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1.l ntroducti on

Aquaculture is vital in the global food system, offering sustainable protein sources and
empowering local economies.

WorldFish is committed to developing a comprehensive solution for identifying ideal
freshwater and coastal aquaculture sites, particularly in Bangladesh, India, Kenya,
Zanzibar, Timor-Leste, Mozambique, and Malawi. WorldFish ensures the economic
and environmental viability of aquaculture operations, optimises logistical efficiency,
and promotes sustainable integration with local ecosystems.

The AQUADMC (Optimising AQUAculture Development and Market
Connectivity) project outlines an approach that leverages advanced satellite
remote sensing technologies, geospatial datasets, and relevant socio-
economic ancillary data to assess and map potential aquaculture sites and
support policymakers and investors in selecting sites for developing
aguaculture activities.

Earth Observation (EO) technology, utilising powerful satellites, offers a game-
changing approach to monitoring vast areas. It is particularly valuable in identifying
suitable locations for coastal aquaculture, considering both environmental and
logistical factors.

Implementing this approach in two strategically chosen demonstration sites, one in
Kenya and another in Bangladesh (Figure 4), aims to achieve WorldFish’s objectives,
striking a crucial balance between ecological sustainability and market demands.

Exploiting satellite data and geospatial analysis will enhance understanding and
management of aquatic food systems, supporting WorldFish’s mission to create
resilient and inclusive food systems for shared prosperity?.

1.1. Purpose and scope

This report forms a key deliverable of the AQUADMC project and provides a
comprehensive overview of the Mapping Tool and Final Platform developed as part
of the project. This document aims to detail the implementation and functionality of
the geospatial web platform designed to facilitate the consultation of geospatial and
socio-economic datasets.

It provides a detailed account of the consolidated methodologies employed in the two
project activities, along with the results of their integration into the platform.

The project leverages advanced remote sensing and satellite technologies to evaluate
and map potential aquaculture sites. The methodology incorporates environmental,
socio-economic, and logistical factors to ensure the suitability and sustainability of
each site.

The primary output is a mapping tool that integrates data from suitability analyses,
socio-economic impact assessments, and logistical evaluations. This tool delivers
clear, actionable insights to support the selection of aquaculture sites that optimise
operational efficiency, market accessibility, and environmental sustainability.

The present report presents the Mapping Tool and Platform in Bangladesh.

1 Cullhaj M, Rossignoli C, Fleming A and Mohammed EY. 2024. WorldFish Strategy Results Framework
2023-2030. Penang, Malaysia: WorldFish. Strategy.
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1.2. Acronyms and abbreviations

Acronyms

Al Artificial Intelligence

AOI Area Of Interest

AQUADMC Optimising AQUAculture Development and Market Connectivity
CHL Chlorophyli

DEM Digital Elevation Model

EO Earth Observation

ESA European Space Agency

FNU Formazin Nephelometric Units

GIS Geographical Information System
GM Geometric Mean

HAB Harmful Algae Bloom

OLCI Ocean and Land Colour Instrument
OSM OpenStreetMap

SLSTR Sea and Land Surface Temperature Radiometer.
SST Sea Surface Temperature

TSM Total Suspended Matter

TU Turbidity

URL Uniform Resource Locator

WQ Water Quality

WT Water Transparency
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2.Ser vOweer vi ew

AQUADMC project foresees the implementation of a geospatial web platform to allow
the consultation of geospatial datasets and socio-economic data supporting decision-
making related to the most suitable location of aquaculture farms concerning
environmental and logistic constraints to increase the economic value of the sector
(Figure 1).

By integrating environmental, socio-economic, and logistical factors, the project aims
to evaluate the viability of two strategically chosen demonstration sites in Kenya and
Bangladesh (Figure 2). This report is focused on the Bangladesh case study (Figure
4).

Additionally, robust data analytics provides a comprehensive decision-making
framework that balances ecological sustainability with market needs.

& F o E>» 8

Input data Processing Web-based platform Decision-making
(Maps and geonalaytics)

Figure 17 High-level AQUADMC concept

2.1. Selected Aols

AQUADMC project aims to evaluate the viability of two strategically chosen
demonstration sites in Kenya and Bangladesh (Figure 4).

Figure 217 Selected countries
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2.1.1. Bangladesh

In Bangladesh, the areas of Khulna prefecture have been selected ( Figure 4 — 5).

Division
[ Barisal
Chittagong
[T Dhaka
I Khulna
[ Mymensingh
) [ Rajshahi

A a Il Rangpur
‘«n [ Sylhet

Figure 3 - Districts and Divisions of Bangladesh

Bangladesh

Figure 41 District of Khulna
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NI S darpur
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R L
|

Gopalgan, Kotalioaro':

Figure 57 The inland area of interest (AOI) is highlighted in red, while the sea AOI is
depicted in blue.
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Figure 6 T Representation of statistical zones.

2.1.2. Kenya

In Kenya, the five counties in the Lake Victoria region have been analysed (Busia,
Homa Bay, Kakamega, Kisumu, Saya).
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Figure 7- Administrative boundaries of Kenya and studied counties.

Figure 8- Representation of statistical zones.
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2.2. Methodology

2.2.1. Bangladesh water-side analysis

Remote sensing provides critical data for the mapping, classification, and monitoring
of coastal and freshwater ecosystems. Multispectral imaging and empirical
relationships derived from reflectance data in optical remote sensing algorithms were
used to assess water quality parameters (WQ) in shallow waters.

A multi-faceted approach was employed, starting with the collection and pre-
processing of satellite data. Sources included Sentinel-3A and 3B (OLCI and SLSTR
sensors), Sentinel-2A and 2B (MSI sensors), and the Copernicus Marine Service.

These datasets provided information on key surface water quality parameters?, 3, 4:

1 Chlorophyll-a Concentration (CHL): Represents the presence of
phytoplankton, a key indicator of primary productivity and water quality.

i Total Suspended Matter (TSM): Reflects the concentration of particulate
matter in the water, which influences light penetration and habitat conditions.

I Turbidity (TU): Provides a measure of water clarity, critical for species relying
on sight for feeding and predator evasion.

1 Water Transparency (WT): Affects the growth of submerged aquatic
vegetation and overall water quality.

1 Sea Surface Temperature (SST): | mpact s
and spatial distribution.

aguatic species

The first stage of the process involved acquiring daily and periodic satellite imagery
to extract WQ measurements. Sentinel-3 data offered a spatial resolution of 300m,
with daily updates for most parameters and a 1km resolution for SST. Sentinel-2 data
provided a finer spatial resolution of 10m, with updates every five days.

Parameter Spatial Resolution Rate of update Satellite/Sensor
Chlorophyll-a 300m One day Sentinel-3
Chlorophyll-a 10m Five days Sentinel-2
Turbidity 300m One day Sentinel-3
Turbidity 10m Five days Sentinel-2
Night Sea Surface 1km One day Sentinel-3
Temperature
Water transparency 300m One day Sentinel-3

Satellite imagery for 2023 and 2024 was carefully selected based on cloud cover.
Dedicated algorithms tailored to Sentinel-2 and Sentinel-3 imagery were employed
for pre-processing. Pre-processing involved radiometric and atmospheric corrections,
georeferencing, and resampling to ensure data consistency and accuracy. Quality
control measures were applied to filter clouds, shadows, and other noise, ensuring

2 Ceriola, G., Drimaco, D., Aiello, A., Bollanos, S., 2019. From SST measurements to actionable information
for public and private users: Rheticus© services. Proceedings of the GHRSST XX SCIENCE TEAM MEETING,
pp. 144-148, ISSN 2049-2529
3 Del Buono, N., Esposito, F., Gargano, G., Selicato, L., Taggio, N., Ceriola, G. and lasillo, D., 2022,
September. Detecting Anomalies in Marine Data: A Framework for Time Series Analysis. In International
Conference on Machine Learning, Optimization, and Data Science (pp. 485-500). Cham: Springer Nature
Switzerland
4 Sarelli, A., Ceriola, G., lasillo, D., Aiello, A., 2019. Coastal Eutrophication estimation for SDG 14: innovative
algorithm and novel provision approach based on the exploitation of large EO time series and a cloud-based
application platform. ESA Living Planet Symposium 2019
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high data reliability. For atmospheric correction, the unique optical properties of
shallow waters, influenced by hydrological, biological, and chemical constituents,
were carefully addressed. Algorithms also corrected for bottom reflection, residual
clouds, anomalous pixels, and open sea pixels to ensure that only high-quality data
were used in subsequent analyses.

Following the pre-processing steps, advanced algorithms were utilised to derive water
quality parameters:

1 Chlorophyll-a (CHL): Extracted using Al-based models calibrated for specific
regions of interest.

9 Turbidity (TU): Calculated with reflectance models adapted for shallow
waters, reducing the impact of depth.

T Water Transparency (WT): Estimated using Secchi disk depth proxies
derived from satellite imagery.

i Sea Surface Temperature (SST): Derived from thermal infrared bands and
previously validated against in situ buoy data.

Figure 9 - Representation of statistical zones
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The area of interest in the Khulna district was divided into four zones corresponding
to the four divisions of Bagerhat, Jessore, Khulna, and Satkhira for the land area
(Figure 9). The sea area was divided into seven homogeneous subzones based on
environmental and physical characteristics, facilitating detailed spatial analysis, four
of which were close to the coast (zones 102, 103, 104, 105) are close to the coast
(Figure 9).

Monthly maps were created by aggregating arithmetic and geometric means and the
90th percentile values for CHL and TU. It provided insights into temporal variations
relevant to aquaculture site selection. Statistical methods such as time series analysis
and trend detection were applied to identify seasonal and interannual patterns critical
for decision-making on agquaculture site selection.

In 2023 and 2024, 153 chlorophyll concentration maps and 153 turbidity maps were
generated using Sentinel-2 data for the Khulna Division, comprising 90 marine and
71 inland maps. Due to the limited number of images, these maps were not
aggregated monthly. However, a time series analysis was performed to calculate
statistical variance and identify significant ranges of variation. Unfortunately, the
limited number of Sentinel-2 images, coupled with persistent residual cloud cover over
the Khulna area—particularly in inland regions—resulted in a lack of significant
statistical data for ponds (Figure 10, Figure 11).

For the sea area, a common classification legend was developed using statistical
analyses from Sentinel-3, enabling the creation of range maps at a spatial resolution
of 300 metres (Figure 12, Figure 13).

Regarding the direct calculation of chlorophyll concentration from Sentinel-2, the
algorithm, initially designed for coastal waters with depths exceeding 1 metre,
demonstrated extreme sensitivity to the very shallow depth of basins. Although it was
calibrated and customised for inland waters, the absence of in situ measurements
prevented further recalibration of the algorithm to provide more meaningful data for
ponds. Despite this limitation, the algorithm still yielded useful chlorophyll
concentration maps.

Turbidity calculations, based on an algorithm designed to reduce the influence of
depth by leveraging different spectral bands in the visible range, produced reliable
measurements. As a result, turbidity maps were included in the analysis. The
algorithm was also evaluated at its native spatial resolution of 10 metres. However,
as it was not calibrated with in situ data, turbidity and chlorophyll values were
categorised into intervals derived from spatial analyses of inland and coastal areas,
including ponds.

planetek
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CHL 20240525

I 0.03 microgrfliti (Chlorophyll)
I 1
10
12
I 30

g Bonuladesh TUR 20241170 B8
Band 1 ((zay;

Figure 11 - Example of Sentinel-2 TUR Map (inland area).

An initial temporal analysis was attempted, but the sparse availability of Sentinel-2
turbidity maps during 2023-2024, due to frequent cloud cover, hindered the detection
of spatial or temporal trends. Nevertheless, the statistical analyses enabled the
identification of average and most frequent turbidity values for each area of interest.
These statistics demonstrated consistency across the entire region, allowing the
definition of four classification ranges for turbidity and chlorophyll. These ranges were
plausibly linked to water quality in ponds, with high turbidity correlated with poorer
water quality and, consequently, reduced crayfish quality.
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Figure 13 - Example of Sentinel-2 TUR Map (sea area).

2.2.2. Bangladesh's socio-economic and environmental impact evaluation

The objective of this work was to provide a socio-economic characterisation of
aquaculture in Bangladesh to identify the factors most influencing this sector.

In particular, the analysis was conducted at the district level (Figure 3), recognising
that aquaculture does not exert a uniform impact across the entire population. This
approach allowed for the evaluation of local characteristics. It enabled comparisons
between different districts, providing valuable insights for territorial planning and the
sustainable management of resources.

The importance of aquaculture in Bangladesh was evident from the extensive body of
literature on the subject and the attention given to this sector by the Bangladeshi
government. Numerous periodic reports published by the government detailing the
progress of aguaculture were among the key sources utilised in this study.

planetek
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The work undertaken involved the collection of data and the creation of various geo-
databases to facilitate the analysis. These databases were subsequently merged into
a single repository to enable data visualisation on the project dashboard. This
integrated database is described later in this report, along with the variables included
(see Appendix) and their respective descriptions.

Preliminary conclusions are presented regarding the findings of this analysis.
However, it is important to note that the study had a purely exploratory nature due to
several limitations, including the restricted availability of disaggregated data, which
constrained the depth of the analysis.

To gain insights into the socio-economic context of aquaculture in Bangladesh,
several key variables were collected from a variety of sources. The characterisation
focused on the following areas:

9 Aguaculture by area, production, and productivity.
T Communication routes.

1 Labour market dynamics and financial accessibility within the agricultural
sector.

1 Measures of socio-economic well-being among the population.
Aquaculture by area, production and productivity point of view

During the research phase, data were identified regarding the area utilised, production
levels, and annual productivity of aquaculture in Bangladesh between 2013 and 2023,
categorised by district.

The primary source of this information was the annual report Yearbook of Fisheries
Statistics of Bangladesh, published by the Ministry of Fisheries and Livestock,
Department of Fisheries. While Bangladesh does not provide an official definition of
aquaculture®, the Yearbook offered extensive details on the most common
aguaculture practices in the country. These included:

1 Ponds: Small, enclosed artificial waterbodies.

i Seasonal Cultured Waterbodies: Seasonally flooded areas with temporary
boundaries.

1 Baors: Horseshoe-shaped lakes formed in old riverbeds where the river has
changed course.

9 Shrimp Culture/Prawn Farming: Specialised aquaculture for shrimp and
prawns.

1 Pen Cultures: Enclosures made of nylon or bamboo nets within larger
waterbodies.

1 Cage Cultures: Floating cages anchored to the bottom of a lake or river.

Following an analysis of these categories, the research was primarily focused on
Ponds—being the most prevalent aquaculture practice—and Cage Culture.

The data on the annual production of Ponds were further categorised based on
intensity:

5 https://www.fao.org/fishery/en/legalframework/nalo_bangladesh
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Cultured Method | Production Range
Extensive < 1.5 MT/Ha®
Semi-intensive 1.5-4 MT/Ha
Intensive > 4-10 MT/Ha
Highly Intensive >10 MT/Ha

Table 1 - Source: Yearbook of Fisheries Statistics of Bangladesh 2018-19

Figure 14 illustrates the percentage change in total pond production between 2013
and 2023.

% Change in Total Pond Production (2013-2023)
B 0.0-0.0
-5-0
[Jo-487
[]48,7-59,2
59,2 - 65,7
[ 65,7 - 72
B 72- 76,9
B 76,9 - 84
B &4 - 100
I 100 - 123,1
W 123,1-186

0 50 100 km
| E—

Figure 14 - Percentage Change in Total Pond Production between 2013 and 2023
Communication Routes

The inclusion of data on communication routes in the socio-economic analysis
enabled a deeper exploration of the relationship between aquaculture development
and local socio-economic dynamics. An adequate communication network was
identified as a key factor in facilitating the transport of fish products to markets and
ensuring access to essential services such as hospitals and schools, thereby
significantly influencing the quality of life within communities.

The data on communication routes were obtained from the Humanitarian
OpensStreetMap (OSM) Team through the Humanitarian Data Exchange platform.
OSM data were chosen for this analysis due to their spatial georeferencing and
regular updates, making them particularly valuable for detailed assessments.

To enhance the analysis, the data on communication routes were weighted by
population and the area of each district. This approach was adopted for the following
reasons:

6 MT = Metric Ton

Ha = Hectare

pla'r.le.t'ek
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1 Density by area provided insight into how well a district was served by
transport routes, helping to identify regions with strong potential for
aquaculture development.

1 Density by population offered an indication of the ease of mobility, although
urbanisation levels influenced this measure.

1 Density of communication routes served as a proxy for evaluating accessibility
to trading centres, given the absence of detailed information on market
locations.

Figure 15 illustrates the kilometres of roads per district, calculated based on OSM
data.

OSM Km of roads
[1559-979
[1979-1277
[ 1277 - 1701
[J 1701 - 1915
[ 1915 - 2333
[ 2333 - 2720
[ 2720 - 3476
[ 3476 - 4581
[ 4581 - 7398
I 7398 - 13513

A 0 50 100 km
[ —

Figure 15 - Kilometres of roads

Labour market dynamics and financial accessibility within the agricultural
sector

As highlighted by a report from the Bangladesh Department of Fisheries, which stated:

AThe fisheries sector contributes 3.52 perc
fourth (26.37%) to the total agricultural GDP. [...] Fish, the second most valuable
agricultural crop in Bangladesh, plays a crucial role in the livelihoods and employment

of mi | | i onaguaculureplilkedighihgewa® considered part of the agricultural

sector.

In line with this evidence, we also chose to analyse certain data from the agricultural
sector, focusing in particular on disbursements and recoveries, as well as employment
(both in agriculture and in general). This approach aimed to provide insights into the

sector’s attractiveness, pl acing aquacul tu
sector-specific data allowed us to evaluate its production. In contrast, more general
data offered indications of the credi,t sSys

supporting the sector’s devel opment .

Due to the limited availability of information, the financial analysis focused on the

period between 2016 and 2021, using data on agricultural credit loans and recoveries

from the Bangladesh Krishi Bank, as retrieved from the Statistical Yearbook of

Bangladesh 2022. In particular, we calculated the recovery rate (total recoveries as a
}.)I;ir.le.t'ek
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proportion of total loans) for this period. This metric provided insights into repayment
capacity across districts, identifying areas with strong financial performance and those
facing greater difficulties. However, no data were available for the northwestern region
of Bangladesh.

Regarding employment data, multiple sources were utilised, including the Bangladesh
Subnational Population and Housing Data Tables with Administrative Boundaries
from the United States Census Bureau and the dataset from the 2022 Census by the
Bangladesh Bureau of Statistics (BBS).

Measures of population socio-economic well-being

To capture the complexity of socio-economic well-being at the district level, various
indicators were employed.

To evaluate GDP at this scale and to address the lack of disaggregated data at the
district level, two proxies from the GlobalDataLab’ were utilised: the Subnational
Human Development Index (HDI) and the mean International Wealth Index (IWI)
score for each region. While this methodological choice introduced a certain degree
of uncertainty, it enabled the estimation of territorial inequalities.

The first index measured the level of human development in a territory by considering
three dimensions: education, health, and standard of living. The second index,
derived from household surveys, analysed not only the economic well-being of
households but also the quality of housing and access to public services.

These indices originally aggregated into groups of districts (different from
administrative Divisions), were disaggregated to the individual district level under the
assumption of a constant value within each group. It is important to note that this
procedure might not have fully reflected territorial realities, as it presumed uniform
levels of human development and well-being across all districts within a group. This
simplification could have either underestimated or overestimated existing differences.

Despite these methodological limitations, the impact of this simplification on the
overall analysis was deemed limited. This approach addressed a significant
information gap, providing an estimate—albeit an imperfect one—of human
development and well-being at the district level. The alternative, which would have
excluded this information due to the lack of disaggregated data, would have resulted
in an incomplete representation of reality.

Additional socio-economic variables were also examined. The literacy rate, a critical
indicator of human and social development, was included in the analysis. The next
figure illustrates the percentage variation in literacy rates between 2011 and 2022.

It was observed that during this period, all districts experienced an increase in literacy
rates. However, in some districts, such as Dhaka, the changes appeared minimal. It
was attributed to the fact that districts with literacy rates nearing saturation inherently
exhibited limited percentage growth.

Alongside literacy data, information on education was analysed. This analysis
included changes in the total number of secondary schools and colleges (educational
institutions beyond the eighth grade, the final year of compulsory education®) between

7 https://globaldatalab.org/

g u

The

duration of primary education wil/ be extended

Education Policy 2010 — MoE 2010
And“ Secondary (9 to 10)”" Bangladesh Education Statistic
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2021 and 2023, as well as changes in the number of students and teachers® during
the same period. Although this was a relatively short timeframe due to the lack of
long-term data, the findings provided insights into recent trends within the education

system.

Specifically, an increase in the number of students pursuing scientific disciplines
suggested the potential for a growing pool of qualified workers in the aquaculture
sector, fostering its development. However, as the data were aggregated by
discipline, further investigation would be required for a more detailed evaluation.

To assess poverty levels, the 2016 poverty rate!® was considered. This indicator
identified moderately low-income families whose food expenditure was near the food
poverty line, also known as the Upper Poverty Line!! (UPL).

[J203-
[322-
377
[J419-
D446
47,3
[ 49,8 -
I 543 -
56,3 -

32,2
37,7
41,9
44,6

-473

49,8
54,3
56,3
67

W 67-856

% Change in Literacy Rate (2011-2022)

0 50 100 km
[ S—]

Figure 16 - Percentage change of literacy rate for people older than 7 years

between 2011 and 2022.

Furthermore, data on the percentage of the population with access to the Internet in
2022'2 was included in the analysis. This information was fundamental for
understanding the level of development in each district, enabling an assessment of

the degree of modernisation within local communities.

Data on the percentage of houses with concrete or metal roofs in 20222 was also
considered to evaluate the overall quality of buildings and, indirectly, the level of well-

being—specifically housing well-being—of the population. It indicatedt h e

economic capacity and living standards.

nhabi

Lastly, a measure to assess the severity of food insecurity across districts in
Bangladesh was incorporated, using the Integrated Food Security Phase

9 Calculated on the basis of the data retrieved on Bangladesh Education Statistics 2021 and 2023 by

BANBEIS.

10 BBS 2020 — Poverty Maps of Bangladesh 2016

11 BBS 2023 — Household Income and Expenditure Survey 2022

12 Dataset as of Census 2022 by Bangladesh Bureau of Statistics (BBS)

13 Calculated on the basis of the Dataset as of Census 2022 by Bangladesh Bureau of Statistics (BBS)
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Classification (IPC)!. This tool facilitated the identification and mapping of the most
vulnerable areas, categorising them into four levels of food insecurity, ranging from
level 1 (food security) to level 4 (severe insecurity). The analysis revealed that the
majority of districts in Bangladesh were classified at level 3 (43 districts). In
comparison, only two districts exhibited the most critical conditions at level 4.

The severity level of each district was determined as the most severe level affecting
at least 20% of the population. Additionally, if the combined percentages of levels 3
and 4 reached or exceeded 20%, the district was assigned the higher of the two levels.

Figure 17 presents the IPC data on chronic food insecurity levels in 2022, as used in

this analysis.
IPC Chronic Food Insecurity Levels
2
13
B 4
0 50 100 km
| S—

Figure 17 - IPC Chronic Food Insecurity Levels.

Conclusions
Although this analysis was purely exploratory, it aimed to provide an initial evaluation
of the districts by producing five composite aquaculture socio-economic development
indices—one for each type of pond culture method intensity, plus a total index. These
indices were based on a linear combination of the following variables:

1 Changes in pond production and productivity
Changes in the Human Development Index (HDI)
Kilometres and density (relative to district area) of roads and waterways
Total disbursements and recoveries by BKB for the agricultural sector

Recovery rate

IPC level

= == =4 -4 -

Literacy rate in 2022 and its variation between 2011 and 2022

14 https://www.ipcinfo.org/
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1 Percentage of houses with cement roofs

1 Percentage change in the number of secondary schools and colleges between
2021 and 2023, along with the total number of these institutions in 2023

1 Percentage change in the humber of secondary school and college students
between 2021 and 2023, along with the total number of these students in 2023

1 Percentage of the population below the Upper Poverty Line in 2016

1 Percentage of the population aged 15 years and older using the Internet in

2022

1 Percentage change in total and agriculture-employed populations between

2011 and 2022

All data were normalised, and specific variables—such as IPC level, changes in the
agricultural population, and the poverty rate in 2016—were inverted to ensure

conceptual consistency?®®.

Table 2 presents the results of the analysis, displaying the estimated values for the

five indices by district:

Extensive Semi Intensive Intensive Highly Intensive Overall

Bagerhat 8,3971263
Bandarban 7,5612188
Barguna 9,1198694
Barishal 7,5560453
Bhola 7,4120719
Brahmanbaria 9,358834
Chandpur 8,4842814

Chattogram 13,486742
Chuadanga 6,6061097
Comilla 12,506938
Cox'sBazar 10,894177
Dhaka 14,362086

Faridpur 7,6238965
Feni 8,9272382
Gazipur 10,518384
Gopalganj 7,948466

Habiganj 8,0365045
Jamalpur 7,7462821.
Jashore 9,8784894
Jhalokati 6,4019557
Jhenaidah 8,6689197
Khagrachari 5,873927

Khulna 9,5173993
Kishoreganj 7,6874038
Kushtia 8,4169618
Lakshmipur 7,7283969
Madaripur 7,8668576
Magura 6,7034524
Manikganj 7,5947594
Meherpur 6,797759
MoulviBazar 8,1317568
Munshiganj 9,0436221.
Mymensingh 9,9338695
Narail 6,934262
Narayanganj 10,351229
Narsingdi 8,8205878
Netrakona 8,1911323
Noakhali 9,2131€
Patuankhali 8,8796237
Pirojpur 7,8403073
Rajbari 6,810945
Rangamati 7,0299415
Satkhira 9,2287944
Shariatpur 6,7961622
Sherpur 6,7535571.
Sunamganj 8,9241788
Sylhet 11,748825
Tangail 9,0603715

8,30472657 7,965688
8,662484416 7,176674
9,857637812 8,687981
7,584244229 8,127657
7,502879322 7,159308

9,75545036 9,23556&
8,133494502 7,753598
13,82501279 12,97142
6,592383484 6,278337
12,72334276 12,2097
11,43334437 10,37436
15,32147884 14,09415
7,644107731 7,478069
9,297765671 8,765632
10,32170469 10,30773
7,477390164 7,200509
8,130032912 7,564908

8,2930454. 7,857693
10,00210224 9,457933
6,637435839 5,918227
7,804312833 7,813717
6,898231279 5,558657
9,621847617 9,45351
7,553909425 7,544265
8,937336678 8,297544
7,671063009 7,331626
7,899534285 7,643478
6,944815269 6,597374
8,132987542 7,532627
7,171295268 6,706216
8,813797945 7,424147
9,410040155 9,091801
10,14959833 9,53531
7,414296826 6,677239
10,59809049 11,13868
9,250867845 8,291376
8,438784023 8,049153
9,330009505 9,077361
9,817742976 8,646395

7,49679839 7,290903
7,251776931 6,464269
6,414758033 5,616516
8,096318229 8,021968
6,921733674 6,859232
6,947326252 6,580164
9,363505902 8,518179
11,79957456 11,03478
9,034416003 8,965369

8,1773031358,19665
7,5778914238,29087
8,9771723249,34904
7,5438635297,6153¢
7,5667571637,39341
10,185909999,80642
8,1413917788,02764
13,4106220313,459¢
6,4206520516,8620€
13,3756715812,612E
10,57500714 11,2692
14,41616869 14,2557
7,8194089248,48494
9,4119276369,48382
11,3121453310,9391
7,49512023 7,8305
7,951771554 8,0516
8,17348086%58,40325
10,2769573910,0847
6,683277607 6,6975
8,155371341 8,3184
5,901547226 6,6465
9,517096419,81312
8,8070771948,03317
8,6377897879,1635¢
7,5862437777,37601
7,8989416838,29862
6,8311350917,03237
7,7273720418,25161
6,995636386 7,2683¢
7,802073637 8,1203
9,2065425749,61654
9,8539588629,6238¢
7,029900647 7,5288€
10,5491067511,528¢
9,2923385019,2767<
9,13790141 8,7402
9,338334695 9,2682
8,99170928 9,4274
7,6423278267,29251
6,833057079 7,1512
6,0994624536,00261
8,603497395 8,6185
6,9020200417,2829<
7,0289968117,14052
8,9031320029,0679¢
11,5744701611,7772
9,3816407049,4544¢

15 All variables, except for the three mentioned above, represent 'positive’ concepts (e.g., higher literacy rates
are desirable). However, reductions in IPC levels, changes in the agricultural population, or poverty rates can
also be interpreted as indicators of positive development. To harmonize variables that measure opposing
concepts, it is necessary to invert the scale of the latter, ensuring that all variables contribute to the linear

combination in the same conceptual direction.
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Table 2 - Estimation of the Five Composite Aquaculture Socio-Economic
Development Indicators.

Figure 1 illustrates the overall composite index across different districts in
Bangladesh:

Composite Index Overall
Eo-o0

[Jo-685
[1685-731
731-803

0 8,03-83

B 8,3-9,08

B 9,08 - 9,47

B 9,47 - 10,68

B 10,68 - 14,26

0 50 100 km
| S—

Figure 18 - Composite Index for the Overall Aquaculture Sector.

Darker shades represent higher index values, indicating more favourable socio-
economic conditions for aquaculture development based on the analysed variables.
Districts shown in grey represent areas where insufficient data were available for
calculation.

The analysis suggested that several districts, including Chattogram, Comilla, Sylhet,
Narayanganj, and Cox’s Bazar, demonstrated significant potential for aquaculture
development. These regions appeared to offer socio-economic conditions conducive
to aquaculture, characterised by relatively well-developed infrastructure, higher HDI
values compared to other areas, lower poverty rates, and a favourable financial
environment.

However, it is important to acknowledge the potential for a high degree of uncertainty
in these findings due to the limitations and challenges associated with incomplete or
imprecise data. Furthermore, other factors not accounted for in this analysis could
significantly influence the results.

This preliminary evaluation should be regarded as an initial step, necessitating further
and more detailed investigations with refined data and sophisticated econometric
models to validate these findings. The current estimates may be distorted by the use
of socio-economic proxies and the absence of weights in the linear combinations. For
example, Dhaka displayed characteristics that appeared highly favourable to
aquaculture but may have been overestimated due to its high population density.

Given the panel*® nature of much of the dataset—spanning approximately ten years
at the district level—and the hypothesis that each district possesses intrinsic
characteristics that are constant over time but not directly observable (e.g.,

16 Variable observed for all the districts, for multiple periods
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2.2.3.

geographical features or specific policies), a fixed effects model could be employed
in future analyses.

This approach would allow the estimat.i
by isolating their variations from the influence of unobservable district-specific
characteristics, thereby reducing potential distortions caused by omitted variables. To
further enrich the analysis, cross-sectional variables within the dataset could be
incorporated through time dummies and interaction terms to estimate their effects for
the reference year.

Bangladesh land-side analysis

The land-side analysis evaluated the connectivity of potential aquaculture sites to
markets, with a particular focus on existing infrastructure, such as road networks and
cold chain logistics, which are critical for preserving the quality of perishable
aquaculture products during transportation (Figure 19).

@ Markets - Fish Markets

— District Roads
[l InLand AOIL
Il Sea Aoi

Figure 19 - Land-side overview

One of the initial steps in the spatial analysis involved integrating aquaculture and
wetland land-use data with the locations of ponds and the approximate positions of
the district’' s Figueil®). This psokimitynanalyisi® twhich ¢ombined
satellite imagery with socio-economic data, proved particularly valuable for monitoring
existing ponds and planning future developments. By integrating multiple information
layers, the analysis provided a comprehensive spatial understanding, identifying
optimal locations for aquaculture development based on logistical connectivity and
market accessibility.

This integration offered critical insights into transportation and distribution feasibility,
considering factors such as local demographics, market demand, and the socio-
economic impact on surrounding communities. The approach enabled a detailed
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evaluation of how infrastructure and socio-economic factors influenced the
sustainability and profitability of aquaculture operations.

The proximity analysis initially focused on studying accessibility between pre-existing
ponds and major markets. Isochrones were created to represent travel time intervals
from each pond to the reference Zila market. This analysis was further refined by
incorporating water quality data to enhance the understanding of site suitability and
environmental considerations (Figure 21).

™ Land Use - Wetlands
@ Markets

W Ponds
I InLand Ao
Il Sea Aoi

Figure 20 - Overview map of aquaculture status and analysis areas.

« Benapole Market ¢
Ponds =
Isochrones
[ 5 min
L 10 min
C 20 min
Isochrones
[0 30 min
[0 40 min
[ 50 min
Isochrones
[0 60 min
[ wetlands s ; oo °
0SM Standard # 1 S ( E

Figure 21 - Proximity Analysis Example i Isochrones of Travel Times from the
Benapole Crossing Point
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» Ponds

__ %Change in Total Pond Production (2013-2023) — _
[1-5-49
[149-66
[ 66-77

. "¢ 1l 77 - 100

. [ 100 - 185

OSM Standard

Figure 22 - Spatial Analysis Example i Pond Localisation and Percentage Variation
in Fish Production (20131 2023)

The findings of this study underscored its importance in supporting strategic planning
and sustainable aquaculture development. The proximity analysis provided detailed
insights into the connections between ponds and major markets, highlighting potential
logistical barriers and opportunities for infrastructure enhancement.

Incorporating water quality data added an environmental dimension to the study,
enabling a dual assessment of accessibility and ecological sustainability. These
factors were deemed crucial for ensuring efficient production, reducing transportation
costs, and enhancing the competitiveness of local operators in the market.
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Bangladesh_TUR_S20241106

I -10,0000
Il 0.03 NTU
(S
115
[ 30
Il 60

Ponds
Intensive Pond Area (2023) ha
[]13-388
[ 388 - 1033
[ 1033 - 1717
o I 1717 - 2669
N 2669 - 12879

Figure 23 - Integration of Satellite Data, Socio-Economic Data, and Proximity
Analysis T Chlorophyll-a Values Map, Pond Localisation, and Distances
from Khulna Market (Values in Table).

Satellite imagery was utilised to extract information about pond locations and recent
landscape changes, including new constructions, road modifications, and natural
events such as floods or landslides. This analysis provided a detailed understanding
of transportation times to urban markets, enabling the identification of potential
bottlenecks and areas for improvement.

The proximity analysis of potential aquaculture sites to urban centres and major
markets ensured a focus on efficient logistics and transportation. Additionally, socio-
economic data, including population density, income levels, and employment rates,
were incorporated to assess the broader impact of aquaculture operations on local
communities.

This integrated approach demonstrated how combining satellite imagery with socio-
economic and environmental data could facilitate informed decision-making. By
addressing logistical, environmental, and socio-economic factors, the analysis
provided a robust foundation for sustainable and profitable aquaculture development
in the region.
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@« Khulna
®  Ponds

Bangladesh_CHL_20230121_corrected
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Figure 24 - Integration of Satellite Data, Socio-Economic Data, and Proximity
Analysis T Chlorophyll-a Values Map, Pond Localisation, and Distances

2.2.4. Kenya water-side analysis

from Khulna Market (Values in Table)

The methodology applied in this study mirrors the approach used for analysis in
Bangladesh. Remote sensing plays a crucial role in obtaining essential data for
mapping, classifying, and monitoring the lake ecosystem. Multispectral imaging was
utilized alongside empirical relationships derived from reflectance data in optical
remote sensing algorithms to assess water quality parameters in shallow waters.

A comprehensive methodology was adopted, beginning with the acquisition and pre-
processing of satellite data from multiple sources, including Sentinel-3A, Sentinel-3B,
Sentinel-2A, and Sentinel-2B. This multi-source data integration ensured a robust and

detailed assessment of the lake's ecological conditions.

These datasets provided information on key surface water quality parameters?’, 8, 19:

1 Chlorophyll-a Concentration

Represents

the presence of
phytoplankton, a key indicator of primary productivity and water quality.

1 Total Suspended Matter (TSM): Reflects the concentration of particulate
matter in the water, which influences light penetration and habitat conditions.

17 Ceriola, G., Drimaco, D., Aiello, A., Bollanos, S., 2019. From SST measurements to actionable information
for public and private users: Rheticus© services. Proceedings of the GHRSST XX SCIENCE TEAM MEETING,

pp. 144-148, ISSN 2049-2529

18 Del Buono, N., Esposito, F., Gargano, G., Selicato, L., Taggio, N., Ceriola, G. and lasillo, D., 2022,
September. Detecting Anomalies in Marine Data: A Framework for Time Series Analysis. In International
Conference on Machine Learning, Optimization, and Data Science (pp. 485-500). Cham: Springer Nature

Switzerland

19 garelli, A., Ceriola, G., lasillo, D., Aiello, A., 2019. Coastal Eutrophication estimation for SDG 14: innovative
algorithm and novel provision approach based on the exploitation of large EO time series and a cloud-based

application platform. ESA Living Planet Symposium 2019
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9 Turbidity (TU): Provides a measure of water clarity, critical for species relying
on sight for feeding and predator evasion.

1 Water Transparency (WT): Affects the growth of submerged aquatic
vegetation and overall water quality.

i Sea Surface Temperature (SST): | mpact s
and spatial distribution.

aguatic specie

The first stage of the process involved acquiring daily and periodic satellite imagery
to extract WQ measurements. Sentinel-3 data offered a spatial resolution of 300m,
with daily updates for most parameters and a 1km resolution for SST. Sentinel-2 data
provided a finer spatial resolution of 10m, with updates every five days.

Parameter Spatial Resolution Rate of update Satellite/Sensor
Chlorophyll-a 300m One day Sentinel-3
Chlorophyll-a 10m Five days Sentinel-2
Turbidity 300m One day Sentinel-3
Turbidity 10m Five days Sentinel-2
.’l\_“ght Sea Surface 1km One day Sentinel-3

emperature
Water transparency 300m One day Sentinel-3

In the Kenya region, the analysis covers the years 2023 and 2024. As with other
areas, satellite imagery was carefully selected to minimize cloud cover. Specialized
algorithms tailored to Sentinel-2 and Sentinel-3 data were used for pre-processing.

The pre-processing steps included radiometric and atmospheric corrections,
georeferencing, and resampling to ensure consistency and accuracy. Rigorous quality
control measures were also applied to filter out clouds, shadows, and other noise,
enhancing data reliability.

For atmospheric correction, the distinct optical properties of shallow lake waters
(shaped by hydrological, chemical, and biological factors) were carefully accounted
for. The algorithms corrected for bottom reflection, residual clouds, and anomalous
pixels, ensuring that only high-quality data were utilized in subsequent analyses.

Following the pre-processing steps, advanced algorithms were utilised to derive water
quality parameters:

1 Chlorophyll-a (CHL): Extracted using Al-based models calibrated for specific
regions of interest.

I Turbidity (TU): Calculated with reflectance models adapted for shallow
waters, reducing the impact of depth.

1 Water Transparency (WT): Estimated using Secchi disk depth proxies
derived from satellite imagery.

I Sea Surface Temperature (SST): Derived from thermal infrared bands and
previously validated against in situ buoy data.

The area of interest in the Lakes Region encompasses four counties: Homa Bay,
Busia, Kisumu, and Siaya. The region has been divided into seven homogeneous
zones for the lake area to facilitate detailed spatial analysis. Additionally, the marine
area has been subdivided into seven homogeneous sub-zones based on
environmental and physical characteristics, with four of these (Zones 102, 103, 104,
and 105) located near the coast (Figure 8).
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Monthly maps were generated by aggregating the arithmetic and geometric averages,
along with the 90™ percentile values, for chlorophyll concentration (CHL), turbidity
(TU), water temperature (WT), and sea surface temperature (SST). These maps
provided insights into temporal variations essential for aquaculture site selection. To
further analyze seasonal and interannual patterns, statistical methods such as time
series analysis and trend detection were applied, supporting informed decision-
making for aquaculture development.

In 2023 and 2024, a total of 97 chlorophyll concentration and turbidity maps were
produced using Sentinel-2 data. Due to the limited availability of images, these maps
were not aggregated on a monthly basis. However, a time series analysis was
conducted to assess statistical variance and identify significant seasonal variations.
Despite these efforts, the limited number of Sentinel-2 images and persistent residual
cloud cover over Lake Victoria hindered the generation of statistically significant data
for cage areas.

To address this limitation, a standardized classification legend was developed for the
Lake Victoria area using statistical analysis of Sentinel-3 data. It enabled the creation
of range maps with a spatial resolution of 300 meters (Figure 25).

P24G2795-K_CHL_S3_AM_M_20230101 P24G2795-K_TUR_S3_AM_M_20230101
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Figure 25 - Monthly Chlorophyll Concentration and Turbidity Maps from Sentinel-3.

The direct calculation of chlorophyll concentration from Sentinel-2 data was based on
an algorithm originally designed for coastal and lake waters deeper than 1 meter.
However, it remained highly sensitive to very shallow basin depths. Although the
algorithm was calibrated and adapted for inland waters, the absence of in situ
measurements prevented further recalibration to improve its accuracy for cage areas.
Despite this limitation, the algorithm successfully generated chlorophyll concentration
maps with valuable insights.

Turbidity calculations, derived from an algorithm designed to minimize depth influence
by utilizing different spectral bands in the visible range, vyielded reliable
measurements. Consequently, turbidity maps were incorporated into the analysis.
The algorithm was also assessed at its native 10-meter spatial resolution. However,
due to the lack of in situ calibration, turbidity and chlorophyll values were categorized
into ranges determined through spatial analyses of inland lake areas.
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The limited availability of Sentinel-2 turbidity maps from 2023 to 2024, largely due to
frequent cloud cover, restricted the ability to detect clear spatial or temporal trends.
Nevertheless, seasonal statistical analyses enabled the identification of mean and
most frequent chlorophyll and turbidity values for each area of interest. These
statistics demonstrated consistency across the region, allowing the classification of
four distinct turbidity and chlorophyll ranges. These ranges were plausibly linked to
water quality within the cages, with higher turbidity indicating poorer water conditions
and, consequently, reduced product quality (Figure 26).

Kenya_Lake_CHL_S2A_20240126 Kenya_Lake_TUR_S2A_20240126
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Figure 26 i Example of Turbidity and Chlorophyll maps.

Figure 27 illustrates the seasonal variations in chlorophyll concentration in Lake
Victoria for 2024. Elevated chlorophyll levels indicate a strong presence of
phytoplankton, which can significantly impact water quality and dissolved oxygen
availability. In particular, higher concentrations—especially in the upper classes (3-
5)—can trigger algal blooms, increasing the risk of harmful algal blooms (HABs) that
may threaten the health of caged fish. These seasonal fluctuations highlight the
importance of adaptive management strategies to optimize farming conditions and
mitigate potential negative effects on fish production.
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Kenya_chl — Mean Summer Kenya_chl — Mean winter
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Figure 27- Example of CHL seasonal map concentration.

2.2.5. Kenyad socio-economic and environmental impact evaluation

This exploratory analysis, following a similar approach to that adopted in Bangladesh,
examines Kenya’'s aquaculture sector at the
as the unit of analysis. The study explores key socioeconomic dynamics, including
production levels, technological diversification (ponds vs. cages), wealth distribution,
infrastructure (transportation networks and water access), and other relevant factors

to identify the primary drivers of sector development.

However, significant challenges arose due to the limited availability and reliability of
data sources, contrasting with Bangladesh, where aquaculture holds a strategic
economic role. The scarcity of comprehensive and up-to-date data suggests that
Ke ny aquaculture sector is still in an early stage of development. Data
inconsistencies were also observed in broader economic statistics. For instance,
discrepancies exist in official county-level GDP estimates between the Gross County
Product reports of 2021 (KNBS, 2022, p.13, Table 2) and 2023 (KNBS, 2023, p.24,
Table 3), despite both using the same base year. It highlights the need for greater
methodological transparency.

Despite these limitations, the analysis provides valuable insights, indicating that
aquaculture development in Kenya is closely linked to infrastructure and
socioeconomic conditions. Notably, a correlation emerges between cage culture and

road density, underscoring the importance of transportation infrastructure for the
sector’s growt h. Additionally, weal th dist
infrastructure development. At the same time, access to drinking water shows a

potential relationship with pond-based production—though further investigation is

required. Education also seems to play a positive role in sector development.

Given the gaps in data availability, this study incorporates a literature review to

provide a broader contextual understanding. The review adopts a dual approach: first,

analyzing the overall aquaculture sector in Kenya, and second, focusing on cage

culture in Lake Victoria, including its dynamics in neighbouring Tanzania and Uganda.
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According to the sources analyzed, aquaculture in Kenya is a growing sector (KMFRI,
20182% KMFRI, 2021%; KFS, 2024, p. 34, tab. 25), primarily dominated by Nile tilapia
(Oreochromis niloticus). This species is favoured due to its rapid growth, resistance
to disease, and ability to tolerate low levels of dissolved oxygen (Njiuru, Aura, &
Okechi, 2018).

Among the various forms of aquaculture practised in Kenya, pond-based systems
(KMFRI, 2021) and cage culture (KFS, 2024, p. 34, tab. 25) are the most prevalent.
Cage culture, in particular, is associated with more intensive production methods and
was formally introduced around 2005 in Lake Victoria (Njiuru, Aura, & Okechi, 2018)
22_Currently, Kenyan cage culture is concentrated in the five counties bordering Lake
Victoria—Busia, Homa Bay, Kisumu, Migori, and Siaya (Aura et al., 2018) %,

The review of available sources suggests that Kenya lacks a comprehensive legal
framework specifically regulating the aquaculture sector. Instead, its regulatory
system remains in a developmental phase (KMFRI, 2021) 24, Furthermore, while
Kenya, Uganda, and Tanzania—through the Lake Victoria Fisheries Organization
(LVFO)—are working toward standardized guidelines for cage culture in Lake Victoria
(LVFO, 2021), regulatory gaps persist in this sector (Njiuru, Aura, & Okechi, 2018%).

Challenges on the Kenyan shores of Lake Victoria, such as competition between
fishing and cage culture activities (Njiuru, Aura, & Okechi, 2018) and incidents of fish
mortality caused by low dissolved oxygen levels (Njiuru, Aura, & Okechi, 2018),
underscore the urgent need for a well-defined regulatory framework. Such a
framework would also help mitigate environmental risks, including poor water
circulation, elevated ammonia levels, and eutrophication, which may result from
inadequate cage management (Aura et al., 2018) 2,

Given the significance of cage culture in Lake Victoria, efforts have also been made
to analyze its development in Tanzania and Uganda. According to Musinguzi et al.
(2019), as of 2019, cage installations in Lake Victoria were distributed as follows:
Kenya (40.95%), Tanzania (31.43%), and Uganda (27.62%) amounting to a total of
approximately 12,086 cages. On average, cages across the lake are positioned 211
meters from the shore, with those along the Kenyan coastline situated slightly farther,
at an average of 231 meters?’.

Approximately 82% of the total cages in the lake are situated in waters deeper than 5
meters. Along the Kenyan coast, this percentage rises to 87%28. Additionally, 73.9%
of all cages are located in eutrophic waters with high chlorophyll-a concentrations,
signalling a potential environmental risk.

20«17 ..] Lake Victoria Kenyan side has since 2009 experie
2018 — State of Cage Culture in Lake Victoria, Kenya)

2l*aquacul ture production in Kenya increased rapidly

the mid-2 0 1 (KMFRI. 2021 — State of Aquaculture Report in Kenya 2021)

2 0On the

- Cage fish culture in Lake Victoria: A boon or a disaster in waiting?)
are now spread across the five riparAumretalcount i
2017 - Integration of mapping and socio-economic status of cage culture: Towards balancing lake-use and
culture fisheries in Lake Victoria, Kenya

24 “the policy and legal framework for fish feed and seed certification and mechanisms to monitor compliance

2% Cages

Kenyan side of Lake Victor i a(Njrg AgaeOkechil2018 r e

fr

dat

to fish seed production, supply, and quality are weak and inadequate to guarantee high performance” ( KMF R .
2021 - State of Aquaculture Report in Kenya 2021)
25 “for cage farming to be a success, an effective policy framework for lake-zonation is needed[ ...] wi t h | ac k

proper policy guidelines and management practices in place, cage farming is likely to be an environmental

d i s a sNjire, Aldra, Qkechi. 2018 - Cage fish culture in Lake Victoria: A boon or a disaster in waiting?)

26 high amount of nutrientrs that cause water pollution.

27 Calculated on the basis of the dataset Cage Culture per county: Hamilton, Stuart, 2019, Fish-cage, Kenya
28 Calculated on the basis of the dataset Cage Culture per county: Hamilton, Stuart, 2019, Fish-cage, Kenya
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Aquaculture, Ponds and Cage Culture

Challenges in Kenya's aquaculture sector b

reports reveal terminological inconsistencies that may impact data interpretation. In
the Fisheries Statistical Bulletin 2023 by the Kenya Fisheries Service, the term
"aquaculture" is used ambiguously—sometimes encompassing cage culture, pond
culture, and potentially other forms of fish farming (KFS, 2024, p. 31) ?°, and at other
times referring specifically to pond culture (KFS, 2024, p. 34, Table 25). This
inconsistency suggests a possible overlap between different categories.

Additionally, discrepancies exist in reported data. For instance, the Fisheries
Statistical Bulletin 2022 presents aquaculture production figures for 2017-2022 (KFS,
2023, p. 33, Table 2.1), which differ from those in the 2023 report (KFS, 2024, p. 34,
Table 25), despite maintaining the same total production figures.

Despite these inconsistencies, t he dat
be broadly categorized into three main types: aquaculture (likely referring to pond
culture), cage culture, and mariculture. However, due to the near absence of data on
mariculture, the focus remains on aquaculture (ponds) and cage culture. The primary
source of data for both categories is the Fisheries Statistical Bulletin 2023, published
by the Kenya Fisheries Service.
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Figure 28 i Aquaculture (Pond) Production in 2023 (in Metric Tons)*

Two clusters of counties emerge as key production areas, particularly in central and
western Kenya along the shores of Lake Victoria. This pattern suggests a possible
link between water availability and aquaculture development. In the western region,
Kakamega and Bungoma stand out with production levels of 1,347 MT and 501 MT,

2% Agquacul ture fish production has been on the rise

in fish farming. The increase is mainly due to the cage farming in Lake Victoria and the uptake of fish farming
in sever al (KESurisheriesStafistichl Bulletin 2023 pag. 31)

30 We are relatively certain that these data refer to pond aquaculture because the total production is equal to
8095 MT. This amount is presented within a graph as "trends of land based ponds [...]" (KFS, 2024, p. 32

tab.31).
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respectively. In contrast, in the central region, Meru and Nyeri report 395 MT and 363
MT.

Regarding cage culture, the most recent data from 2023 indicate that its production is
approximately three times higher than that of pond-based aquaculture, with an
estimated output of 23,000 MT compared to 8,000 MT. However, significant data gaps
exist, particularly the absence of county-specific production figures, as available
information is only provided at an aggregate level.

Given the growing importance of cage culture and its substantial contribution to
national aquaculture production, efforts were made to at least quantify the number of
cages in operation. Across all consulted sources, cage culture was consistently
analyzed in the five counties bordering Lake Victoria, strongly suggesting that this
technology is primarily concentrated in these areas.

Data spanning 2017, 2018, 2019, and 2022 were sourced from various reports.
However, inconsistencies in data collection methods and significant discrepancies led
to the decision to rely solely on the estimates provided by Hamilton and Stuart (2019),
derived through remote sensing. Their study identified a total of 4,357 cages
distributed by county, as shown in Figure 29.
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Figure 29 - Number of Cages in 2019.

As illustrated on the map, cage culture is practised exclusively in counties bordering
Lake Victoria. Notably, Siaya County led the sector in 2019, with 3,451 cages, making
it the most developed in this industry.

Measures of Wealth and Inequality by County

Regarding the socio-economic description, unlike Bangladesh, data on GDP per
county from 2013 to 2022 was available from two official reports: Gross County
Product 2021 and Gross County Product 2023. Initially, similar to Bangladesh, the
analysis also included data on the Human Development Index (HDI) 3! and the

31 https://globaldatalab.org/shdi/table/shdi/KEN/
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International Wealth Index (IW1)%2 for the same period. These indices, sourced from
GlobalDatalLab, provide measurements at the level of regional clusters rather than
counties. However, since GDP and Gini coefficients were available at the county level,
the focus was placed solely on GDP as it offers greater precision.

Notably, the GDP estimates from the two reports show slight discrepancies despite
supposedly being calculated using the same base year (2016). It suggests differences
in methodology, which were not explicitly explained. Given these methodological
inconsistencies and the fact that aquaculture and other socio-economic data are only
available cross-sectionally®, the decision was made to use only the most recent GDP
data from 2022 Figure 30).

GDP_per_County_2022
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Figure 30 - GDP per County in 2022 (in min of K$h).

This map illustrates that, in 2022, GDP was largely concentrated in the central-
southern regions of the country. Due to the complexity of the research context and
the challenges in obtaining reliable data, a deeper analysis of wealth distribution was
necessary. Consequently, data on the Gini index®**—a key measure of wealth
inequality—was sourced from the 2022 Kenya Demographic and Health Survey.

The thematic map in Figure 31 illustrates that darker colours, indicating greater
equality in wealth distribution, correspond to a lower Gini index. Overall, the central-
southern region appears to be more equitable.

32 https://globaldatalab.org/areadata/table/iwi/KEN/
33 Some of the retrieved data are available only for a specific year
%4 The Gini index is a measure of the inequality in the distribution of wealth within the population of a county.
It ranges from O (perfect equality, where everyone has the same wealth) to 1 (maximum inequality, where one
individual holds all the wealth). It is a useful but imperfect measure of inequality, as it does not take into account
other factors such as access to education.
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Figure 31- Gini Coefficient in 2022.

Communication Routes

The analysis of communication routes was conducted as they play a crucial role in
assessing access to markets and inputs, as well as in fostering local economic
development. Specifically, for Bangladesh, the total kilometres of roads and railways*®
per county were calculated using data from the Humanitarian OpenStreetMap (OSM)
Team, which provides georeferenced and up-to-date information. Subsequently,
transportation route densities were computed both in relation to population and land
area. For this analysis, only the latter was considered.

In particular, the density of transportation routes per unit area indicates the extent to

which a specific mode of transport serves a region. This metric can serve as a useful
indicator of a county’'s development. Furth
Bangladesh, and given the absence of data on market locations, transportation route

density was used as a proxy for assessing accessibility.

Figure 32 and Figure 33 display the density of railways and roads per square kilometre
for each county, respectively. Notably, rail transport is limited to a specific corridor,
running from the southwest coast to Lake Victoria. In contrast, while the road network
is more extensive, its distribution exhibits certain consistent patterns, albeit with some
variations.

35 https://data.humdata.org/dataset/
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Figure 32 7 Rail Density (Meters of Rails Over Sgkm of County Area).
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Figure 33 7 Road Density (Meters of Roads Over Sgkm of County Area).
Other measures of Population Socioeconomic well-being

Additional indicators were researched to enhance the explanatory power of this
exploratory analysis and the models presented later to develop a more
comprehensive understanding of Kenya's socio-economic situation. Specifically,
2022 data on domestic access to drinking water—sourced from the Kenya
Demographic and Health Survey Fact Sheets—were collected and are presented in
Figure 34.
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Warer Acoess in 2022
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Figure 34 - Water Access per County in 2022 (in percentage of the population).

The spatial distribution of this variable reveals a clear pattern. Central counties exhibit
higher levels of development, whereas those in the west, near Lake Victoria, show
comparatively lower levels. Lastly, aligning with the analysis of the Bangladesh
context, data from 2020 on non-compulsory secondary education in Kenya®® were
included, as they serve as an indicator of human capital levels.

36 "Primary education is free and compulsory in Kenya. Secondary education is also free, but not
compulsory." (Nuffic, 2015)
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Figure 357 Number of Secondary Schools per County in 2020.

The analysis was conducted using the available data. While variables such as literacy
rate could have enriched the study, the lack of reliable data prevented their inclusion.
The most authoritative source, the Kenya Demographic and Health Survey (KNBS,
Kenya Demographic and Health Survey Volume 1, 2022, 2023, pp. 127-129),
provides literacy data but has notable limitations in sample size and demographic
coverage (15-49 years old, 32,000 females, and 14,000 males). Consequently, this
variable was excluded from the analysis.

To better understand the differences between counties with and without cage culture,
descriptive statistics were calculated for both groups, with the results presented in the
following table. This classification enables an assessment of the potential impact of
cage culture on the variables under consideration.

Table 3 - Descriptive statistics

Cage Culture ( Cage Culture (/|

./ Standa ./ Standa

Aver a Medi ¢ Dev . Averag Medi ¢ Dev .

Gini Coef 0.30 ¢ 031 0.021 0.3 0 ¢ 0.3 0.0 8 ¢

kg produced per 1 26285 27891¢ 65 4¢ 17841 9727 1926 ¢

Aqguaculture Produ 278 3172 617 07 1592¢ 79 2283/

Household population 5 7% 57 870 ¢€ 622 ¢ 67 1763 ¢
|l east basic drinkir

Household population 2@ 31 7.08¢ 3671 38 158 5°¢
sanitation

Infant mortality (deat 428 42 6.9 7 ¢ 33 4: 34 9.2 4 ¢

Road Density OSM_Roac 3.62¢ 3.897 1.33¢ 2.10( 1.72¢ 20373

Rail _Density_OSM_R: 14811 3.8 3( 24661 23887 1167 6201¢

GCP_in_| 124529 1091 617807 19938%7 1145| 404 94641:

Tot al SecSch 26¢€ 25( 7®87C( 21814 188 13.T45:¢

pldnetek

italia



Report on the Mapping Tool and Final Platform Access Page 41 of 67

Despite the difference in the number of counties, both groups exhibit similar variability
in the Gini coefficient, suggesting that the presence of cage culture does not
significantly influence wealth inequality.

From a production standpoint, disparities appear more pronounced in counties with
cage culture. These counties also show slightly lower access to drinking water and
basic sanitation, as well as higher infant mortality rates. While preliminary, these
findings may indicate a need for targeted interventions in these areas.

Additionally, counties with cage culture have a higher density of roads and railways,
suggesting that adequate infrastructure may contribute to their development.
However, these counties also exhibit a lower average GDP while maintaining a higher
average number of secondary schools.

Given the limited number of available variables, we proceeded with the construction

of mul tivari at e l i near regression model s,
limitations—such as omitted variables and challenges in establishing causal
relationships. Nonetheless, analyzing these variables can still provide valuable

insights into the socio-economic dynamics at play.

For clarity, only models incorporating variables that demonstrated a statistically
significant relationship with the dependent variable®” are included in the presentation.

Considering the complexity of the analysis and data limitations, we adopted a
multivariate linear regression approach. The results, presented in the following
section, include three models: the first uses a measure related to cage culture as the
dependent variable, the second examines aquaculture (pond) production, and the
third explores the relationship between road density and county area.

Results

The first model aims to identify the most significant relationships between the number
of cages present in counties in 2019 and the selected socio-economic variables.
Accordingly, the results presented in Table 4 correspond to the most parsimonious
regression, which includes only the variables with the highest statistical significance.

This approach was chosen because all regressions using cage culture as the
dependent variable exhibit generally low statistical significance. It suggests that the
available data may not be sufficient to capture the relationships between these
variables robustly. However, by focusing on the most parsimonious regression, the
analysis provides a clearer and more concise depiction of the key factors influencing
the spread of cage culture while acknowledging the limitations imposed by data
availability.

37 The statistical significance of a variable is measured by the p-value. This value indicates the probability that
an observed relationship is due to chance. The conventionally accepted limit for this value is 0.05. This means
that a lower value is considered statistically significant.
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Table 4 - Results of the Multivariate Linear Regression for the Numeral of Cages in

2019
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The model results indicate the following:

1 Road density*® has a positive and statistically significant® relationship with
the number of cages. It suggests that holding other variables constant,
counties with higher road density tend to have more cages, likely due to the
improved transportation infrastructure.

1 Rail density and access to drinking water have a negative and statistically
significant relationship with the number of cages. A possible explanation is
that, since the cages are located in Lake Victoria, access to drinking water is
not a primary concern. However, further research is necessary to understand
this relationship better.

1 While the overall model is statistically significant’, the adjusted R-squared*
value is 0.1693, indicating that the included variables explain only 16.93% of
the variability in the number of cages. It suggests that other influential factors
not accounted for in the model play a significant role.

Despite identifying some significant relationships, the model has limited explanatory
power due to data constraints on cage culture and the potential influence of
unobserved factors. It highlights the need for further investigation to understand the
sector’s dynamics better

An additional analysis was conducted to explore factors influencing aquaculture
production, to gain deeper insights. Following the approach of the initial model, a
multivariate linear regression was constructed with aquaculture production (ponds)

in 2023 (measured in metric tons) as the dependent variable. The model includes
variabl es that may ichvpeapatity,sucleas:isect or ’ s

1 The number of secondary schools in 2020,

38 The positive coefficient (186.190) indicates a positive relationship between road density and the number of
cages. Holding other variables constant, as road density increases, the number of cages increases.

3% The asterisks (**) denote statistical significance, with a p-value < 0.01, indicating that the observed
relationship is unlikely to be due to chance.

40 the p-value (test F) is 0.0117

41 R-squared indicates how much a regression model 'explains’' the changes in the dependent variable.
Adjusted R-squared also takes into account the number of explanatory variables included, penalizing those
that do not significantly contribute to explaining changes in the dependent variable.
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9 Access to drinking water in 2022,

1 Road density (again considered as an indicator of accessibility and
connectivity), and

T County GDP in 2022, refl ectbdginpg the regi
While acknowledging the model's limitations, the results (Table 5) provide additional

insights into the factors shaping aquaculture production, contributing to a more
comprehensive understanding of the sector.

Table 5 - Results of the Multivariate Linear Regression for Aquaculture Production in
2023

§ x E
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The results indicate that:

1 The number of secondary schools in 2020 and access to drinking water in
2022 exhibit a slightly positive and statistically significant relationship with
aguaculture production, holding other variables constant. This finding
underscores the potential importance of education and infrastructure in
fostering the sector's development.

1 GDP per capita at the county level in 2022 shows a negative and statistically
significant relationship with aquaculture production, controlling for other
variables. It suggests that aquaculture may be less developed in areas with
higher GDP per capita, possibly due to the availability of more lucrative
alternative employment opportunities.

1 The model accounts for up to 25.09% of the variability in aquaculture
production. As such, additional factors not included in the model may also
influence production levels.

As we proceed with the next analysis, we recall that in the examination of cage culture,

transport infrastructure was considered among the socio-economic factors potentially

rel evant t o t he sector’ s gr owt h. The fin
relationship, suggesting that road infrastructure may enhance market access and the
distribution of fish products. Accordingly, Table 4 presents the results of a regression

analysis using transport infrastructure as the dependent variable.
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Table 6 - Results of the Multivariate Linear Regression for road density
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Previously, we separately examined the influence of socio-economic variables on
aguaculture production and cage culture. However, it is plausible that some of these
relationships may vary depending on whether cage culture is present in a given
county.

To further investigate this, we analyzed road density as a dependent variable, aiming
to identify the factors that influence it—paying particular attention to the roles of cage
culture and aquaculture production. We also included an interaction variable between
the presence or absence of cage culture ("Dummy Cages" variable) and aquaculture
production. This interaction term allows us to determine whether the relationship
between aquaculture production and road density differs significantly depending on
the presence of cage culture.

Key findings:

1 The Gini coefficient is negative and statistically significant, suggesting that
counties with lower income inequality tend to have higher road density.

T Number of secondary schools, GDP per capita, and rail density all exhibit a
positive and statistically significant relationship with road density.

1 The Dummy Cages variable (indicating the presence of cage culture) has a
positive and statistically significant coefficient, implying that counties with cage
culture generally have higher road density.

1 Aguaculture production also has a positive and statistically significant effect
on road density.

1 The interaction term (Aquaculture Production x Dummy Cages) is negative
and statistically significant, indicating that the relationship between
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aguaculture production and road density differs depending on whether cage
culture is present.

1 The positive association between road density and cage culture suggests that
road infrastructure is crucial for its development. However, the negative
interaction effect may reflect differing resource allocation priorities between
counties with and without cage culture. Future research could explore these
differences in greater depth.

I The model is statistically significant and explains 86.98% of the variability in
road density, demonstrating strong explanatory power.

It is important to note that these results indicate statistical correlations, not causal
relationships. As such, interpretations should be made with caution, considering data
limitations and potential unobserved factors.

Conclusions

The findings of this study provide valuable insights into the aquaculture sector in
Kenya while also underscoring the need for further research to gain a deeper
understanding of its dynamics. A key challenge in conducting this analysis was the
limited availability and reliability of data, which constrained the depth of the study.
Moving forward, enhancing both the quantity and quality of data should be a priority
to improve the robustness of future research.

While acknowledging the inherent limitations of this exploratory analysis, the following
key takeaways offer a preliminary contribution to understanding the sector:

1 The positive association between pond production, cage culture, and road
density suggests that aquaculture development is closely linked to transport
infrastructure expansion.

1 Despite potential data limitations and omitted factors, the negative effect of the
interaction between pond production and cage culture on road density may
indicate differences in territorial management strategies, warranting further
investigation in the context of infrastructure planning.

i The positive correlation between access to drinking water and pond
production highlights the importance of water availability for sector growth.
Conversely, the negative relationship between drinking water access and
cage culture could suggest a lower dependency. However, further research is
needed to account for potential exogenous factors.

i The findings on education suggest a crucial role for human capital
development in fostering aquaculture growth. Investing in education and
specialized training programs cotearind be
sustainability.

1 The results related to the Gini coefficient imply that wealth inequality may be
linked to infrastructure development. It raises the possibility of an indirect
impact on aquaculture, which merits further investigation.

1 The negative relationship between GDP per capita and pond production
suggests that aquaculture is more prevalent in lower-income areas, potentially
due to the greater availability of alternative employment opportunities in
wealthier regions.
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2.2.6.

It is essential to continue examining the relationships identified in this study—
particularly the unexpected ones—while incorporating more comprehensive and
accurate socio-economic and aquaculture data. The availability of structured
datasets, preferably panel data, would enable more advanced econometric analyses
that could yield deeper insights.

This study has demonstrated that multiple socio-economic factors, while seemingly
distinct, are highly interconnected and likely influence the aquaculture sector in
complex ways. Therefore, an integrated policy approach is recommended for
fostering aquaculture development. It should involve coordinated efforts across
multiple areas, including:

9 Education and workforce training

T Access to essential services (e.g., water and infrastructure)
9 Transport infrastructure investment

9 Efforts to reduce economic inequality.

While this study on Kenya shares its core objective with similar research on
Bangladesh—analyzing aquaculture sector dynamics—it employs a distinct
methodological approach due to differences in data availability and socio-economic
conditions. It highlights the challenges of standardizing socio-economic analyses in
developing countries, where data limitations and socio-cultural factors necessitate
context-specific adaptations.

For instance, in Kenya, unlike Bangladesh, reliable data on investment and labour
market dynamics in aquaculture were unavailable. However, county-level GDP data
were accessible, providing alternative insights into regional economic conditions.

Despite the inherent limitations of this tailored approach, this study provides a
meaningful contribution to understanding the socio-economic dimensions of
aquaculture in Kenya. To support t he
strengthen collaboration between local institutions and the scientific community to
enhance data collection, quality, and accessibility. High-quality data are a
fundamental tool for conducting more precise analyses, which in turn are crucial for
designing and implementing effective, evidence-based policies that can drive
sustainable growth in aquaculture.

Kenya land-side analyses

In Kenya, the land-side analysis of aquaculture development in the Lake Victoria
region focused on evaluating the accessibility of potential fish farming sites to key
markets. The assessment considered road network availability and conditions, the
efficiency of cold chain logistics, and proximity to major fish markets, including
Kisumu, Homa Bay, Migori, and Busia. Given the perishable nature of aquaculture
products, reliable transportation infrastructure is essential for preserving fish quality
and minimizing post-harvest losses. The study also explored the integration of
aguaculture within local supply chains, identifying bottlenecks and opportunities to
enhance market connectivity and improve the economic viability of fish farming in the
region.
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Figure 36 7 Land-side overview.

One of the initial steps in the spatial analysis involved integrating aquaculture and
wetland land use data with cage locations and the approximate positions of major fish
markets, such as Homa Bay Fish Market (Figure 36).

This proximity analysis, which combined satellite imagery with socioeconomic data,
was particularly valuable for monitoring existing ponds and planning future
developments. By layering multiple datasets, the analysis provided a comprehensive
spatial perspective, helping to identify optimal sites for aquaculture based on logistical
connectivity and market accessibility. This integration yielded critical insights into
transportation and distribution feasibility, factoring in local demographics, market
demand, and the socioeconomic impact on surrounding communities.

The approach facilitated a detailed assessment of how infrastructure and
socioeconomic factors influence the sustainability and profitability of aquaculture
operations. Initially, the proximity analysis focused on evaluating accessibility
between cage locations and major markets. Isochrones were generated to depict
travel time intervals from each pond to
analysis of logistical efficiency. Additionally, water quality data was incorporated to
enhance site suitability assessments and environmental considerations (Figure 37).

planetek

italia



Report on the Mapping Tool and Final Platform Access Page 48 of 67

Kenya_Lake_CHL_S2A_20240126

[
I 0.03 microgr/litri (Chlorophyll)

. 1
B 10
B 12
Il 30
® Homa Bay Fish Market

Fish Market, Hom avl

Figure 37 - Integration of Satellite Data and Socio-Economic Data i Chlorophyll-a
Values Map, Cages Localisation, and Distances from Homa Bay Market.

The findings of this study emphasize its significance in guiding strategic planning and
fostering sustainable aquaculture development. The proximity analysis offered
detailed insights into the relationship between fish farms and major markets,
identifying potential logistical challenges and opportunities for infrastructure
improvement (Figure 38).

By integrating water quality data, the study introduced an environmental perspective,
allowing for a comprehensive assessment of both accessibility and ecological
sustainability. These factors are essential for optimizing production efficiency,
minimizing transportation costs, and strengthening the competitiveness of local
aquaculture operators in the market.
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Figure 38 - Proximity Analysis Example 7 Isochrones of Travel Times from the
Homa Bay Market
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3.Service exploitation

3.1. WebGIS application

The service is accessible through a WebGIS application, enabling users to swiftly
access geospatial products generated and offered online by the service. The WebGIS
application also offers analytical and filtering capabilities to extract analytic
information from the map interface dynamically. Upon service activation, the User will
be sent the URL for the WebGIS application, and it can be accessed via popular web
browsers like Google Chrome, Firefox, Edge, etc., on various devices. For the optimal
user experience in map navigation and graphic performance, using a personal
computer when utilising the application is recommended.

The service is based on the Rheticus® Marine interface*? 3.

3.1.1. Login

Upon service activation, the User can enter the application via the designated URL
using the provided login credentials (username and password). Access to the
application is ensured for the entire duration of the project.

The service is accessible at the following address:
https://mappenterprise.planetek.it/Apps/?tenant=worldfish#login

7

d

M.App Enterprise

Apps

Figure 39 7 WebGIS login page
3.1.2. Dashboard

After the User logs in, the dashboard is displayed:

42 |asillo, D., Zotti, M., Aiello, A., Ceriola, G., 2018. Continuous Monitoring of Coastal Waters with Rheticus®
Marine for the Blue Economy. The ESA MED 2018
43 hitps://www.rheticus.eu/rheticus-services/marine/
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M.App Enterprise

MAPPS

Cross-Manitoring of Groun..

Figure 40 7 WebGIS dashboard

Users can choose and access the web map effortlessly within the user interface. The
interface offers a streamlined experience with a range of functionalities at your
disposal:

a. The primary dashboard showcases all accessible web maps. Click on the
“WorldFish” service web map o r “Wor |l dEicomo®oci"o ser
map to open it.

b. Modify the dashboard view (List / Board).

c. Customise the type of web map visible on the dashboard. Currently, only a
“Browser” web map is accessible; thus, check the corresponding box to
display the service web map.

d. Easily search for web maps by their designated names.
3.1.3. Web map iiWorldFisho

After the User clicks on the map icon in the dashboard, a new window will open,
displaying the web map.

L)

' B e
WorldFish Rheticus }imliu

Multitemporale” to add it to
erest.

Figure 417 WorldFish Map Page Overview
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Matias® liadik
WorldFish Rheticus’ plan

Figure 42 - WorldFish Socio-Economic Map Page Overview

The web map comprises the Map Page (Figure 41), which serves as the central
platform where the map is displayed alongside various analytics and filtering charts.

Tools

The dashboard is designed to provide an intuitive user experience through three
primary tools, which are easily accessible on the left and right sides of the screen.

Primary Tools:

Located in the panel on the right-hand side of the dashboard, these tools offer quick
access to the most frequently used functions for managing and interacting with data.

Layer Tree Menu:

This menu contains a set of standard tools designed for visualising and managing
layers. Using the Layer Tree, users can efficiently organise and configure the
displayed layers.

Multi-Temporal Slider:

Temporal layers can be selected using the multi-temporal slider, allowing users to
view data across different time windows.

Point Value Indicator:

The Point Value Indicator displays the historical values of selected indices within the
dashboard.

This structure ensures that navigating and customising the workspace is simple and
intuitive.

Operation of the Multitemporal Slider
The multitemporal slider is an essential tool for managing temporal data within the

dashboard. This feature allows you to view and analyse data based on specific time
intervals.

pla'r.le.t'ek

italia



Report on the Mapping Tool and Final Platform Access Page 53 of 67

Multitemporal slider Selected date: 22 Ocvober 2024
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Key Features
Interactive Time Selection:

The slider enables users to easily select a period of interest by moving the cursor
along the timeline.

Layer Filtering:

Layers associated with temporal data can be dynamically filtered according to the
selected period, displaying only the information relevant to the chosen timeframe.

Functionality of the Point Value Indicator

The Point Value Indicator is a feature designed to display the historical values of
selected indices directly within the dashboard. This tool allows users to delve deeper
into the analysis of specific data at a point of interest, offering a detailed temporal
perspective.
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Key Features
Historical Visualisation:

Enables access to the historical values of a selected index, showcasing its evolution
over time directly on the dashboard.

Ideal for comparing data, identifying trends, and detecting anomalies.

Point Selection:

Users can click on a specific point on the map to view data related to that area.

The indicator immediately displays historical values for the active index.
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Integration with the Dashboard:

Displayed data updates dynamically based on the layers and time intervals selected
using the multi-temporal slider.

Intuitive Representation:

The indicator can present data through line charts or tables, providing a clear and
immediate understanding of the values.

The Zone Graph

The Zone Graph is a dashboard tool designed to display point data within areas
highlighted by polygons, making it ideal for spatial analyses of regions of interest.

This functionality is essential for conducting in-depth analyses and for accurately
monitoring relevant data within specific areas of interest.

The Zone Graph is an advanced feature of the dashboard that allows the visualisation
of point data within specific areas delineated on the map by areal polygons. This
capability is particularly useful for targeted spatial analyses, enabling a focus on
predefined zones of interest.

Sea zones Graph Land zones Graph

No products selected in the Multi-Time Slider, or products  No products selected in the Multi-Time Slider, or products
without any associated data without any associated data

Key Features
Point Data Visualisation:

Aggregates and represents data related to individual points within a specific area
defined by polygons.

Data may include measurements, indices, or other values associated with each point.

Map Interaction:

Areas of interest are outlined by highlighted polygons on the map.

Users can select a polygon to activate the display of point data associated with that
area.

Graphical Representation:

Data is presented visually through charts that provide detailed information about the
points within the selected area.

Compatible with temporal filters, allowing for the analysis of historical or multi-
temporal data.
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Areas Identified by the Zone Graph

The areas identified by the Zone Graph are represented as semi-transparent
polygons visible on the map. These polygons clearly define the boundaries of regions
of interest, enabling easy identification and analysis of spatial information.

Key Features
Visual Representation:

The polygons are designed with prominent edges and adjustable transparency,
allowing them to overlay base data without obstructing its visibility.

The transparency enhances the identification of underlying data while keeping the
geographic context visible.

Area Definition:

Each polygon represents a specific area, such as neighbourhoods, watersheds,
agricultural plots, or any user-defined zone.

Map Interactivity:

Users can click on polygons to access associated data, including point-specific values
or aggregated metrics (e.g., averages, sums, densities).

Selected polygons can highlight active data in the dashboard, seamlessly integrating
with tools such as the multi-temporal slider.

Side Menu

The side menu, shown in the image, serves as a general navigation interface for the
dashboard. It provides access to a range of advanced tools designed for managing
and configuring specific features of the layers displayed on the map.
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Layer Management Tool

This menu provides a structured interface that allows users to select, configure, and
visualise layers on the map.

Hierarchical Organisation

The layers are organised in a tree structure.

Layer Management

Activation/Deactivation: Individual layers can be turned on or off using checkboxes,
allowing users to decide which data to display on the map.

The Layer Tree is an advanced tool that goes beyond standard layer selection
functionality. It enables transparency management and the activation of an “active
set,” which facilitates data interrogation via tooltips.

Measurement Tool

The Measurement Tool is a feature of the dashboard designed to measure distances,
areas, and other spatial properties directly on the map. It is particularly useful for quick
and accurate analyses of geospatial elements.

Swipe Tool

The Swipe Tool is an interactive feature that allows users to compare two overlaid
layers on a map, dynamically revealing differences or similarities between the
displayed data. It is particularly useful for conducting comparative analyses of
temporal, thematic, or spatial variation data.
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Filter Tool

The Filter Tool is a feature that allows users to select, view, or analyse specific
subsets of data within a map layer. By applying filters, users can focus on geospatial
or temporal elements of interest while excluding irrelevant information.

Fit All Tool

The Fit All tool is a feature designed to optimise the visualisation of data on the map
by automatically centring the view on all active layers or specific selected elements.
This tool is particularly useful for providing a comprehensive overview of spatial data.

Legend Tool

The Legend tool is a key feature of the dashboard, providing a clear explanation of
the symbols, colours, and graphical representations used in the layers displayed on
the map. The legend helps users accurately interpret geospatial data and understand
the information presented.

Chlorophyll [mgm

0.03

Key Features

Dynamic Display

The legend updates automatically based on the active layers in the map.
It shows only the symbols and colours relevant to the selected layers.

Layer Details

Each legend item is associated with a specific layer. It includes information such as
Colours and gradients (e.g., for value classes or ranges), Point symbols (e.g., icons
for points of interest), Patterns and lines (e.g., boundaries or routes).

Report Generator

The Report Generator is an advanced feature that allows users to create summary
documents based on the data and analyses available on the dashboard. This tool is
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designed to export key information into a clear and shareable format, making it ideal
for presentations, official reporting, or archiving.

Report

Generate Report

Report Preview

WorldFish Rheéticus” planetek

italia

Quality Monitoring Report

Print or save as PDF

Figure 437 Water Quality Report

3.1.4. Catalogue

The catalogue is a geospatial content management system, a platform for managing
and publishing geospatial data. Data management tools allow for the integrated
creation of data, metadata, and map visualisation.

There are three main types of resources that the catalogue can manage:
{ Documents
{ Dataset
1 Maps

Documents are tabular and text data. Datasets are publishable resources
representing a raster or vector spatial data source. Datasets also can be associated
with metadata, ratings, and comments. Maps are comprised of various datasets and
their styles.

The catalogue allows visualising all the products created for the different water quality
parameters. It is organised in three interfaces, showing daily/weekly/monthly maps.
}.)l;l'ﬁe.t'ek
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[ Water Quality (daily)

& admin ) 6Dec2021 @ 59 0 * 0 Q ViewMap

[ Water Quality (weekly)

) & admin ) 1Dec2021 @ 19 @ 0 * 0 9 ViewMap

Through the catalogue interface, it is possible to visualise the different water quality
maps with a time-slide which allows for an easier user experience visualisation

through time.
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5, Appendi x

5.1. Bangladesh

The following variables were incorporated into the database utilised for creating the maps. A detailed description was provided for each
variable. For clarity and convenience, the variables were organised into the previously defined subgroups.

Aquaculture by area, production and productivity

Name

Description

Notes

Extensive_Pond_Area_in_2013 ha

The area occupied by extensive ponds in 2013 in hectares

Extensive_Pond Area in 2023 ha

The area occupied by extensive ponds in 2023 in hectares

Change_in_Extensive Pond Area 2013 2023

Percentage change in extensive pond area between 2013 and 2023

Semi Intensive Pond Area in 2013 ha

The area occupied by semi-intensive ponds in 2013 in hectares.

Semi Intensive Pond Area in 2023 ha

The area occupied by semi-intensive ponds in 2023 in hectares.

Change_in_Semi_lIntensive_Pond_Area_2013_2023

Percentage change in semi-intensive pond area between 2013 and
2023

Intensive_Pond_Area in 2013 ha

The area occupied by intensive ponds in 2013 in hectares.

Intensive Pond Area in 2023 ha

The area occupied by intensive ponds in 2023 in hectares.

Change_in_Intensive_Pond_Area_2013 2023

Percentage change in intensive pond area between 2013 and 2023

Highly Intensive_Pond_Area_in_2013_ha

The area occupied by highly intensive ponds in 2013 in hectares

Highly Intensive_Pond_Area_in_2023 ha

The area occupied by highly intensive ponds in 2023 in hectares

Change_in_Highly_Intensive_Pond_Area_2013_2023

Percentage change in highly intensive pond areas between 2013
and 2023

Extensive Pond Production in 2013 MT

Production by extensive ponds in 2013 in Metric Tons

Extensive Pond Production in 2023 MT

Production by extensive ponds in 2023 in Metric Tons

Change_in_Extensive_Pond_Production_2013_2023

Percentage change in extensive pond production between 2013 and
2023

Semi_Intensive Pond Production in 2013 MT

Production by semi-intensive ponds in 2013 in Metric Tons

Semi Intensive Pond Production in 2023 MT

Production by semi-intensive ponds in 2023 in Metric Tons

Change_in_Semi_lIntensive_Pond_Production_2013 2023

Percentage change in semi-intensive pond production between 2013
and 2023

Intensive Pond Production in 2013 MT

Production by intensive ponds in 2013 in Metric Tons

Intensive Pond Production in 2023 MT

Production by intensive ponds in 2023 in Metric Tons

Change_in_Intensive_Pond_Production_2013 2023

Percentage change in intensive pond area between 2013 and 2023

Highly Intensive_Pond_Production_in_2013_MT

Production by highly intensive ponds in 2013 in Metric Tons

Highly_Intensive_Pond_Production_in_2023_MT

Production by highly intensive ponds in 2023 in Metric Tons
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Change_in_Highly_Intensive_Pond_Production_2013 2023

Percentage change in highly intensive pond production between
2013 and 2023

Extensive_Pond_Productivity_in_2013 MToverHa

Productivity by extensive ponds in 2013 in Metric Tons/hectares

The productivity of a method is calculated as the ratio
between its respective production over an area

Extensive_Pond_Productivity_in_2023 MToverHa

Productivity by extensive ponds in 2023 in Metric Tons/hectares

The productivity of a method is calculated as the ratio
between its respective production over an area

Change_in_Extensive_Pond_Productivity 2013 2023

Percentage change in extensive pond productivity between 2013
and 2023

Semi_lIntensive_Pond_Productivity_in_2013_MToverHa

Productivity by semi-intensive ponds in 2013 in Metric Tons/hectares

The productivity of a method is calculated as the ratio
between its respective production over an area

Semi_Intensive_Pond_Productivity_in_2023_MToverHa

Productivity by semi-intensive ponds in 2023 in Metric Tons/hectares

The productivity of a method is calculated as the ratio
between its respective production over an area

Change_in_Semi_lIntensive_Pond_Productivity 2013_2023

Percentage change in semi-intensive pond productivity between
2013 and 2023

Intensive_Pond_Productivity_in_2013_MToverHa

Productivity by intensive ponds in 2013 in Metric Tons/hectares

The productivity of a method is calculated as the ratio
between its respective production over an area

Intensive_Pond_Productivity_in_2023_MToverHa

Productivity by intensive ponds in 2023 in Metric Tons/hectares

The productivity of a method is calculated as the ratio
between its respective production over an area

Change _in_Intensive_Pond Productivity 2013 2023

Percentage change in intensive pond area between 2013 and 2023

Highly_Intensive_Pond_Productivity_in_2013_MToverHa

Productivity by highly intensive ponds in 2013 in Metric Tons /
Hectares

The productivity of a method is calculated as the ratio
between its respective production over an area

Highly_Intensive_Pond_Productivity_in_2023_MToverHa

Productivity by highly intensive ponds in 2023 in Metric Tons /
Hectares

The productivity of a method is calculated as the ratio
between its respective production over an area

Change_in_Highly_Intensive_Pond_Productivity 2013_2023

Percentage change in highly intensive pond productivity between
2013 and 2023

Pond Total Area in 2013 ha

Total area occupied by ponds in 2013 in hectares

Pond Total Area in 2023 ha

Total area occupied by ponds in 2023 in hectares

Change_in_Pond_Total Area 2013 2023

Percentage change in pond total area between 2013 and 2023

Pond Total Production in 2013 MT

Total production by ponds in 2013 in Metric Tons

Pond Total Production in 2023 MT

Total production by ponds in 2023 in Metric Tons

Change_in_Pond_Total Production 2013 2023

Percentage change in pond total production between 2013 and 2023

Pond_Total Productivity in_2013 MToverHa

Total productivity by ponds in 2013 in Metric Tons/hectares

Pond_Total Productivity in_2023 MToverHa

Total productivity by ponds in 2023 in Metric Tons/hectares

Change_in_Pond_Total_Productivity 2013 2023

Percentage change in pond total productivity between 2013 and
2023

Number_of Cages_in_2014

Number of cages used for cage culture in 2014

No data available for years prior to 2014

Number_of Cages_in 2023

Number of cages used for cage culture in 2023

Change_Number_of Cages 2014 2023

Percentage change in number of cages between 2014 and 2023

Production_of Cages_in_2014

Production of cages used for cage culture in 2014

No data available for years prior to 2014

Production_of Cages_in_2023

Production of cages used for cage culture in 2023

Change_Production_Cage Culture 2014 2023

Percentage change in production of cages between 2014 and 2023
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Communication routes

Name

Description

Notes

OSM_Kilometres_of_Roads

Kilometres of roads calculated by district starting from the OSM
database

Road Density OSM_RoadsoverDArea

Kilometres of district roads compared to district area.

Road_Density OSM_RoadsmOverPop2011

Meters of district roads compared to population in 2011

OSM_Kilometres_of_Rails

Kilometres of railways calculated by district starting from the OSM
database

No data available for Bandarban, Barguna, Barishal, Bhola,
Jhalokati, Khagrachari, Kishoreganj, Lakshmipur, Magura,
Manikganj, Meherpur, Moulvi Bazar, Narsingdi, Netrakona,
Patuankhali, Pirojpur, Rangamati, Satkhira, Sherpur,
Sunamgan,.

Rail_Density OSM_RailsoverDArea

Kilometres of district railways compared to district area.

Rail_Density OSM_RailsmOverPop2011

Meters of district railways compared to population in 2011

OSM_Kilometres_of Waterways

Kilometres of waterways calculated by district starting from the OSM
database.

The original OSM waterways shapefile was filtered to keep
only the lines corresponding to the levels’ canal’, ‘river’,
‘stream’ and ‘boatyard’. This choice was made to focus the
analysis on potential navigable routes despite the presence
of many non-navigable sections within these categories. A
more punctual screening was not considered feasible due
to the large amount of data and the variability of the
waterway's morphology.

Waterways_Density OSM_WaterwaysoverDArea

Kilometres of district waterways compared to district area.

Waterways_Density OSM_WaterwaysmOverPop2011

Meters of district waterways compared to the population in 2011

Labor market dynamics and financial accessibility within the agricultural sector

Name

Description

Notes

BKB_Disbursement 2016

Disbursement of Agricultural Credit of Bangladesh Krishi Bank by
District in 2016 (in lakh TK)

No data was retrieved for years prior to 2016.

No data for: Bogura, C.Nawabganj, Dinajpur, Gaibandha,
Joypurhat, Kurigram, Lalmonirhat, Naogaon, Natore,
Nilphamari, Pabna, Panchagarh, Rajshahi, Rangpur,
Sirajganj, Thakurgaon

BKB_Disbursement_2021

Disbursement of Agricultural Credit of Bangladesh Krishi Bank by
District in 2021 (in lakh TK)

No data for: Bogura, C.Nawabganj, Dinajpur, Gaibandha,
Joypurhat, Kurigram, Lalmonirhat, Naogaon, Natore,
Nilphamari, Pabna, Panchagarh, Rajshahi, Rangpur,
Sirajganj, Thakurgaon

Change_in_BKB_Disbursement_2016_2021

Percentage change in the disbursement of Agricultural Credit of
Bangladesh Krishi Bank by District between 2016 and 2021

BKB_Recovery 2016

Recovery of Agricultural Credit of Bangladesh Krishi Bank by District
in 2016 (in lakh TK)

No data was retrieved for years prior to 2016.
No data for: Bogura, C.Nawabganj, Dinajpur, Gaibandha,
Joypurhat, Kurigram, Lalmonirhat, Naogaon, Natore,
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Nilphamari, Pabna, Panchagarh, Rajshahi, Rangpur,
Sirajganj, Thakurgaon

BKB_Recovery_2021

Recovery of Agricultural Credit of Bangladesh Krishi Bank by District
in 2021 (in lakh TK)

No data for: Bogura, C.Nawabganj, Dinajpur, Gaibandha,
Joypurhat, Kurigram, Lalmonirhat, Naogaon, Natore,
Nilphamari, Pabna, Panchagarh, Rajshahi, Rangpur,
Sirajganj, Thakurgaon

Change_in_BKB_Recovery_2016_2021

Percentage change in the recovery of Agricultural Credit of
Bangladesh Krishi Bank by District between 2016 and 2021

Sum_of_Disbursements_2016_2021

The sum of Disbursements of Agricultural Credit of Bangladesh Krishi
Bank by District in the period 2016-2021 (in lakh TK)

Sum_of_Recoveries_2016_2021

The sum of Recoveries of Agricultural Credit of Bangladesh Krishi
Bank by District in the period 2016-2021 (in lakh TK)

Recovery Rate Total RecoveryoverTotal Disbursement

The ratio between the sum of recoveries and the sum of disbursement

Total_Employed_Population_2011

Total Employed population in 2011 by district

Total_Employed Population_2022

Total Employed population in 2022 by district

Change_Total_Employed_Population_11_22

Percentage change in total employed population between 2011 and
2022

Total Employed Agriculture 2011

Employed population in the agricultural sector in 2011

Total_Employed_Agriculture_2022

Employed population in the agricultural sector in 2022

Change_Total_Employed_Agriculture_11_22

Percentage change in employed population in agriculture between
2011 and 2022

Measures of population socio-economic well-being

Name

Description

Notes

Human_Development_Index_HDI_in_2013

Human Development Index in 2013

HDI measures the level of human development in an area,
considering three dimensions: education, health and standard of
living.

This dataset was retrieved from GlobalDatalab regarding
the “Subnational HDI " agreg
Then, the subnational value has been disaggregated for
every district composing the group.

Human_Development_Index_HDI_in_2022

Human Development Index HDI in 2022

No data available for 2023

Change_Human_Development_Index_HDI_2013 2022

Percentage change in HDI between 2013 and 2022

International_Wealth_Index_IWI_in_2013

International Wealth Index IWI in 2013
IWI analyses not only the level of economic well-being but also the
quality of housing and access to public services.

This dataset was retrieved from GlobalDatalab regarding
the “Mean IthFf egconé afjgrega
of districts. Then, the subnational value has been
disaggregated for every district composing the group.

International Wealth Index IWI in 2022

International Wealth Index IWI in 2022

No data available for 2023

Change_International_Wealth _Index IWI_2013 2022

Percentage change in IWI between 2013 and 2022

Literacy Rate _over7y 2011

Literacy Rate of the population aged 7 years and older in 2011

Literacy Rate over7y 2022

Literacy Rate of the population aged 7 years and older in 2022

Change_Literacy Rate 2011 2022

Percentage change in literacy rate between 2011 and 2022

IPC_Chronic_Food_Insecurity Pop _Level 1 2019

Percentage of population evaluated as IPC level 1 in 2019

IPC_Chronic_Food_Insecurity Pop Level 2 2019

Percentage of population evaluated as IPC level 2 in 2019

IPC_Chronic_Food_Insecurity Pop_Level_3_2019

Percentage of population evaluated as IPC level 3 in 2019
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IPC_Chronic_Food_Insecurity Pop Level 4 2019

Percentage of population evaluated as IPC level 4 in 2019

IPC_Chronic_Food_Insecurity_Pop_Level_over3_2019

Percentage of population evaluated as equal to or more than IPC level
3in 2019

IPC_Chronic_Food_Insecurity _Levels_in_2019

IPC level of the district in 2019

Poverty Rate in_2016

Percentage of population below the Upper Poverty Line in 2016

Internet_Access_overl5y 2022

Percentage of population aged 15 years and older using the Internet
in 2022

Houses with Cement Roof 2022

Percentage of houses having a roof made of cement in 2022

Houses_with_Metal_Roof 2022

Percentage of houses having a roof made of metal in 2022

Number_of NotComp Ed 2021

Total number of secondary schools plus colleges in 2021

Number_of NotComp Ed 2023

Total number of secondary schools plus colleges in 2023

Change_in_Number_of_NotComp_Ed_21_23

Percentage change in the number of secondary schools plus colleges
between 2021 and 2023

Number_of_teachers_NotComp_Ed_2021

Number of teachers of secondary schools plus colleges in 2021

Number of teachers NotComp Ed 2023

Number of teachers of secondary schools plus colleges in 2023

Change_in_number_of_teachers_NotComp_Ed_21 23

Percentage change in the number of teachers of secondary schools
plus colleges between 2021 and 2023

Number_of_students_NotComp_Ed_2021

Number of students of secondary schools plus colleges in 2021

Number_of students NotComp Ed 2023

Number of students of secondary schools plus colleges in 2023

Change_in_number_of_students_NotComp_Ed_21 23

Percentage change in the number of students of secondary schools
plus colleges between 2021 and 2023

5.2. Kenya

This appendix details the variables included in the databases used for this study's analysis and map creation. However, only a selected

subset of these variables was ultimately utilized for mapping.

Name

Description

Notes

County_Size _Km2

Size of each Kenyan County in SqKm

Population_in_2019

Census Population for each County in 2019

Aquaculture_Production_in_2023_MT

Aquaculture (Pond) production per County in 2023 in Metric
Tons

Number_ Of Cages in_2019

Number of Cages per County in 2019

GCP_in_2013

GDP per County in 2013

GCP_in_2022

GDP per County in 2022

GCPperCapita_2022

GDP per County in 2022 calculated over the 2019 county
population

Human_Development_Index_HDI_in_2013

HDI per County in 2013

Human_Development_Index_HDI_in_2022

HDI per County in 2022
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International Wealth Index_in 2013

IWI per County in 2013

International Wealth Index_in 2022

IWI per County in 2022

Lowest

Percentage of county population in the lowest Kenyan wealth
quintile

Second Percentage of county population in the second Kenyan wealth
quintile

Middle Percentage of county population in the middle Kenyan wealth
quintile

Fourth Percentage of county population in the fourth Kenyan wealth
quintile

Highest Percentage of county population in the highest Kenyan wealth

quintile

Gini Coefficient 2022

Gini coefficient per County in 2022

OSM Kilometers of Roads

Km of roads per county (OSM database)

OSM Kilometers of Rails

Km of railways per county (OSM database)

Road_Density OSM_RoadsKMoverCArea

Km of roads compared to county area, per county

Road_Density OSM_RoadsMoverPop2019

Km of roads compared to population in 2019 per county

Rail_Density OSM_RailsMoverCArea

Km of railways compared to county area per county

Rail_Density OSM_RailsMoverPop2019

Km of railways compared to population in 2019 per county

HH_Water_Access_2022

Household population with access to at least basic drinking
water service (%) in 2022 per county

HH_Basic_Sanitation_2022

Household population with at least basic sanitation service (%)
in 2022 per county

HH_electricity _in_2022

Households with electricity in 2022 per county

Infant_Mortality 2022

Infant mortality (deaths per 1,000 live births) in 2022 per county

TotalSecSchools2014

Number of secondary schools per county in 2014

TotalSecSchools2020

Number of secondary schools per county in 2020

Dummy_cages

Variable indicating the presence/absence of cage culture per
county
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