f35a7824/2020-06- 10-16-30-6a880 1 bba5009c814b7d5cbeebebd3aa.pdf (2015).

Shahrukh, S. et al. Air pollution tolerance, anticipated performance, and metal accumulation indices of
four evergreen tree species in Dhaka, Bangladesh. Curr. Plant Biol. 35-36, 100296 (2023).

100. Roy, A., Bhattacharya, T. & Kumari, M. Air pollution tolerance, metal accurnulation and dust

capturing capacity of common tropical trees in commercial and industrial sites. Sci. Total Environ. 722,
137622 (2020).

101. Khan, N. S. et al. Assessing flooding extent and potential exposure to river pollution from urbanizing

peripheral rivers within Greater Dhaka watershed. Sci. Rep. 14, 29341 (2024).

102. Akther, H. & Ahmad, M. M. Livelihood under stress: The case of urban poor during and post-flood

in Dhaka, Bangladesh. Geogr. J. 187, 186199 (2021).

103. Ekka, P., Shilky, Baishya, R. & Saikia, P. Ecciogical analyses of street trees of Indian cities to achieve

United Nations sustainable development goals. Ecol. Front. 44, 712-725 (2024).



