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Abstract: Understanding the feedback relationships and evolutionary stages of water–
socioecological systems (W-SESs) is crucial for achieving sustainable development in basins.
This study focuses on the Lake Victoria Basin (LVB) in East Africa, where population
growth, rapid urbanization, and developing industrialization have intensified water re-
source supply–demand conflicts, leading to socioecological issues such as water environ-
mental degradation and ecological conflicts. The objective of this research is to develop a
theoretical framework for the Lake Victoria Basin W-SESs (LVB-WSESs) based on the SES
framework, identify the main drivers and critical nodes in the evolution of the LVB-WSESs,
analyze the root causes of water–society–ecology conflicts, and explore the feedback rela-
tionships and evolutionary stages of the LVB-WSESs over the past century. To achieve this,
we employed an integrated qualitative and quantitative analysis of historical data com-
bined with tipping point detection to systematically assess the dynamics of the LVB-WSESs.
Our findings show that, under the drivers of climate change (with a 1 ◦C increase in annual
temperature since 1920s), population growth (a six-fold increase since 1920s), economic
development, land-use change, urbanization, and species invasion, the basin’s demand for
water resources, water environments, and aquatic ecosystems has continually increased,
leading to the gradual degradation and imbalance of the basin’s ecological functions. The
evolution of the LVB-WSESs can be divided into five stages against the historical back-
drop of societal transitions from colonial to independent democratic systems: the stable
resource utilization period, the slow environmental change period (1920s–1960s), the rapid
environmental imbalance period (1960s–1990s), the transition period from environmental
imbalance to protection (1990s–2015), and the reconstruction period of socioecological
equilibrium. This study not only enhances understanding of the long-term dynamics of
the LVB-WSESs but also provides practical implications for sustainable water management
in similar basins globally. It enriches the local practice of global sustainable development
theories, providing new theoretical perspectives and case references for future watershed
sustainable management. By identifying critical drivers and evolutionary stages, our find-
ings can inform policy decisions and interventions to mitigate socioecological conflicts and
achieve basin-level sustainability.
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1. Introduction
As a key site of interaction between human societies, other organisms, and the natural

environment, a basin is one of the most dynamic social–ecological systems (SESs) [1], and
its essence lies in the tight integration of natural and human elements, forming an insepa-
rable organic whole [2]. The natural ecological and hydrological processes of watersheds
have been dramatically altered due to climate change and anthropogenic activities such
as urbanization and population growth [3,4], leading to a series of problems such as re-
duced water resources, deterioration of water quality, and degradation of water ecology.
Watershed science remains an important field for studying complex systems, realizing scale
transitions, and modeling the synergistic evolution of human–natural systems, focusing on
the linkages between human societies, basin hydrological processes, and specific global
drivers such as climate change, urbanization, and international policy frameworks [5].

Social–ecological systems (SESs) refer to composite systems formed by the interaction
between human societies and natural ecosystems [6]. Complex system theory focuses
on the nonlinear dynamics, multi-level structures, and feedback mechanisms within sys-
tems, while integrated management represents an interdisciplinary approach aimed at
coordinating socioeconomic activities with ecological conservation to promote sustainable
development. Comprehensive research on social–ecological systems (SESs) aim to deepen
the understanding of the complex relationships between the environment, ecosystems,
natural resources, and human impacts [7]. The SES theoretical framework has been widely
applied in the fields of governance of social and environmental impacts [8], vulnerability
and resilience analysis of social–ecological systems [9,10], and decision-making in complex
social–ecological systems [11–13]. Under the context of global change and intensified
human activities, SESs provides an effective framework for integrated basin-scale manage-
ment studies, including the construction of social–ecological indicator systems for basin
classification [14], the study of a basin’s adaptive capacity to climate change [15], the im-
pacts of urbanization on basin hydrology and water resources [16], conjugate evolution
studies of basin social–ecological systems [17], and simulation analysis of water manage-
ment sustainability [18]. In this study, bibliometric methods were used to analyze the Web
of Science core database quantitatively on “social-ecological”, “basin”, “resource”, “wa-
ter”, and “water management” using CiteSpace 6.2.R2 metrics visualization software and
constructed a co-occurrence keyword network map (Figure 1). Overall, existing research
mainly explored the feedback mechanisms of social–ecological systems in study areas by
combining biophysical and social attributes of basins with both qualitative and quantitative
analysis methods and to provide a knowledge system for basin managers to address con-
flicts and challenges in water and ecosystem management. This study employs long-term
historical data reconstruction to systematically trace and analyze the key stages of evolution
in the basin water–socioecological systems over the past century, elucidating the underlying
driving mechanisms. This long-term perspective provides a novel theoretical framework
for understanding the co-evolutionary dynamics of complex human–nature systems.
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recognized by the international community. The political economy of transboundary wa-
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While current research have advanced our understanding of SESs, there remains a
need for more long-term, integrated analyses of socioecological feedback mechanisms, par-
ticularly under the context of colonial transitions. This is especially relevant in regions like
the Lake Victoria Basin, where historical and political contexts have played a role in shaping
contemporary socioecological dynamics. The LVB is a critical case study due to its unique
ecological and sociopolitical context [19]. As an important ecosystem service provider in
East Africa, Lake Victoria is surrounded by the densest population in Africa. However, the
management system of the basin faces challenges such as data scarcity and inefficient water
management strategies, which hinder decision-making processes for balancing socioeco-
nomic development with ecological protection [20]. These problems make the basin prone
to falling into a “poverty–environment trap”, where poverty exacerbates environmental
degradation and vice versa, creating a vicious cycle that is difficult to break [21]. This dy-
namic makes the region a typical ecologically and economically fragile area recognized by
the international community. The political economy of transboundary water management
further complicates these challenges, as competing priorities among riparian countries can
impede coordinated decision-making processes [22]. Therefore, clarifying the complex mu-
tual feedback relationships and evolutionary stages of the water–socioecological systems
in the Lake Victoria Basin, identifying the main drivers of the system’s evolution, and then
defining the priorities and solutions for future management are the key links to realize the
basin’s sustainable development.

2. Study Area and Methodology
2.1. Study Area

Lake Victoria Basin (LVB) is located in the Rift Valley region of East Africa, with an
altitude of 1135 m above sea level and a basin area of about 260,000 km2 (Figure 2). It
covers five countries: Kenya, Uganda, Tanzania, Rwanda, and Burundi. Lake Victoria (Lake
Victoria, LV) (0◦20′ N–3◦05′ S, 31◦40′ E–34◦53′ E) has an area of 68,870 km2 (about 35% of
the basin area). The LV is the world’s largest tropical lake, the second largest freshwater
lake, and the second largest lake in the world in terms of area among Tanzania (51%),
Uganda (43%), and Kenya(6%) [23,24]. The total length of the lake’s shoreline is about
3500 km, with a maximum depth of 80 m and an average depth of 40 m [25]. Compared to
other Rift Valley lakes, LV is shallow and therefore particularly sensitive to anthropogenic
changes in its surroundings. LV has a water body of about 2760 km3, of which 80% comes
from direct rainfall over the lake [26] and 20% from runoff inputs from the basin [27]. The
basin serves as the headwater of the White Nile, a tributary of the Nile. The basin has a
savannah climate, with mean annual rainfall ranging from 886 to 2609 mm, and the annual
rainfall is influenced by the Intertropical Convergence Zone (ITCZ), showing a bimodal
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distribution, with the long rainy season lasting from March to May, and the short rainy
season occurring from October to December [28,29]. The basin’s spatial rainfall is roughly
characterized by higher rainfall in the north and northeast than in the south.
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As a center of development and regional integration in the East African Community
(EAC), the LVB has one of the highest population densities in Africa. The main sources of
income in the basin include agriculture, livestock, fisheries, tourism, and mining, which
support the livelihoods of over 56 million people. The LVB hosts the world’s largest inland
freshwater fishery. Its water resources support diverse uses, including fisheries, irrigated
agriculture, livestock, domestic water supply, and transportation [30]. Land use in the basin
is dominated by agricultural land, grassland, and forest land. In contrast, built-up land is
concentrated in major cities along the lake and bay, such as Kampala (Uganda), Kisumu
(Kenya), Mwanza (Tanzania), and Kigali (Rwanda) [31].

2.2. Methodology

This paper analyzes the evolutionary characteristics of social–ecological systems in
the LVB based on the theoretical analysis method of social–ecological systems (SESs). This
paper uses literature combing, combines the availability and completeness of long-time-
series data in the basin, and adopts a combination of qualitative and quantitative methods
to identify the key relationships and elements [32], and the selected data indicators are
presented in Table 1.

Table 1. Data sources.

Category Subcategories Data Acquisition Year Reference

Water system

Water resource Lake level (m) 1896–2022 [33]
Lake surface water temperature(K) 1979–2022 [34]

Mean water area (km2) 2000–2020 [35]
Water

environment Maximum algal blooms area 2000–2020 [36]

Ecological
system

Mean rainfall (mm/year) 1960–2004 [28]
Mean rainfall (mm/year) 2004–2020 [37]

Social system

Total population 1949–2022 [38,39]
Average annual rate of change in the

percentage urban (%) 1950–2020 [40]

Land use and land cover 1985–2020 [41]
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The capital cities of Uganda (Kampala) and Rwanda (Kigali), Tanzania’s second-
largest city Mwanza, and Kenya’s tertiary city Kisumu, are all located in the study area.
The population density of the basin is generally higher than that of the five countries
around the basin. This study uses the urbanization rates of each country as published by
the United Nations to characterize these countries’ urbanization processes in the study
area. Based on R4.4.1, a proportional model with nonlinear least squares was fitted to the
population data of the WordPop watershed from 2000 to 2020 and the population data of
each country from 1949 to 2020 to generate a long time series of watershed population data.
A GAM (Generalized Additive Model) model was fitted to the mean annual rainfall of
the CHIRPS dataset for 1960–2004 and 2004–2020 to obtain long-time-series mean annual
rainfall data for the basin. For GAM models, this study validated performance using k-fold
cross-validation. While effective for modeling temporal variability, GAMs may struggle
to capture extreme events or nonlinear trends beyond specified basis functions. However,
given the availability of long-term rainfall data (1960–2020), GAM provided a suitable
framework for modeling mean annual patterns. Therefore, the GAM model was fitted to
the mean annual rainfall of the CHIRPS dataset for 1960–2004 and 2004–2020 to obtain
long-time-series mean annual rainfall data for the watershed. Finally, the PELT algorithm
was applied to detect tipping points for all indicator data, and linear regression was fitted
to the data for each stage.

To detect tipping points in the indicator data, we applied the PELT (Pruned Exact
Linear Time) algorithm. PELT was chosen due to its computational efficiency and ability
to handle multiple tipping point detection with minimal false positives. It is particularly
suited for identifying abrupt changes in long-term datasets, aligning with our objective
of analyzing socioecological transitions under colonial and post-colonial contexts. Finally,
we applied the PELT algorithm to detect tipping points for all indicator data and fitted
linear regression models to the data for each stage. The historical context was integrated
into stage classification by considering key sociopolitical events (e.g., colonial governance
changes and post-colonial economic transitions) that influenced land-use patterns and
resource management in the LVB. These events guided the interpretation of tipping points,
ensuring the analysis accounted for ecological dynamics and historical trajectories.

3. Results
3.1. A Theoretical Analytical Framework for LVBW-SESs

We built a water-socioecological system analysis framework around the sustainable
use of water resources based on the concept and framework of social–ecological system
analysis. The key parameters are sorted according to the three major systems of water
resources, water environment, and socioeconomics. Big data analysis and processing tech-
niques are applied to data mining and organization of the relevant literature, research
reports, government policies, and databases in the LVB. A theoretical analysis framework
of the water–socioecological system in the LVB was constructed (Figure 3). The framework
is centered on the water system of the basin and aims to promote the synergistic manage-
ment of water quality, water ecology, and water resources in the basin and explore the
relationship between the social system and the ecosystems under the core of the water
system. The water system serves as the central nexus mediating bidirectional feedback
between social systems (e.g., water governance and economic activities) and ecosystems
(e.g., aquatic biodiversity and biogeochemical cycles). The water system mediates bidi-
rectional feedback mechanisms between social and ecological subsystems through three
constitutive pathways: (i) Institutional governance structures, including governmental
and non-governmental organizations, regulate water resource allocation through policy
instruments (e.g., dam operations, SDGs implementation), thereby modifying hydrological
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regimes and ecosystem service provision. (ii) Stakeholder activities conducted by farmers,
fishermen, and residents alter land–water interface dynamics through livelihood prac-
tices, generating measurable impacts on aquatic environmental quality that subsequently
feedback into management systems. (iii) Resultant socioecological outcomes, particularly
trade-offs between economic development and ecological degradation, establish critical
tension points that drive adaptive policy cycles, completing the coupled human–water
system feedback loop.
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The LVB-WSESs framework serves two key purposes: it guides the selection of critical
variables examined in subsequent sections and it offers an analytical lens for interpreting
complex feedback mechanisms. For instance, the framework enables rigorous assessment of
how land-use modifications affect water systems, as well as the socioecological impacts of
invasive species. By effectively linking theoretical foundations with empirical observations,
this framework strengthens both the reliability and practical value of our research findings.

3.2. Characterization of Changes in Key Elements of Water–Social Ecosystems in the Lake Victoria
Basin in the Last 100 Years

Unlike the Nile’s reliance on highland discharges [43] or Lake Chad’s river-dominated
regime [44], the LVB’s rainfall-dependent water balance makes it uniquely responsive to
ITCZ variability. In terms of the characteristics of changes in key elements of the LVB water
system, the water level of LV has varied by more than 3.2 m over the last 100 years, broadly
showing a fluctuating trend of increasing, decreasing, and then increasing (Figure 4a). This
multidecadal variability reflects both natural climate fluctuations and increasing human
influence, particularly after the 1960s. The abrupt rainfall years could not be identified
in the long-time-series data (Figure 4c) based on the available literature. Combing and
analyzing the rainfall anomalies of some years showed that rainfall anomalies in the basin
in the past 100 years were 1985–1986, 1997–1998, 2007, 2010–2011, 2012–2013, and 2015–
2016, and the drought periods were 2000–2001, 2004–2006, 2014–2015 [24], and 2022 [45].
The lake level reached a record high in the early 1960s, followed by a general decline from
the mid-1960s to 2006, including a 2.5-meter decline between 2000 and 2006. This decline
period coincided with both drought conditions (2000–2001 and 2004–2006). Thereafter, the
lake level showed a slow upward trend, rising by about 3 m between 2006 and 2021, and in
May 2020, it was 13.46 m, a new record, exceeding the highest level of 13.39 m measured in
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1964 by about 7 cm, a recovery potentially linked to both increased rainfall and improved
water management practices through LVBC interventions.

The monthly mean area of the lake showed a more pronounced seasonal variation,
with a maximum from June to August and a minimum from September to November.
The annual mean surface water extent of LV (Figure 4e) has shown a decreasing and then
increasing trend over the last 20 years, with the 2006 minimum corresponding to both
climatic and anthropogenic pressures. The surface temperature (Figure 4d) has shown an
increasing trend in the last 40 years, consistent with both regional climate warming and
land-use changes, while cyanobacterial outbreaks increased in frequency (Figure 4f), likely
exacerbated by agricultural runoff from expanding farmlands.

Characterizing the changes in the key elements of the LVB socioecological system,
the population of the watershed (Figure 4b) showed a significant growth trend. The
period around the 1960s marked the end of colonial rule, leading to increased resource
exploitation and land-use intensification, which exacerbated pressures on the basin’s
ecosystems. This demographic and political transition fundamentally altered the basin’s
socioecological trajectory, visible in both the tipping point analysis and the accelerating
land conversion rates documented post-1960. As of 2022, the average population density
of the entire watershed was about 201.4 people/km2, ranking among Africa’s highest
population densities.
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The compounding effects of population growth manifested through interconnected en-
vironmental pressures: agricultural over-exploitation (Figure 5(b1)), the degradation of agri-
cultural lands into water body encroachment (Figure 5(b2)), deforestation (Figure 5(b3)),
and shrublands (Figure 5(b4)). These changes occurred alongside rapid urban expan-
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sion (Figure 5(a1–a5)), collectively driving a systematic transformation of ecological land
types. The land shows a clear trend of degradation, manifested in the gradual transforma-
tion of ecological land types, such as forest land, grassland, and wetland, into agricultural
and construction land types, forming a degradation sequence from primary forests to
closed forest land, open forest land, open grassland, cropland, and then to construction
land [46]. In the 1990s, the establishment of basin cooperation mechanisms aimed to address
shared water resource challenges, but implementation gaps and lack of local stakeholder
involvement limited their effectiveness.
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the data, and the black dotted line is the linear fitting model of each stage).

The tipping point analysis revealed distinct phases of transformation in both the water
system and socioecological system, identifying common breakpoints around the 1960s,
1975s, 1985s, 1990s, 2000s, and 2015s. These findings underscore a complex interplay be-
tween natural drivers (e.g., climate variability) and anthropogenic factors (e.g., population
growth, urbanization). Notably, our analysis demonstrates that ecological degradation in
the basin was not solely driven by population pressure or economic activities but was also
significantly shaped by historical processes such as colonial land-use policies and inter-
national interventions. For example, post-colonial agricultural intensification and urban
expansion during the 1960s–1980s coincided with significant shifts in water availability
patterns. Additionally, there is evidence of a time lag of approximately 10–15 years between
socioeconomic drivers (e.g., population growth, urbanization) and their ecological impacts
(e.g., land-use changes, water quality degradation). For instance, the rapid population
increase in the 1960s and 1970s likely contributed to the observed land-use changes in the
1980s. Based on these findings and considering the colonial historical background of the
LVB and international interventions (e.g., by the United Nations and the LVBC), this paper
preliminarily classifies the water–socioecological systems of the LVB over the past 100 years
into four distinct phases ( 1⃝– 4⃝), as illustrated in Figure 6.
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3.3. Impacts of Climate Change on LVB Water System

Climate change places additional pressure on water availability, water accessibility,
and water demand in the LVB [45]. An analysis of the literature related to climate change
and water resource changes in recent years reveals that climate change (mainly in terms of
precipitation and monsoon variations [47]) and anthropogenic factors (e.g., dam regula-
tion, hydropower generation, and irrigation [48]) have combined to cause changes in the
physical form of the lake (e.g., water level, area, and shoreline) [49]. Figure 7 illustrates the
conceptualized relationship between climate change and the LVB water system.
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Lake level fluctuations are the result of lake water balance. Approximately 80% of LV’s
water input comes from direct rainfall on the lake surface. While evapotranspiration and
dams outflows account for nearly the entire water output [50,51], these processes exhibit
relatively low interannual variability. Thus, precipitation has been suggested to be the main
determinant controlling seasonal and inter-annual variations in lake water levels [52,53].
In addition, precipitation patterns and LV water storage in the basin have been shown
to be strongly correlated with large-scale climatic phenomena such as the Indian Ocean
Monsoon, the El Niño-Southern Oscillation, and the Indian Ocean Dipole [54,55]. However,
with the continuous socioeconomic development of the basin, changes in human water
demand and anthropogenic activities, especially the operation of dams, have perturbed
the seasonal hydrological status of the lake. Specifically, some researchers have argued
that dam operations such as increased discharges from Kiira Dam during certain periods
significantly alteredLV’s water balance and seasonal fluctuations [48,56].

In terms of the relationship between lake level and rainfall, in the early 1960s, several
consecutive years of heavy rainfall led to record-high lake levels [57]. Influenced by the
abnormal activity of the monsoon system, in the last hundred years, rainfall surged in years
such as 1964, 1998, and 2020, which in turn triggered large-scale flooding disasters [33,58].
Among these disasters, the 2020 floods severely affected several communities around
Kenya, Uganda, and Tanzania, forcing tens of thousands of people to relocate [59]. In
terms of the relationship between lake levels, water storage, and hydraulic facilities, a
general decline in lake levels occurred between the mid-1960s and 2006, mainly due to
the expansion of the Owen Fall/Nalubale Dam and increased discharges from Kiira Dam
during that period [60]. The expansion of dams was considered to have caused a decrease
in water storage between 2003, and LV water storage declined by an average of 38.2 mm
per year between 2003 and 2006 [61]. The decline in water levels resulted in a reduction in
the area of 31%, 10%, 21%, and 44% in the areas of Birinzi, Wenham Bay, Eminpasha Bay,
and Mwanza Bay, respectively [62]. In addition, lake water and watershed temperatures
show some fluctuations under the influence of external climate change. According to the
results of three periods of lake water temperature observations in 1927, 1999–2001, and
2005–2008, the surface and bottom water temperatures of LV have increased by 1.0 ◦C and
1.3 ◦C, respectively, over the last 80 years [63].

Changes in lake levels, water storage, and temperature externally driven by climate
change and interventions by water utilities not only lead to reduced water resources, shore-
line changes, altered water body area, and soil erosion caused by flood hazards. It also
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affected economic activities, such as agriculture, fisheries, hydropower generation, and
transportation [64], as well as human health and well-being with profound effect [47]. As a
result of lagging environmental management responses in transboundary watersheds, for-
est and wetland systems have degraded [65], and fish-rearing habitats are impaired [66,67].
Food insecurity and public health threats are also becoming increasingly evident, ultimately
leading to the deterioration of the aquatic environment and water ecology of the LVB wa-
ter system, manifested mainly in the form of eutrophication of water bodies and loss of
biodiversity [48].

3.4. Feedback Between Basin Land-Use Changes, Urbanization, and the Water Environment

Eutrophication is the primary problem facing LV [68–70]. The eutrophication problem
in LV is closely related to land-use changes (increase in agricultural land and decrease in
forest cover) associated with population growth in the basin, industrial discharges that lack
effective management, and uncontrolled urban expansion [71,72]. Some literature review
showed that the eutrophication problem of LV waters is closely related to the land-use
transformation and urbanization process during the historical development of the basin.

The problem of eutrophication in LV began in the 1960s [73]. As shown by paleolim-
nological studies, phosphorus concentrations in the lake increased significantly from 1.1
to 2.9 µmoles L−1 between the 1960s and 1990s, and eutrophication became noticeable by
the late 1980s [73,74]. Since the 1920s, influenced by historical factors such as colonization
and missions, the natural economic state of the East African region was broken, and the
population began to increase steadily [75,76]. The colonial regime cleared the forests and
wetlands around the lake for human production and livelihood, and space for agriculture
and urban development gradually expanded into the catchment [77,78]. In the mid-1960s,
urbanization was characterized by the uncontrolled spread of informal settlements that
lacked planning. Following the successive attainment of independence by Kenya, Uganda,
and Tanzania in the basin during this period, the newly formed governments extended
the focus of their urban development programs from large cities to rural areas [72]. These
changes likely influenced land-use patterns and water resource management practices,
contributing to the observed shifts in water system parameters (e.g., lake level fluctuations).
Unmanaged extensive agriculture and urban expansion led to the loss of more than half
of the watershed’s wetland area between 1985 and 2010 and the degradation of wetlands
into settlements, farmland, and even wastewater and garbage discharges [79], while defor-
estation was mainly for settlement, agricultural development, and energy needs. Annual
deforestation rates reached 3%, 0.2%, 0.3%, 1.7%, and 0.8% in Uganda, Burundi, Kenya,
Rwanda, and Tanzania, respectively, between 2000 and 2015 due to energy shortages and
demand for fuel charcoal [80].

Agriculture is a core economic activity in the LVB, with about 80% of the basin’s popu-
lation dependent on agriculture for their livelihoods and up to 60% of the rural population
dependent on rain-fed agriculture. Africa’s backward, small-scale mixed farming practices
have led to widespread destruction of forest, wetland, and grassland ecosystems [81]. At
the same time, the spread of modern agriculture in Africa has led to the overuse of water
resources and pollution from pesticides and fertilizers, exacerbating the eutrophication of
water bodies and declining biodiversity [82,83]. Fertilizers and pesticides in agriculture, ur-
ban sewage, and domestic waste are major sources of pollutants. About 75% of the nitrogen
content of rivers flowing into the lake comes from agriculture. In comparison, about 80% of
the phosphorus content comes from municipal, industrial effluent, agricultural drainage,
and untreated sewage discharges from villages and small settlements [67]. Nutrient pol-
lution, including nitrogenous and phosphorus contaminants, primarily originates from
agricultural runoff in agricultural regions across Kenya, Uganda, and Tanzania, as well
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as domestic sewage and industrial wastewater discharged by lakeside industries such as
food processing, leather making, and chemical industries, particularly in industrial con-
centration district like Kampala, Entebbe, Musaka, and other cities along the lake. Table 2
lists the major pollutants and their sources in LV. Excessive nutrient inputs to the lake
from agricultural runoff and urban and industrial wastewater discharges have led to the
deterioration of water quality [84,85] and elevated risk to water security in the basin [86].
Fundamental changes in the trophic structure of lakes have led to algal blooms, which not
only lead to the collapse of local fish populations [87] and a reduction in biodiversity [88]
but also pose a serious threat to the health and livelihoods of local fishermen and farming
communities [89,90].

Increased human activities, such as population growth, settlement expansion, and
industrialization development, will also lead to a significant increase in water use [91,92].
The use of water resources by different stakeholders, especially small agricultural users
who, as the largest water users, rely on traditional informal irrigation management with
irrigation efficiency below 20% [93], has also contributed to the issue. Conflicts between
small agricultural water users and large-scale commercial farms (coffee, sisal, flowers,
sugarcane, etc.) in terms of water access capacity and opportunities occur due to the
lack of coordinated water planning and inefficient water use. As key active elements in
social–ecological systems, the claims of different stakeholder groups at the social level
should be considered fully by social–ecological system managers to develop effective and
equitable governance rules [94].

Table 2. Overview of the main pollutants released from the LVB and their sources.

Wastes Major Sources Study Location Reference

Heavy metals
Pb, Cd, Cu, Zn, Cr

Emissions from industrial
production, metallurgy, chemical

industry, electroplating, and
leather industry.

Industrial areas around Lake
Victoria, such as Entebbe and
Kampala (Uganda), Kisumu

(Kenya), Musaka (Tanzania), and
Kenyan River Basin Rivers

and Sediment.

[95–98]

Fertilizers, pesticides in
agriculture, urban sewage, and

domestic waste.

Non-point agricultural operations,
urban and rural settlements, rift
valley lakes in Kenya, Mwanza

Bay Wetlands (Tanzania).

[99–102]

Hg, Cr Emissions from gold mining and
tanning industry.

Tanzania Gold Mining Area,
Napoleon and Winam Gulfs,

Kampala, and Kisumu.
[103–105]

Nutrient pollution
Nitrogenous and

Phosphorus contaminants

Agricultural runoff Agricultural regions in Kenya,
Uganda, and Tanzania. [106]

Domestic sewage and
industrial wastewater.

Kampala (Uganda), Kisumu
(Kenya), and other cities along

the lake.
[87,107,108]

Lakeside Industry (Wastewater
discharge from food processing,

leather making, and chemical
industries, especially

phosphorus emissions).

Industrially concentrated areas
such as Kampala, Entebbe,

and Musaka.
[109,110]
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3.5. Relationship Between Water Ecological Degradation and Species Invasions

The introduction of invasive species and overfishing are key drivers that exacerbate
the deterioration of the LV aquatic ecosystem and the decline of biodiversity [111,112].
Within our LVBW-SES framework, the invasion of alien species is a critical component
of the water ecological subsystem, directly impacting the lake’s biodiversity and trophic
structure. Figure 8 illustrates the conceptualized relationships between the relevant factors.
Since their introduction in the late 1950s, Nile perch (Lates niloticus) and tilapia (Oreochromis
niloticus) quickly became top predators in the food chain. This introduction led to the
rapid reproduction of exotic species in the late 1970s and early 1980s, triggering overfishing
of local fisheries. The result was the extinction or near-extinction of hundreds of native
fish species and a shift in the fishery structure from diversification to homogenization
dominated by Nile perch, tilapia, and carp [113,114].
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In the 1990s, the rapid spread of exotic water hyacinths became a notable manifestation
of the deterioration of LV’s water ecology [115]. Although the spread of water hyacinth has
been suppressed to a certain extent by biological and physical management means since
the late 1990s [116]; for example, during the early 2000s, the Lake Victoria Environmental
Management Project (LVEMP) was established by the United Nations Development Pro-
gram (UNDP) to address environmental challenges such as eutrophication and biodiversity
loss. But the possibility of its re-emergence still exists [74], and the threat to the biodiversity
of the lake and its surrounding areas has not yet been addressed effectively. The invasion
of invasive species not only destroys the ecological balance of the lake but also exacerbates
the loss of biodiversity, causing far-reaching negative impacts on the life and economic
development of residents.

4. Discussion
4.1. Stages in the Evolution of LVB Water–Social Ecosystems in the Last 100 Years

Findings from the LVB indicate the occurrence of dynamic and complex interactions
between the basin’s water, social, and ecological systems over the last hundred years and
that the impacts of human activities in the social system on the other systems have been
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particularly significant. Studies have been conducted to verify the feasibility of determining
the regime shift approach for social–ecological systems (SESs) by analyzing the changes in
the relationships among their components [117]. Thus, this paper combined the changing
characteristics of the water–socioecological systems with social needs and historical context
to identify the cyclic phases of water–socioecological systems evolution in the LVB in the
last 100 years (Figure 9): pre-1920s, 1920s to 1960s, 1960s to 1990s, 1990s to 2015, and
2015 to present. These five stages include the stable resource utilization period, the slow
environmental change period, the rapid environmental imbalance period, the transition
period from environmental imbalance to protection, and the reconstruction period of
socioecological equilibrium.
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The first stage (before the 1920s) was “the stable resource utilization period”. The LVB
was primarily a natural economy. During this period, the basin experienced slave trade
and plundering by colonial rulers, and because of the long period of isolation from the
outside world, the socioecological development lagged, and the overall change was slow.

The second stage (1920s to 1960s) was the “the slow environmental change period”.
Under British colonial rule, the LVB gradually developed a single cultivation agricultural
based on the export of cash crops. The large-scale production of cotton, sisal, and coffee
plantations by the colonizers provided industrial raw materials and sales markets for the
host country, promoting the gradual development of the basin’s socioecological develop-
ment. However, monoculture practices led to soil degradation and biodiversity loss, as
evidenced by widespread soil erosion in coffee plantations during this time [118]. This
period underscores the risks of relying on single-crop economies.

The third stage (1960s to 1990s) was the “the rapid environmental imbalance period”.
During this period, the major countries in the LVB gained independence from colonial
rule one after another, and the population grew rapidly. The basin underwent rapid and
profound socioecological changes driven by external influences and domestic economic
development needs. The expansion of arable land and construction land, while meeting
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food and development needs, came at the cost of declining forest cover and degradation of
wetlands, leading to increasingly prominent environmental problems. This stage highlights
critical failures in land-use planning and resource exploitation without long-term ecological
consideration, as seen in deforestation and wetland degradation. Such practices caused
severe biodiversity loss and water quality decline in LV, documented by the decline of
native fish species like Lates niloticus [114].

The fourth stage (1990s to 2015) is “the transition period from environmental imbal-
ance to protection”. The water–socioecological systems of the LVB was once caught in
a vicious circle due to the continuation of the problems left over from the third phase.
While promoting economic development, countries gradually began to recognize the en-
during legacy on deforestation, wetland destruction, and invasive species on ecosystem
degradation. In this context, the basin was officially designated as a Regional Economic
Growth Zone and an Area of Common Economic Interest for the people of East Africa, and
the socioecological system entered a transitional phase from imbalance to conservation.
Despite progress in recognizing environmental issues during this period, challenges arose
in implementing conservation policies without local community involvement, as seen in
conflicts over fishery management on Mfangano Island. This highlights the importance of
integrating local stakeholders into conservation efforts [119].

The fifth stage (2015 to present) is “the reconstruction period of socioecological equilib-
rium”. Driven by the Sustainable Development Goals agenda, projects such as afforestation,
wetland restoration, and water ecology management have been gradually implemented in
the LVB. Recent studies indicate that between 2015 and 2020, approximately 3000 hectares
of wetlands were restored in the basin, with vegetation coverage increasing by over 15%
in some areas [120]. Although countries still need to balance their priorities between eco-
nomic development and environmental protection, monitoring data shows improvements
in water quality indicators such as reduced phosphorus concentrations (down by ~20%)
and increased biodiversity metrics like a 10% rise in aquatic plant species diversity [121].
These efforts underscore the basin’s gradual transition toward socioecological equilibrium.

4.2. Implications for Watershed Management

This case study of the LVB is of great significance in watershed management. As a
multi-scale and dynamic hierarchical structure, the social–ecological system provides an
integrated perspective for exploring the interactions between social systems and ecosystems,
which avoids the isolated analysis of a single system (social or ecological). The “water–
socioecological systems” aims to consider the synergistic development strategies of the three
systems comprehensively. Compared to “socio-hydrology” theory, the WSES framework
provides a more comprehensive perspective because it explicitly incorporates ecological
feedback and social needs into water resource management strategies. Feedback within
the system indicates that efficient allocation of water resources not only helps to provide
stability for socioeconomic development but also maintains and enhances the health of the
ecosystems. At the same time, socioeconomic development also improves the efficiency of
water use and promotes ecological restoration. However, in the case of LV, for example,
the introduction of exotic species (Nile perch and tilapia) in the late 1950s, while meeting
the social demand for increased fish supply at the time, neglected the negative impacts on
native fish and lake ecosystems and seriously harmed biodiversity. Integrated management
is a coordinated approach that integrates policies, practices, and stakeholders across sectors
(e.g., water resource management, land-use planning, and ecological conservation) to
achieve sustainable outcomes for water–socioecological systems. Considering system
externalities, strengthening this integrated management framework not only promotes the
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sustainable governance of water resources and ecosystems in transboundary basins but
also provides a critical pathway toward realizing high-quality development in the LVB.

This case study of the LVB also raises a key question: how much of society’s needs
can the ecosystem sustain in the future? The LV water–socioecological systems is facing
sustainability challenges in the context of environmental change. Concretely, in the context
of climate change, population growth, and urbanization, the mismatch between societal
demands and ecosystem carrying capacity has become increasingly pronounced in the
LVB. For instance, agricultural expansion within the basin has led to reduced forest cover
and wetland degradation, posing significant threats to lake ecosystems and water quality.
Concurrently, the over-exploitation of fishery resources has impacted local livelihood
security and food safety. Therefore, there is an urgent need to strike a balance between
socioeconomic development and ecological conservation in the LVB to ensure sustainable
resource utilization. Addressing these challenges requires a deeper understanding of inter-
system feedback and interaction processes, improving the adaptive capacity of the system,
and taking adaptive decisions to avoid ecological degradation or falling into poverty–
environmental traps (e.g., LV eutrophication and watershed land degradation, among other
issues). Therefore, for similar ecologically endowed areas such as the LVB, we should be
vigilant and avoid falling into the “compensation trap” pattern. Many cases have shown
that the “pollute first, clean up later” model of development is very costly. For example, the
rapid socioeconomic development following China’s reform and opening-up policy in the
1980s presented significant challenges to maintaining the ecological integrity of Lakes Taihu
and Chaohu as freshwater ecosystems within the Yangtze River Basin [122,123]. Despite
later realizing the importance of ecological civilization construction and investing more
than RMB 100 billion in governance, ecosystem recovery still takes a long time [124]. If
institutional reforms lead to the loss of ecological resilience, the cost of restoring ecological
stability will be even higher. This underscores the importance of proactive planning and
preventive management in achieving sustainable development.

5. Conclusions
This study proposes a theoretical framework for the study of basin water–socioecological

systems, and from a basin perspective, it integrates water system, social, and ecosystem
changes to reveal the dynamic patterns of change in the water, social, and ecological
systems, and the inter-system feedback relationships in the LVB in East Africa over one
hundred years. This study clarified that resource utilization in the LVB has gone through
five stages of evolution: a period of naturally stable utilization, a period of slow change,
a period of rapid imbalance, a transition period from imbalance to conservation, and a
period of gradual re-establishment of ecological balance.

The results of this study indicate that significant feedback loops driven by social
demands in the LVB-WSESs have occurred for nearly a century. Social demands have con-
tributed to the increasing scale and rate of anthropogenic activities that have reshaped the
relationships between water, social, and ecological systems in the basin, particularly after
the 1960s. Measures taken in response to climate change, urbanization, and economic de-
velopment (e.g., construction of water facilities, deforestation, expansion of arable land and
construction land, introduction of exotic fish species, etc.) while meeting social demands in
the short term have caused severe damage to ecosystems. The lag in corresponding social
policies has further exacerbated system imbalances, leading to socioecological systems
going through different stages of evolution. While certain drivers can be managed at the
local level, achieving sustainable development of watershed resources remains a daunting
challenge in the absence of transboundary watershed cooperation.
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From the perspective of comprehensive basin-wide management, it has become both
necessary and urgent to develop transboundary management strategies to mitigate the
risks posed by human activities to water–socioecological systems. Achieving this objective
can be realized through strengthening regional cooperation mechanisms, promoting adap-
tive management, and implementing ecological restoration and conservation measures.
For example, we recommend that riparian nations establish a transboundary governance
framework that integrates watershed management, ecological restoration, and sustainable
development goals. Such a framework could include mechanisms for coordinated water
resource allocation, joint monitoring of ecosystem health, and shared funding for conser-
vation efforts. By formulating flexible management strategies that account for dynamic
demands driven by climate change and socioeconomic development, the system’s adaptive
capacity can be enhanced. Additionally, ecological restoration measures such as afforesta-
tion, wetland rehabilitation, and invasive species control can improve the functioning of
basin ecosystems. These approaches are not only applicable to the LVB but also provide
valuable references for sustainable development in other similar regions. As a typical case
of a gradual transition from ecological degradation to conservation under anthropogenic
intervention, we hope that this LVB study will serve as a warning for other similar areas
and promote more sustainable development practices.
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