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This study quantifies how rapid urbanization affects key ecosystem services in five Tanzanian cities (Arusha, Dar
es Salaam, Dodoma, Mbeya, and Mwanza) using a multi-city comparative framework and spatial econometric
analysis. MODIS NPP and TerraClimate hydro-climate data were integrated with spatial statistics (Global/Local
Moran’s I) and spatial regression models (SLM/SEM) to assess changes from 2010 to 2020. Results show sub-
stantial declines in soil water balance (25-40%) and net primary productivity-NPP (15-33%), alongside
increased surface runoff (~30%), with the strongest impacts in Dar-es-Salaam and Dodoma. Significant negative
relationships (p < 0.01) between urban expansion and ecosystem services confirm strong spatial dependence and
clustered degradation, particularly along peri-urban growth fronts. By moving beyond descriptive mapping to
spatially explicit inference, this study links urban form to biophysical change across diverse ecological contexts.
The findings provide policy-relevant evidence to guide ecosystem-based urban planning, green infrastructure,

and sustainable drainage strategies in support of SDG 11 and SDG 15.

1. Introduction

Urbanization has emerged as one of the most transformative forces
shaping the Earth’s surface in the twenty-first century [1,2]. While it
serves as an engine of economic growth and social transformation, its
rapid and unplanned expansion exerts mounting pressure on natural
ecosystems and the services they provide [3]. The conversion of forests,
wetlands, and agricultural lands into impervious urban surfaces alters
fundamental biophysical processes such as evapotranspiration, soil
infiltration, and vegetation productivity [3-5]. These changes diminish
the capacity of ecosystems to regulate climate, purify air and water, and
sustain biodiversity. Consequently, the degradation of ecosystem ser-
vices has become a critical challenge for achieving sustainable urban
development, particularly in the Global South, where the pace of urban
growth often surpasses the ability of institutions to plan and manage it
effectively [6-9].

Sub-Saharan Africa is experiencing some of the fastest urban growth
rates in the world, driven by rapid population increase, rural-urban
migration, and changing economic structures [10,11]. Tanzania exem-
plifies this trend, with cities such as Dar es Salaam, Dodoma, Arusha,
Mbeya, and Mwanza undergoing significant spatial expansion over the
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past two decades. These cities represent diverse ecological and
socio-economic contexts, ranging from coastal and lacustrine environ-
ments to highland and semi-arid landscapes. Such diversity creates
varying interactions between urban expansion and ecosystem processes,
including vegetation dynamics, hydrological regulation, and
land-atmosphere interactions [12-14]. As urban areas expand, natural
landscapes are increasingly replaced by built environments, resulting in
reduced ecological resilience and increasing vulnerability to environ-
mental hazards such as flooding, water scarcity, and urban heat islands.

Although several studies have investigated the environmental im-
pacts of urban expansion, most existing research has focused on rapidly
urbanizing regions in Asia and Latin America [15-17]. For example,
studies in China and India have demonstrated that urban growth
significantly reduces ecosystem services such as vegetation productivity,
water regulation, and carbon sequestration due to the expansion of
impervious surfaces and the conversion of natural landscapes [18-20].
Similar patterns have also been reported in African cities, where un-
controlled urban sprawl has led to declining ecological resilience and
increasing hydrological risks [11,21]. However, despite the rapid pace
of urbanization across Sub-Saharan Africa, empirical studies that
quantitatively assess the spatial relationships between urban expansion
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and multiple ecosystem services remain limited. Most studies in the
African context focus primarily on land-use change detection or single
environmental indicators, often without applying spatial statistical ap-
proaches to examine the strength and spatial structure of these re-
lationships. Therefore, there remains a clear research gap in
understanding how urban expansion simultaneously affects multiple
ecosystem services across different African urban environments using
spatially explicit analytical methods. This study addresses this gap by
applying spatial econometric techniques to evaluate the relationship
between urban expansion and ecosystem service decline across five
rapidly growing Tanzanian cities.

This study aims to address this gap by conducting a comparative
spatial assessment of urbanization and its impact on key ecosystem
services across five rapidly growing Tanzanian cities between 2010 and
2020. The analysis focuses on three core ecosystem service indicators
net primary productivity (NPP), soil water storage (WB), and surface
runoff regulation (Q) which collectively represent the ecological ca-
pacity to sequester carbon, regulate hydrological processes, and sustain
landscape productivity. The research is guided by three interrelated
objectives, to: (i) quantify and map the spatial patterns of ecosystem
service decline associated with urban expansion using integrated remote
sensing and geospatial analysis; (ii) examine the environmental linkages
between human settlement growth, land-use dynamics, and biophysical
processes, highlighting the complementary roles of human geographers,
who analyze urban form, population dynamics, and socio-economic
transformations, and physical geographers, who investigate hydrology,
vegetation change, and climatic drivers shaping the urban environment
interface; (iii) apply spatial statistical models including Moran’s I,
Spatial Lag Model (SLM), and Spatial Error Model (SEM) in order to
assess the strength and direction of the relationship between urban
expansion and ecosystem service degradation, thereby generating
evidence-based insights to guide urban environmental management and
policy.

This study advances existing urban ecology research in three key
ways. First, it adopts a multi-city comparative methodology across five
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rapidly growing Tanzanian cities, enabling cross-city comparison of
urbanization impacts on ecosystem services in different ecological and
socio-economic contexts. Second, beyond descriptive land-cover map-
ping, the study applies spatial econometric models (Moran’s I, Spatial
Lag Model, and Spatial Error Model) to explicitly quantify the spatial
dependence and strength of relationships between urban expansion and
ecosystem service decline. Third, the analysis integrates perspectives
from physical geography (hydrology and vegetation dynamics) and
human geography (urban form and settlement expansion) to interpret
urban environment interactions. By aligning the findings with SDG 11
(Sustainable Cities and Communities) and SDG 15 (Life on Land), the
study provides policy-relevant evidence for ecosystem-based urban
planning in rapidly urbanizing African cities.

2. Materials and methods
2.1. Study area

The United Republic of Tanzania, located in East Africa, is bordered
by Kenya and Uganda to the north, Rwanda, Burundi, and the Demo-
cratic Republic of the Congo to the west, Zambia, Malawi, and
Mozambique to the south, and the Indian Ocean to the east (Fig. 1). This
study focuses on five major cities in Tanzania (Arusha, Dar-es-Salaam,
Dodoma, Mbeya, and Mwanza) selected for their significant urban
growth and varying environmental, economic, and demographic char-
acteristics [22]. These cities represent key urban centers across the
country and serve as a valuable sample for understanding the broader
impacts of urbanization on ecosystem services. Arusha, located in the
northeastern highlands, is an important cultural and economic hub with
a rapidly growing population. Dar-es-Salaam, Tanzania’s largest city
and economic capital, lies along the eastern coastline, characterized by a
tropical climate and coastal ecosystems. Dodoma, the political capital, is
situated in the central region and has seen considerable urbanization in
recent decades. Mbeya, located in the southwest, is an important
gateway city connecting Tanzania with neighboring countries. Mwanza,
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Fig. 1. Administrative division of the study area: (a) Arusha (b) Dar-es-Salaam (c) Dodoma (d) Mbeya and (e) Mwanza.
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on the shores of Lake Victoria in the northwest, has a growing industrial
and commercial sector.

These cities were chosen for their diverse geographical settings,
population density, economic significance, and varying environmental
conditions, making them ideal for studying the impacts of urbanization
on ecosystem services. The study examines key parameters such as water
storage, runoff, and net primary productivity (NPP) to assess how ur-
banization has altered the physical environment and its ability to sup-
port ecosystem services in these rapidly expanding urban centers
(Table 1).

2.2. Data and analytical framework

This study employed an integrated geospatial analytical framework
to assess the spatial relationships between urban expansion and the
decline of key ecosystem services across five Tanzanian cities (Fig. 2).
The approach combined multi-temporal satellite datasets, spatial sta-
tistical modeling, and geospatial analysis techniques to capture the dy-
namic interactions between land-use change and ecological functions
[18,23,24]. The framework was designed to quantify three critical
ecosystem-service indicators net primary productivity (NPP), soil water
balance (WB), and surface runoff (Q) that collectively represent vege-
tation vigor, hydrological regulation, and landscape resilience. Each
indicator was derived from globally recognized satellite-based products
and harmonized to a common spatial resolution to ensure comparability
[20,25-27]. In line with the interdisciplinary nature of this research, the
framework integrates the perspectives of physical geography, which
emphasizes biophysical processes and landscape dynamics, and human
geography, which focuses on urban form, spatial growth patterns, and
socio-economic drivers influencing ecosystem change. This integrated
structure provides a comprehensive basis for analyzing how rapid ur-
banization alters the ecological integrity of Tanzanian cities.

Urban expansion was operationalized as a binary built-up indicator
(urban = 1; non-urban = 0) to ensure consistent classification across
cities and years. While this representation simplifies urban dynamics, it
enables robust multi-city comparison and reduces sensitivity to classi-
fication uncertainty across heterogeneous urban forms. The indicator
therefore captures contrasts between built-up and non-built-up land at
the city scale examined in this study.

2.1.1. Soil water storage (Q)

Soil water storage plays a critical role in regulating ecosystem ser-
vices, particularly in urban areas, where it helps mitigate flooding by
providing a rapid sink for runoff and storm-water. Urbanization pro-
cesses, however, significantly alter land cover, converting permeable
surfaces into impervious ones, which reduces the rate of water pene-
tration and the overall soil water storage capacity (Y [28,29]). The
expansion of impervious surfaces is a key factor in increasing flood
vulnerability, particularly during periods of heavy rainfall and wet cli-
matic conditions. In many Tanzanian cities, flood-related hazards
represent some of the most damaging natural disasters, exacerbating the
challenges of urban resilience and sustainability [11]. For instance, a
simulation of urban development in 2010 revealed that the mean runoff
depth in developing urban areas was 186.34 mm, compared to 175.88
mm in rural areas, underscoring the impact of urbanization and land

Table 1
Urbanization rate and GDP of study cities.
Arusha  Dar-es- Dodoma Mbeya Mwanza
Salaam
Urbanization Rate per 5-6% 8-10% 4-5% 5-6% 5-6%
year
Area (urban area) Km? 259.2 1350 2669 250 2420
GDP (USD Billions) in $2.5 $16.1 1.5 1.2 1.6
2022

Source:NBS [55].
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cover change on surface water storage and flood regulation (P [30,31]).
The problem is further compounded by the effects of climate change
[32-34] and unplanned urban expansion [16,35,36], which exacerbate
the risks associated with flood hazards.

Runoff depth was used as a proxy to estimate the soil water storage
capacity at the pixel level for the study area. Precipitation data were
obtained from the Terraclimate dataset [25]. The USDA Natural Re-
sources Conservation Service Curve Number (USDA-NRCS-CN) method
was employed to quantify runoff depth, utilizing the hydrological soil
group factor and land use/land cover classes specific to each pixel. Ac-
cording to the NRCS runoff equation, the runoff depth of the watershed
storage is a function of the precipitation and the Curve Number (CN)
(Egs. 1 & 2).

_(P-0.28)7
Q=508 )
and
2
S= % — 254 2

From the above equations, Q represents runoff depth, S is the
watershed storage, P is the total precipitation, and CN is the dimen-
sionless Curve Number, which reflects the characteristics of the land
surface, including the hydraulic soil group and land use/land cover
properties of the respective area. These calculations were performed
using ArcMap 10.5, with soil data sourced from the harmonized FAO soil
database (http://webarchive.iiasa.ac.at/Research/LUC/External-Worl
d-soil-database). The hydraulic soil groups and CN values were esti-
mated following methodologies outlined in previous studies [37,38] and
supplementary resources from the Purdue University Long-Term Hy-
drologic Impact Assessment (LTHIA) documentation (https://engin
eering.purdue.edu/mapserve/LTHIA7 /documentation/hsg.html).

2.2.1. Water supply (WB)

Water supply, as defined in the literature, refers to the amount of
water generated through landscape runoff [39] and/or the water
retained by the ecosystem [40,41]. It is a critical hydrological regulatory
ecosystem service that significantly contributes to community
well-being by supporting domestic needs, industrial and commercial
activities, and power generation, including hydropower. Freshwater is a
finite resource, and its demand is steadily increasing, making the man-
agement of water yield an essential service. Annual water yield is
influenced by the water balance of a given area, which is the result of the
interplay between precipitation (which adds water) and evapotranspi-
ration (which removes water).

Water balance, in turn, is influenced by various factors, with land-
scape properties being a major determinant [42]. Urbanization exacer-
bates changes in land surface properties, increasing surface
temperatures and enhancing evapotranspiration rates [21,43]. Tanza-
nian cities, located in tropical zones, experience a unique interaction of
factors influencing water balance. Despite receiving seasonal rainfall,
these cities also endure prolonged periods of high temperatures, which
further intensify water loss via evapotranspiration [21]. In this study,
water supply is interpreted as the balance between precipitation (P) and
evapotranspiration (ET). A positive relationship exists between water
supply and precipitation, while evapotranspiration negatively impacts
water supply. This relationship is mathematically expressed in the
following equation.

Q=P—ET £S~P—ET 3)

(Wang et al., 2019)

This Eq. 3, Q represents a water supply, P denotes precipitation; ET
refers to evapotranspiration, and S is the change of the water storage. On
a long-time and regional scale, the change in water storage S is
considered negligible [44]. Precipitation and evapotranspiration data
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Fig. 2. Framework of the study illustrating the full methodological process linking urban expansion to ecosystem service change.

were obtained from the Terraclimate dataset raster format [25] which
was accessed through the Climate Engine Database (https://app.clim
ateengine.com/climateEngine).

2.2.2. Net primary productivity (NPP)

The increase in carbon emissions is a primary driver of global tem-
perature rise and extreme weather events. In Tanzania, urbanization,
along with carbon emissions and pollution, is a significant contributor to
the formation of urban heat islands [45]. As plants act as critical carbon
sinks, a decline in tree cover due to unplanned urban expansion poses a
long-term threat to ecosystem health. Net Primary Productivity (NPP)
plays a central role in terrestrial carbon cycling, regulating the balance
of oxygen and carbon dioxide, and controlling atmospheric tempera-
tures [20]. NPP is also an indicator of the ecosystem's capacity for
above-ground carbon sequestration.

In this study, the MOD17A3HGF Version 6 product, which provides
annual NPP data in pixel format, was utilized to map NPP for the urban
ecosystems of the five cities. The annual NPP is derived from the sum of
8-day Net Photosynthesis Products (MOD17A2H) for each given year
[46]. The MOD17A3HGF composite was selected due to its higher data
quality, as it is derived through linear interpolation of 8-day Leaf Area
Index (LAI) measurements. The dataset was accessed from the USGS
NASA database using the Google Earth Engine Code Editor platform.

2.2.3. Spatial correlation test

We employed the bivariate Moran's I method to analyze the spatial
correlation between urban expansion and ecosystem services, specif-
ically examining spatial clustering and spatial dispersion, which are
commonly referred to as positive and negative spatial correlations,
respectively. Two types of Moran's I spatial correlation were used:
Global Moran's I and Local Moran's I. Global Moran's I was applied to
assess the overall extent and presence of spatial correlation between
ecosystem services and urban expansion across each city. In contrast,
Local Moran's I was used to examine the spatial correlation at finer,
localized spatial units, identifying patterns of spatial autocorrelation
within specific areas. The mathematical formulations for both methods
are presented in the following equation.

NYIY WiZiZ

(N = 1)L Wy

N
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i
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N
> owy )
J=t

Where [, and I',, represent the global and local bivariate Moran’s I
statistics for ecosystem services and urban expansion, respectively. N
denotes the total number of spatial units, and Wy is an N x N spatial
weight matrix used to measure the spatial correlation between the i-th
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and j-th spatial units. This matrix was generated using queen contiguity
with a first-order neighborhood in a 3 x 3 matrix [47]. Z{ and Z]u are the
standardized values of ecosystem services and urban expansion,
respectively, calculated using Eq. 3 for the i-th and j-th spatial units. The
values of I, and I'p, range from —1 to 1. A positive L, /I, indicates a
positive spatial correlation between ecosystem services and urban
expansion, meaning that a pixel with high ecosystem service values is
likely to be surrounded by pixels with similarly high urban expansion
values. Conversely, a negative L,/I,, value signifies a negative spatial
correlation, where high ecosystem service values are surrounded by
pixels with low urban expansion values. The greater the absolute value
L./T s, the stronger the spatial correlation between ecosystem services
and urban expansion. The statistical significance of the bivariate Mor-
an’s I was assessed using permutation tests, with 999 permutations
conducted in this study [47,48]. The significance threshold for spatial
correlation between ecosystem services and urban expansion was set at p
< 0.05p based on the obtained pseudo-values.

The bivariate Local Indicator of Spatial Association (LISA) method
was employed to visualize local spatial correlations, generating Moran
scatter plots, cluster maps, and corresponding significance maps. This
method illustrates the relationship between the value of ecosystem
services at a given location and the average urban expansion value of
neighboring locations at a specified significance level. The four quad-
rants generated by the bivariate LISA represent distinct types of local
spatial autocorrelation: Quadrant I (high-high, HH) indicates high
ecosystem service values surrounded by high urban expansion values;
Quadrant II (high-low, HL) indicates high ecosystem service values
surrounded by low urban expansion values; Quadrant III (low-high, LH)
indicates low ecosystem service values surrounded by high urban
expansion values; and Quadrant IV (low-low, LL) indicates low
ecosystem service values surrounded by low urban expansion values.

Spatial correlation analysis was conducted using GeoDa 1.12 soft-
ware, with input grid data first prepared and projected to the desired
coordinate system. All grids were resampled to a 500 m resolution in
ArcGIS 10.5 to optimize computational efficiency and reduce processing
time. The urban expansion dataset was constructed to capture both
spatial and temporal dimensions of urbanization. Urban pixels were
reclassified with a value of 1, while all other pixels were assigned a value
of 0. The reclassified images from 2010 to 2020 were then aggregated,
with pixels that had the highest value (2) representing areas with the
most extensive and longstanding urban development. To refine the
spatial correlation analysis and enhance statistical robustness, all input
variables were standardized using Eq. 5. This standardization ensured
that the variables were on a comparable scale, minimizing potential bias
in the spatial correlation calculations.

U ij — Ui,min

_tmin (5)
Ui.max - Ui,min

u; =
Where u;; is represents the standardized value of U;;, which is the
original value of the i-th value of the input variable (ecosystem services
or urban expansion) at the j-th spatial unit. U; e and U; i denote the
maximum and minimum values across all grids, respectively.

2.2.4. Spatial regression analysis

In this study, spatial regression analysis techniques were employed
to examine the spatial response of ecosystem services to urbanization
processes in the cities of Arusha, Dar-es-Salaam, Dodoma, Mbeya, and
Mwanza, Tanzania. Specifically, two spatial regression models were
utilized: the Spatial Lag Model (SLM) and the Spatial Error Model (SEM).
These models extend the traditional Ordinary Least Squares (OLS)
regression by incorporating a spatial weight matrix that defines the
geographic structure of spatial dependencies, where neighboring loca-
tions are assumed to influence the central location. This spatial structure
is essential for accurately modeling spatially correlated data. Both the

Urban Transitions 6 (2026) 100043

SLM and SEM are considered more appropriate than OLS for spatial data
with autoregressive properties, as they account for spatial dependencies
among variables and spatial error correlations, respectively. The SLM
captures direct spatial dependencies between variables, while the SEM
models the spatial dependence in the error terms, as represented in Eq. 6
below.

Y= pWY+Xp+e

Y= Xp+IWu+e (6)

Where:Y is an Nx1 vector representing the dependent variable (i.e.,
the standardized values of ecosystem services) for each cell in the study
area. X is an NxM matrix of independent variables, which includes the
values of urbanization-related variables (e.g., CUL values) and con-
stants. The W is the spatial weight matrix that captures the spatial re-
lationships between neighboring units, $ is the corresponding vector of
regression coefficients, and p represents the spatially autoregressive
error term, while ¢ is the random error term. p and X\ denote the spatial
lag parameter and spatial error parameter, respectively, which account
for spatial dependence in the lagged dependent variable and the error
structure.

The regression analysis was conducted using a three-step approach to
examine the spatial dependence of ecosystem services on urban expan-
sion. Initially, Ordinary Least Squares (OLS) regression was performed
to explore the relationship between ecosystem services and urban
expansion. The most appropriate model between the Spatial Lag Model
(SLM) and the Spatial Error Model (SEM) was then determined using the
Lagrange Multiplier (LM) test. To assess the model robustness, four
statistical criteria were employed: R-square, Log-likelihood, Akaike In-
formation Criterion (AIC), and the Schwarz Criterion (SC). The optimal
model was identified based on the highest R-square and Log-likelihood
values, along with the lowest AIC and SC values. Finally, the regres-
sion coefficients of the independent variables urban expansion, spatial
lag, and spatial error were analyzed to evaluate their effectiveness as
drivers of ecosystem dynamics.

3. Results
3.1. Geospatial patterns of urban expansion

Urban expansion patterns in the five rapidly growing cities of
Tanzania: Dar es Salaam, Dodoma, Arusha, Mbeya, and Mwanza can be
analyzed through three key aspects: scale, morphology, and natural
background. In terms of scale, the largest urban growth was observed in
Dar es Salaam and Dodoma, which saw substantial increases in urban
areas over the decade. Dar es Salaam expanded by 279.73 km? to 418.89
km?, while Dodoma's urban area grew from 38.15 km? to 132.85 km?.
The rapid growth in Dodoma can also be attributed to the government's
decision to shift the government offices from Dar es Salaam to Dodoma,
which has significantly influenced the city's expansion. This political
move has led to increased investments in infrastructure, services, and
administrative functions, attracting both people and businesses. In
comparison, Arusha, Mbeya, and Mwanza experienced more modest
urbanization, with area increases ranging from 12.23% to 28.06%.
These figures reflect a trend where urban growth accelerated

Table 2
Areal increase and urban expansion of the 5 cities 2010-2020.

Region Area increase (AI in km?) Urban expansion (%)
2010 2020 2010 2020
Arusha 31.12 59.21 12.23 22.17
Dar-es-Salaam 279.73 418.89 16.83 25.21
Dodoma 38.51 132.86 1.47 5.083
Mbeya 6.20 14.63 11.90 28.06
Mwanza 2.54 4.68 10.91 20.10
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significantly in the latter part of the decade, especially in 2020 (Table 2).

The morphology of urban expansion in these cities follows a clear
pattern of outward growth, primarily concentrated around the Central
Business Districts (CBDs). This centrifugal expansion suggests that ur-
banization tends to radiate from the city center, with residential, com-
mercial, and industrial developments spreading outward. The central
areas, often characterized by higher economic and social activities,
attract more people and businesses, further stimulating growth. This
pattern of expansion is largely driven by factors such as resource
availability, industrialization, improved transportation and communi-
cation infrastructure, and the concentration of economic and recrea-
tional opportunities (Fig. 3). Finally, the natural background in which
these cities are located plays a critical role in shaping urban growth
patterns. Dar es Salaam, located along the coast, faces challenges related
to flooding and runoff, while Dodoma, situated in a semi-arid region, has
seen more modest environmental impacts despite its rapid urbanization.
In contrast, cities like Arusha and Mbeya, which lie in more diverse
ecological zones, exhibit different ecological responses to urbanization,
with varying effects on water balance, vegetation, and ecosystem ser-
vices. The interaction between the natural environment and urban
growth highlights the regional complexity of urban expansion across
these cities.

3.2. Spatial patterns of ecosystem services

The spatial distribution of ecosystem services demonstrates consid-
erable variation, reflecting the diverse landscapes and ecological con-
ditions across different regions. Provisioning services, such as
agricultural productivity, are shaped by factors including climate, soil
quality, and land management practices, leading to distinct spatial
patterns of service availability. Similarly, regulating services such as
water purification and climate regulation are influenced by the
composition and health of specific ecosystems, resulting in geographic
variations in their distribution [49]. Cultural services, such as

(d)
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recreational opportunities and aesthetic value, are likewise impacted by
the spatial arrangement of ecosystems and their accessibility to human
populations. Fig. 4 illustrates the spatial distribution of three key
ecosystem services: Water Balance (WB), Net Primary Productivity
(NPP), and Runoff Depth (Q) across five cities in Tanzania. The analysis
reveals notable differences in the provision of these services across the
cities. For example, Arusha exhibited the lowest NPP, while Dodoma
recorded the highest NPP. In contrast, Arusha had the highest (Q), with
Dodoma showing the lowest values for this metric. Regarding WB,
Dodoma demonstrated the highest levels, whereas Mbeya had the
lowest. These variations highlight the complex and context-dependent
nature of ecosystem services across urban areas in Tanzania.

3.3. Spatial correlations between ecosystem services and growth

The global bivariate Moran's I results show an interesting variation
in the correlation between the three ecosystem services and the urban
expansion at a confidence interval of 5% (Table 3 and Fig. 5).

NPP showed a constant negative spatial relation with urbanization in
all five major cities of Tanzania. However, the degree of the negativity
varies, with Mbeya and Dar-es-Salaam cities showing the highest
negative spatial correlation (Moran’s I value of —0.527 and —0.479,
respectively). This suggests that carbon sequestration and oxygen
cycling by the ecosystem in these two cities are drastically declining
with the urbanization rate. For the case of Arusha and Dodoma, the
lowest degree of negative correlation suggests that NPP is less drastically
declining than in Mbeya and Dar-es-Salaam.

WB was an ecosystem service with many variations between the five
selected cities. WB was prepared to show the balance between water
gain and loss via precipitation and evapotranspiration. Arusha, Mwanza,
and Dodoma had positive Moran’s I value (0.404, 0.217, and 0.177,
respectively) suggesting that more water was retained. The reason for
this can be adduced to the loss of vegetation and the replacement by less
evaporative surfaces such as impervious surfaces of roads and buildings

(c)

= UE 2010
UE 2020
M Non UE

0 5 10 20 30 40
IO <m

Fig. 3. Urban expansion pattern.
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Fig. 4. Spatial patterns of ecosystem services.
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Table 3
Bivariate Moran's I analysis between individual ecosystem services and urban
expansion.

Ecosystem services ~ Arusha ~ Mbeya Mwanza Dodoma  Dar-es-

Salaam
NPP -0.102 -0.527  —0.269 -0.119 —0.479
Q 0.406 0.381 0.06 0.257 0. 216
WB 0.404 -0.124  0.217 0.177 —0.093

whilst rainfall may remain less affected. Mbeya and Dar-es-Salaam had a

Arusha

Dodoma

NPP.

0153 6Km

Mwanza
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negative correlation between WB and urban expansion and thus peculiar
correlation can be caused by climate change and the decline of rainfall in
parts of Tanzania [21,50] including parts of Mbeya and Dar-es-Salaam.

Runoff depth (Q) reflects the amount of water available on the sur-
face runoff. It reflects the ability of the ecosystem to control surface
runoff by storing a part of surface runoff to mitigate overflows and other
water-related disasters. In all of the five analyzed Tanzanian cities,
runoff depth has a positive spatial correlation with urban extension. This
signifies a constant decline in the water storage capacity of the
ecosystem in these cities as a result of urban expansion. In Dar-es-

Legend s
|| Not Significant
I High-High
I Low-Low
7 Low-High
[ High-Low

Fig. 5. LISA cluster maps between individual ecosystem services (NPP - Net primary productivity, Q - Runoff Depth, and WB - Water Balance) with comprehensive

urbanization level.
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Salaam, urban expansion had a seemingly high positive correlation -
value with runoff depth (0.216) suggesting the city to be the most NNl 988,
affected (compared to the other cities) as reflected by the recent urban 183588 § § = E o E 3
flooding and water-related disasters such as waterborne diseases (like 2l 18l mwmo=ao
malaria and cholera) caused by the stagnant waters [51]. oo o 8 o
. . . . —
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Association (LISA) cluster map generated through the bivariate Moran’s ITRa833zess 8
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ecosystem services and the urbanization process. The analysis reveals a . N © ©
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4. Discussion N ©
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This section discusses the implications of the findings for under- E 89z ; E g
standing urban-driven ecosystem service decline and for informing oS SsSe~ 1
ecosystem-based urban planning in rapidly growing cities. Building on o o ~
this overall framing, the first objective, to quantify and map the spatial 2 -“RNS RS
patterns of ecosystem service decline, revealed that degradation is m E [g g § § E §
spatially heterogeneous and concentrated along peri-urban growth Bl sse~
fronts. This pattern reflects the spatial diffusion of urbanization <
described by Alonso’s land-use theory and the urban environmental _§
transition model, whereby urban expansion radiates outward from city . _%? = g ¢ E:)
cores and consumes ecologically productive land along development 2|8 E 2 R
corridors. The marked declines in NPP and water balance in Dar-es- ZS|z588x338
Salaam and Dodoma further highlight how ecological responses to
urban pressure vary across coastal, highland, and semi-arid contexts. g 3R § g .
Taken together, these results show that the multi-city comparative & § 2 § § % g %
perspective strengthens inference by demonstrating that the magnitude Zls TSl
and configuration of ecosystem service decline depend on local bio-
physical and socio-economic conditions. The spatially explicit results % g ;3, S § ® 5
also demonstrate the utility of geospatial indicators as early-warning § § = § § T
signals for identifying ecological hotspots under urban pressure. of éssan I
Beyond identifying where degradation occurs, the second objective e w9
examined the linkages between settlement growth, land-use change, and g Segahwd
biophysical processes, confirming a strong coupling between socio- % @ § % é g § 5 5
economic development and environmental response. The observed re- al= Sessa i
lationships between land conversion, reduced soil water balance, and o NN N
increased surface runoff align with human-environment systems theory, § & E § Sow
which emphasizes how social processes drive physical environmental 838 é SR E § %
change. By integrating perspectives from human geography (urban form Ale e e
and settlement dynamics) and physical geography (hydrology and Y@
vegetation processes), the analysis provides a more comprehensive § § S g 3 5 §
explanation of ecosystem service decline. The consistency of these pat- BRE588¢%
terns across cities further indicates that land-use change associated with & © semea
urbanization is a dominant driver of ecosystem vulnerability in rapidly ‘_§ oS
growing African cities. @ AL2EaHLgw
. . . . . . . 8 At 9w ww
While the first two objectives clarify spatial patterns and underlying Ll m EIN5RLR
processes, the third objective demonstrates the methodological contri- al= So e~
bution of this study. Significant Moran’s I statistics and spatial regres- 6 oon @
sion coefficients show that ecosystem service degradation exhibits % 5 § g § g g
strong spatial dependence, with clustered impacts along infrastructure &8 SS3 N
corridors and peri-urban growth fronts. This confirms that urban “le Slea
ecological change is spatially structured rather than randomly distrib- N meo 5O
uted and that spatial econometric models provide more reliable infer- S 5% E < g
ence than non-spatial approaches. Importantly, the direction and > E ggg;ﬁ‘cﬁ
magnitude of the estimated effects are consistent with findings from
China, India, and Latin America, suggesting that the trade-offs between %0 ® e N ©
urban expansion and ecosystem functionality observed in Tanzania s, g9 g ) § § 5
reflect broader processes operating in rapidly urbanizing regions. By g 2 § § = 5 § 2‘ @I
providing new empirical evidence from sub-Saharan Africa and applying
a transferable spatial econometric framework, this study contributes © Iy Na
insights that extend beyond the case cities and can inform ecosystem- § by § § §1 g
based urban planning in other data-scarce contexts. ; § § g E § ? 2;
The first objective to quantify and map spatial patterns of ecosystem
service decline was achieved through spatial analysis of NPP, soil-water % anpeg QY
balance, and runoff. The spatial patterns reveal that ecosystem degra- g TARES 88
dation is not uniform but concentrated in peri-urban areas where g ol SZzZ2BT
development pressure is most intense. This reflects the diffusion pattern 5
of urban growth theorized by Alonso, [52] and later by the urban % o 5 oSHao288
environmental transition model, suggesting that spatial expansion ra- | 2 Z B333 g8
diates outward, consuming ecological space along growth corridors. The 7: 2|82 222 S¥7
reduction in NPP and WB across Dar es Salaam and Dodoma highlights “§;
how different ecological zones respond uniquely to urban stress, o 3
emphasizing the value of a multi-city comparative approach. These f " - é
findings reinforce the argument that quantitative spatial analysis can T % w8 g % %
provide an early-warning mechanism for identifying ecological hotspots j: % E ; é § B E é" % 9
vulnerable to urban pressure. =
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The second objective to examine the environmental linkages be-
tween human settlement growth, land-use dynamics, and biophysical
processes was addressed by analyzing how socio-economic development
interacts with physical environmental systems. The results demonstrate
a close coupling between demographic change, land conversion, and
hydrological disruption. This aligns with the human environment sys-
tems theory, where social processes (settlement expansion, infrastruc-
ture development) directly drive physical responses such as reduced
infiltration and altered runoff. In this study, both human geographers
concerned with spatial form and population density and physical ge-
ographers focused on hydrological and ecological systems contribute
complementary insights that explain the mechanisms behind ecosystem
decline. The observed reduction in soil-water balance and rise in surface
runoff across multiple cities exemplify this interdisciplinary relation-
ship, confirming that human-induced land-use change is the dominant
factor influencing ecosystem vulnerability.

The third objective to apply spatial statistical models to determine
the relationship between urban expansion and ecosystem-service
degradation was achieved using Moran’s I and spatial regression tech-
niques. The results showed strong spatial dependence, meaning that
urban-induced ecological changes tend to cluster spatially, particularly
along infrastructure corridors and peri-urban growth fronts. This spatial
clustering supports the idea of spatial diffusion of urbanization, a
concept central to urban growth models, where development spreads
through adjacent influence rather than random dispersion. The signifi-
cant coefficients in the spatial lag and error models indicate that as
urban area increases, ecosystem services decline in a predictable, sta-
tistically measurable pattern. Comparatively, these results mirror global
studies from China [19], India [18,53] and Latin America [15,54],
which report similar trade-offs between urban expansion and ecosystem
functionality. By providing new empirical evidence from sub-Saharan
Africa, this research expands the global understanding of urban
ecological interactions and underscores the urgent need for planning
frameworks that integrate ecosystem-based management into city
development policies.

A limitation of this study is the use of a binary urban indicator, which
does not capture gradients of urban intensity such as building density,
impervious surface fraction, or functional land-use diversity. As a result,
the estimated effects reflect contrasts between urban and non-urban
land rather than incremental changes in urban intensity. Future
research should incorporate continuous urban metrics (e.g., impervious
surface fraction, GHSL built-up density, or nighttime lights) to better
capture within-urban variation and refine estimates of urban ecological
impacts.

5. Conclusion

This study advances understanding of how rapid urbanization affects
the flow of key ecosystem services across five Tanzanian cities. By
integrating geospatial data and spatial statistical modelling, it demon-
strates that urban expansion significantly reduces net primary produc-
tivity, soil water balance, and runoff regulation, confirming that the
physical environment’s capacity to provide essential services declines as
built-up areas intensify. These findings directly respond to the study’s
objectives quantifying ecosystem-service decline, examining human
environment linkages, and modelling spatial interactions while
extending urban growth theory through evidence of structured ecolog-
ical trade-offs. Compared to prior studies focused on vegetation or car-
bon sequestration [11,20,39], this research provides a broader spatial
perspective, highlighting how land conversion and infrastructure
development alter soil and water-related functions crucial for sustaining
urban ecosystems.

The observed decline in ecosystem services underscores the urgent
need to embed ecosystem-based planning and monitoring within urban
governance frameworks. Policies promoting green infrastructure, sus-
tainable drainage systems, and wetland restoration can mitigate the
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impacts of impervious surface expansion while enhancing resilience to
water shortages and flooding. Future research should build on this work
using higher-resolution data, machine learning techniques, and socio-
economic indicators to capture finer-scale variations in ecosystem
response. Integrating ecological valuation with spatial planning can help
balance development goals and environmental sustainability, advancing
progress toward SDG 11 (Sustainable Cities and Communities) and SDG
15 (Life on Land) while shaping a more resilient urban future for
Tanzania and other rapidly urbanizing regions.
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