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Climate change is a global phenomenon with profound effects on ecosystems,
including lakes, which are an important source of fresh water, fisheries, and
biodiversity conservation. Africa, with its limited freshwater resources, remains
vulnerable to climate change impacts. This study systematically reviews the
literature to understand the impact of climate change on four major African
lakes (Chad, Victoria, Tanganyika, and Malawi/Nyasa/Niassa) and to identify
pathways for enhancing their resilience and society’s dependent on them. The
review was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta Analyses (PRISMA) 2020 guideline using journal
articles extracted from the Scopus and Google Scholar databases and analysed
using ATLAS.ti 24 software. The study found that climate change and extreme
climate events (ECEs) are disproportionately affecting the physical, chemical,
and biological characteristics of the lakes, leading to changes in lake levels,
aquatic life, nutrient mixing, and the provision of ecosystem services. This result
in far-reaching implications for the socioeconomic activities and livelihoods that
depend on these water bodies. While some lake associations are taking measures
to enhance lakes’ resilience to climate change, a lot more needs to be done. To
enhance the climate resilience of African lakes and societies, lake associations
are encouraged to implement watershed and water level management, invasive
species management practices and enforcement of buffer zones around lakes.
There is also a need for community engagement and education on climate-
resilient practices, development of ECEs early warning systems and agricultural
adaptation if lake dependent communities are to be climate-resilient.

Systematic review registration: https://www.prisma-statement.org/.
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1 Introduction

Climate change is causing complex reactions in ecosystems that are both natural and
human-made worldwide (Orke and Li, 2022; Woolway et al., 2022). One of the areas most
impacted is water resources (Mtilatila et al., 2022). Most of the world’s water, approximately
97% by volume, is held in the oceans as saltwater, and the remaining 3% is freshwater, of which
slightly more than two-thirds are frozen in glaciers and polar ice caps (Mtilatila et al., 2020).
The remaining freshwater is primarily found as ground water (30%), with only a small portion
currently found above the ground (0.9%) (Nyembo et al., 2021). Freshwater availability is
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uncertain going forward due to anthropogenic variables such as
population expansion, water pollution, economic development, and
changes in land use (Yunana et al., 2017; Peter et al., 2020; Wubneh
etal., 2022).

Although the aforementioned factors are causing a decrease in the
fraction of freshwater, the dangers to freshwater are multiplied by
climate change (Woolway et al., 2020) as it has emerged as the biggest
threat to the world’s lake ecosystems. Lake ecosystems store around
87% of the planet’s liquid surface freshwater and offer a variety of
ecosystem services, including fisheries and water supply (Woolway
etal.,, 2020). As such, they are covered by the Sustainable Development
Goals (SDGs) of the United Nations, which are devoted to water
resources (Goal 6.6) and other SGDs related to environmental
dimensions (Goals 13, 14, and 15) (Ho and Goethals, 2019; Woolway
et al,, 2022). Undoubtedly, global climate change has impacted lake
ecosystems, and it is anticipated that the long-term trends of change
noted in the last few decades will not only persist, but in many cases,
get worse soon (Woolway et al., 2022). With ongoing global warming
and amplified climatic teleconnections, the ecological reactions of
lakes to climate change will intensify in the future (Havens et al,
2016). Numerous studies indicate that lakes are sensitive to changes
in the climate and that these changes have a quick impact on the
physical, chemical, and biological characteristics of lakes (Adrian
etal, 2009). Lakes are efficient sentinels, integrators, and regulators of
climate change (Adrian et al., 2009; Williamson et al., 2009; Raman
etal., 2021).

Lakes in their normal state are important climate change
regulators because they store carbon from the nearby terrestrial
watershed, exchange greenhouse gases (GHGs) with the surrounding
atmosphere and modify local climates (Williamson et al., 2009; Peter
et al., 2020). Lakes store signals of change in aquatic, surrounding
terrestrial ecosystems, and airsheds in their sediments. Hence, they
are integrators of climate change information that allow paleo-
limnologists to record changes over historical periods (Williamson
et al,, 2009). Lakes respond very quickly to changes in precipitation,
and a range of atmospheric inputs, making them sentinels of
contemporary climate change signals in addition to being integrators
of historical climate data in their sediments (Williamson et al., 2009).
Additionally, lakes can act as sentinels and environmental sensors in
a variety of climatic regions as they capture different aspects of climate
change, such as rising temperatures, glacier retreats, and melting
permafrost. This is because lake ecosystems are distributed worldwide
and in warm and cold regions (Adrian et al, 2009; Zhang and
Duan, 2021).

According to Smith et al. (2005) around 175 lakes completely
disappeared in the Arctic lakes due to the thawing of permafrost and
shores have been vegetated despite slight increases in precipitation in
the area. This decline in lake abundance and surface area is thought to
have been caused by the warming of the Arctic, as evidenced by the
11% decline between 1973 and 1998 (Smith et al., 2005). However,
Shugar et al. (2020) present contradictory findings, revealing that
glacial lakes are expanding quickly in response to climate change and
glacier retreat, resulting in the formation of supra-glacial, moraine-
dammed, and ice-marginal lakes. However, as warmer winters and
longer periods without snow expose lake surfaces to Arctic lake drying
and water loss through evapotranspiration, northern tundra locations
have seen a decline in the number of lakes by 21% and area of lakes by
2%, leading to the revegetation of shrinking lakes (Finger et al., 2019).
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Climate warming is eliminating the physical barrier (winter ice cover)
between the lake surface and the atmosphere, and this is impacting on
water availability since evaporation is rising significantly (Woolway
etal., 2022).

Tropical climates, like those in Africa with chronic water shortages
have not been spared from the effects of climate change on water
resources, lakes included (Mtilatila et al., 2022). Out of the 43,802 km?
global freshwater resources, Africa accounts for 9% of this volume,
falling behind Asia (28.3%) and South America (15.7%) (Yunana et al.,
2017). While polar and alpine locations are expected to see the worst
effects of climate change, tropical lakes in Africa are significantly
warming since the minimum temperature has risen more quickly than
the maximum temperature (Williamson et al., 2009; Muringai et al.,
2022). The inherent water scarcity in Africa is further worsened by
already-existing non-climatic stressors, the continent’s high
susceptibility to climate change due to its warm climate, and a greater
proportion of its people reliant on lake supplies.

The possible effects of climate change on lakes, particularly in
Africa, are concerning because lakes are shared hydrologic units
among member states and their degradation in the context of the
continent’s chronic water scarcity and rising freshwater demand has
socioeconomic, hydro-political, and geopolitical ramifications (Asah,
2015; Roth et al,, 2018). The increasing impact of climate change on
Africa’s water resources made the Africa Water Vision for 2025 and
the New Partnership for Africa’s Development to call for new ways to
support countries in integrating climate change responses into their
national development processes (Faramarzi et al., 2013). The
understanding of water storage changes within the lake basins and the
related impacts of climate variability is an essential step in managing
its water resources (Awange et al., 2013, 2014).

Lakes are important sentinels of climate change by virtue of being
very sensitive to environmental changes and being distributed in
many different geographic locations and climatic regions, capturing
different aspects of climate change (Adrian et al., 2009; Zhang and
Duan, 2021). It is crucial to identify alterations in earth surface
characteristics, such as lakes, to understand the connections between
natural and human-driven changes (like climate change) phenomena
and to better manage increasingly scarce natural resources (Nsubuga
etal., 2017). According to Ngoran et al. (2015), increasing awareness
of the African-climate change-water resources (lakes in particular)
interconnection will provide insight to proactively address chronic
water insecurity on the continent and open the door to sustainable
management of water resource (lakes included).

Havens and Jeppesen (2018) call for contemporary researchers to
document how lakes around the world are changing in response to
climate change and to provide insight into the growing body of
knowledge about expected future changes. Lake variables are therefore
considered essential climate variables, i.e., variables that critically
contribute to the characterization of the earth’s climate (Woolway
etal, 2022). Although it is generally agreed upon that lakes can serve
as sentinels of climate change, the effectiveness of these roles has not
been fully investigated; as such, a more detailed examination of the
possibility of lakes serving as information signals for climate change
is required (Adrian et al., 2009). Moreover, research on the reactions
of different lake ecosystems to climate change have generally been
studied in isolation (Woolway et al., 2022).

Given the foregoing, this work seeks to conduct a comprehensive
literature review of studies on the African-climate change-lake
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resources interconnection. Therefore, the study answers two research
questions: (i) What are the key emerging impacts of climate and
weather-induced change on Africa’s major lakes? (ii) What are the
potential future pathways for enhancing climate resilience of
lake ecosystems?

2 Materials and methods

2.1 Study area

The four study lakes (Figure 1) are Lake Chad, Victoria, Tanganyika,
and Lake Malawi/Nyasa/Niasa (LMNN). Lake Chad is one of the
world’s most important agricultural heritage sites, providing a lifeline
to nearly 30 million people in four riparian countries (Cameroun,
Chad, Niger, and Nigeria) in West Africa. There are reports of it having
experienced a significant decline in lake surface from 50,000 BC up to
present (Yunana et al., 2017). LMNN is the fifth or ninth largest
freshwater lake in the world (by volume/surface area), and it is an
example of a vital water resource for hydropower generation yet a
vulnerable hydro-system in the tropics (Mtilatila et al., 2020). LMNN
is a shared water resource between Malawi, Mozambique and Tanzania.

Lake Tanganyika is a meromictic lake, second largest lake (by
area) in Africa located in East Africa with a maximum depth of
1,470 m, and the second oldest and deepest lake in the world (Verburg
and Hecky, 2009; Naithani et al., 2011). It is a shared water resource
between Burundi, the Democratic Republic of Congo (DRC),
Tanzania and Zambia. The lake is surrounded by poor countries
whose inhabitants strongly depend on this resource for their basic
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needs such as intensive fishery (Sterckx et al., 2023). Although Lake
Tanganyika is undergoing significant changes because of the climate
change, it is unknown how these changes may affect the lacustrine
system’s ability to function in the future (Sterckx et al., 2023). Climate
change is also affecting Lake Victoria, the biggest and second largest
freshwater lake in Africa and earth, respectively. It is also an
important source of livelihoods for more than 30 million people
living in three riparian countries (Tanzania, Kenya and Uganda) and
indirectly supports another 340 million people along the Nile Basin
being the source of the White Nile (Awange et al., 2013).

2.2 Keywords and database

This review was conducted in line with the PRISMA guidelines.
The PRISMA framework ensures a methodical and repeatable
approach to the identification, screening, eligibility evaluation, and
extraction of data from literature (Odoi-Yorke, 2024). Peer reviewed
journal articles published between 2000 and March 25, 2024, were
extracted from the Scopus as main database and Google scholar as a
top-up database for systematic review. Scopus was chosen as the
primary database because it is a broad abstracting and indexing
database that facilitates access to a wide range of international
publications, guaranteeing comprehensive worldwide coverage of
research findings from various geographic locations (Odoi-Yorke,
2024). Additionally, Web of Science papers are indexed in Scopus. Key
words such as ‘lake names, ‘climate change, ‘climate variability, ‘ECEs’
were used to extract relevant journal articles from the two databases
(Table 1).

-40 20 0 40 60 80
0 40
20 20
0 VIctoriaQ- 0
Tanganyika %
alawi/Nyasa/NiassaQ
[ Lakes
-20 -20
a0 750 0 750 1500 km 40
-40 -20 0 40 50 80
FIGURE 1
Location of the study area.
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TABLE 1 Number of journal articles reviewed.

Lake Scopus Sc%%?;?‘ Total
Lake Chad 21 6 27
MNN 6 4 10
Lake Tanganyika 4 11 15
Lake Victoria 18 8 26
Total 49 29 78

10.3389/frwa.2024.1443989

TABLE 2 Inclusion and exclusion criteria.

Inclusion Exclusion

Articles published from 2000 to March
2024

Articles published before 2000 and after
25 March 2024

Full text available

Full text unavailable

English

Non-English

Available via Scopus and Google

Scholar

Not available via Scopus and Google

scholar

2.3 Inclusion and exclusion criteria

A generic and refined search from Scopus database was done and
it yielded 866. This was followed by a refined search protocol that
yielded 139 articles considered for manual abstract screening. Both
search protocols are presented herein.

TITLE-ABS-KEY ((“Climate Change” OR “Climate variability” OR
“Climate extremes” OR “global warming”) AND (lake*) AND (africa)).

TITLE-ABS-KEY ((“Climate Change” OR “Climate variability” OR
“Climate extremes” OR “global warming”) AND (lake AND chad) OR
(lake AND victoria) OR (lake AND malawi) OR (lake AND tanganyika)
OR (lake AND niasa) OR (lake AND nyasa)) AND PUBYEAR >2000
AND PUBYEAR <2025 AND (LIMIT-TO (SRCTYPE, ")) AND
(LIMIT-TO (OA, “all”’)) AND (LIMIT-TO (SUBJAREA, “EART”) OR
LIMIT-TO (SUBJAREA, “ENVI”)) AND (LIMIT-TO (DOCTYPE,
“ar”)) AND (LIMIT-TO (LANGUAGE, “English”)).

Table 2 further shows details on the exclusion and exclusion
criteria that was used. Such criteria included issues like language
and period.

2.4 Screening criteria

No duplicate papers were found out of the 139 documents that
were extracted from Scopus for abstract screening. Only 70 articles
made it to the stage for full paper screening. A total of 69 articles
abstracts from Scopus were successfully downloaded. Further
screening of the 69 papers was done to exclude articles older than 2000
and a total of 14 papers were removed and 55 were eligible for full
paper screening. After full paper screening, 6 articles were found to
be irrelevant and 49 were selected for systematic literature review.
Top-up articles from Google scholar were also extracted using the
aforementioned key words and a total of 29 articles were extracted.
Checking for duplicates on articles from Scopus versus Google data
database was done and some duplicates were found and those from
the former database were excluded, and 29 articles remained for
review. A total of 78 articles were used for systematic literature review.
Figure 2 shows the PRISMA flow chart from both the abstracts and
full documents text screening.

2.5 Data analysis
Using ATLAS. Ti 24 software, data from the literature review was

analysed. Themes and/or codes based on the climate parameters, lake
parameters, hydrological and economic activity changes were noted.

Frontiers in Water

Only peer-reviewed journal articles

Gray literature and not peer-reviewed

articles

Articles on climate change impact on
Lake Chad, MNN, Lake Tanganyika,

Lake Victoria and or lake basins

Articles focusing on other lakes or the
four lakes but on non-climate change

issues

‘Invivo' coding was supplemented with emerging codes as some
impacts were unique to certain lakes. Generation of quotations and
codes was done at the same time. Coding was then followed by
grouping the codes into code groups that became the themes for the
study. The analysis initially focused on impacts associated with each
lake followed by comparative analysis across all the lakes. Network and
co-occurrence analysis of the codes was done and then across all lakes.

3 Results and discussion

This section is organized into four sub-sections namely (i)
presentation of findings on the semantic relationship between the major
themes in the study; (ii) climate change impacts on each of the four
lakes; (iii) comparative analysis of climate change impacts across the four
lakes; and (iv) future pathways to promote resilience to climate change.

3.1 Network analysis of climate parameters,
ECEs and lake responses

Climate change is first evident with a change in the climate
parameters of an area. The interaction and/or individual effect of these
climate parameters has disproportionate influences on the lakes,
especially their size, lake level, nutrient and water mixing, water
temperature and lake productivity. Climate change trigger ECEs that
implicitly and explicitly affect lake basins. Figure 3 shows some
notable ECEs (though they varied by lake) their interactions and how
they were affecting the four lake basin ecosystems.

3.2 Climate change and ECEs from Lake
Chad Basin

Climate change influence the trajectory of climate parameters,
intensity and frequency of ECEs. Table 3 summarizes observed and
projected changes in climate parameters and ECEs from Lake Chad and/
or its basin. Temperature for Lake Chad Basin, the number and frequency
of warm days are expected to increase in the future leading to a decline
in cool night frequency, and diurnal temperature from 2016 to 2035.

The lake basin was expected to experience more, and stronger
droughts from 2020 to 2040, compared to the 1970s. This will
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Records removed

Records identified
from Scopus: (n=866) refined search string:

» (n=727)

before screening due to

Records identified
from Google
Scholar: (n=36)

l

Records screened: Records excluded:

l

Total studies from
Scopus & Google
Scholar included in
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| '
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v v
Total studies from Total studies from
Scopus: Google scholar:
(n=49) (n=29)

A

review:
(n=78)

FIGURE 2
PRISMA flow diagram.

be interspersed with sporadic floods, especially on the lake beds
where migrant fishermen from other places have seen an opportunity
to build their homes. However, there are contradictory findings on
the rainfall trajectory of the basin. There are reports that rainfall
levels and extreme rainfall events have been increasing across the
basin and the eastern Sahel region since 1990 (Bouchez et al., 2016;
Pham-Duc et al., 2020; Daoust and Selby, 2023; Gbetkom et al., 2023).
However, Nkiaka et al. (2017a) state that annual and seasonal
precipitations reduced with moderate and strong downward trends
for modeled and observed precipitation, respectively. This makes it
difficult for water resources managers to sustainably manage water
resources in the basin in the context of contradictory future
projections.
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Although there are contradictory future projections on the
rainfall pattern for Lake Chad Basin, it is indisputable that
temperatures and drought intensity are increasing thereby affecting
lake’s physical, biological, and chemical parameters. Table 4 shows
some climate change induced ecosystem changes and human
activities. The 1965 to early 1970s droughts rapidly reduced lake
levels and depth leading to the division of the once great lake into
two pools and a dryland (Great Barrier) between them. Rainfall
variability after the 1965 to 1970 droughts led to the separation of
the southern and northern pools as the lake levels lowered
(Fraedrich, 2015; Bouchez et al., 2016).

From Table 4 it emerges that the drying of lake-bed and the
creation of the ‘Great Barrier’ led to vegetation colonization on

frontiersin.org
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FIGURE 3
Relationship between ECEs and lake ecosystems.
TABLE 3 Observed and projected changes in climate parameters and ECEs in Lake Chad Basin.
Parameter Changes Reference
Temperature Temperature increase and growing trend in warm day’s frequency and negative trends in cool Adeyeri et al. (2020)
night’s frequency emerged.
Rainfall Projected rainfall decline from 2020-2040 and then rise in the frequency and severity of intense Adeyeri et al. (2020)
storms in the future.
Rainfall and extreme rainfall events increasing across the basin. Daoust and Selby (2023) and Gbetkom et al. (2023)
Precipitation has reduced with moderate and strong downward trends for modeled and observed Nkiaka et al. (2017b)
precipitation, respectively.
Droughts Strong droughts from 1965 to the 1970s and more stronger droughts projected up to 2040. Gao etal. (2011)
Floods Farmers who cultivate on the Lake beds are prone to floods. Okpara et al. (2016)

dryland (Great Barrier) dividing the two pools. The establishment
of permanent vegetation on the barrier is also contributing to
increased infiltration and the reduction in runoff from the southern
pool to the northern pool through the Great Barrier (Pham-Duc
etal., 2020). Okonkwo et al. (2014) reported a negative correlation
as witnessed by increasing precipitation in the Lake Chad Basin but
decreasing river discharge and lake level. Climate change and
human activities caused a 59 and 41% decline in streamflow
between 1965 and 1972, respectively, while human activities
dominated with 66% between 1973 and 2013 (Mahmood and
Jia, 2019).
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However, in from other publications, the decrease in lake levels
during the 1980s and 1990s, has been attributed mainly to human
activities such as land use changes in the basin, water withdrawals for
irrigation (Mahmood and Jia, 2019). This implies that climate change
just added an additional layer to an already existing problem.
Warming of lakes and subsequent decline in lake depth has led to a
decline in the quantity of fish in the lake. Warming results in water
temperature thresholds being reached for certain species (Abdel-
Fattah and Krantzberg, 2014). Since 2000, the lake surface area and
water stored in the aquifer beneath the lake has increased due to more
favorable rainfall in basin and the western Sahel (Bouchez et al., 2016)
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TABLE 4 Changes on Lake Chad (LC) Basin ecosystems and human activities.

10.3389/frwa.2024.1443989

Parameter Observations Reference
Dryland evident Lake split into two parts in 1972 forming a ‘great barrier’ level. Gao et al. (2011), Fraedrich (2015), and Bouchez et al.
(2016)
Lake level Rapid lake level decline from 1965 to early 1970s followed by increase in lake water Ndehedehe et al. (2020) and Pham-Duc et al. (2020)
volume post 2000.
Aquatic life Quantity of fish catches have declined. Okpara et al. (2016)
Vegetation Increasing vegetation cover trend on Great barrier post 2000. Pham-Duc et al. (2020)
Discharge « Very strong and significant decreasing inflows to LC in the past and future were Mahmood and Jia (2019), Pham-Duc et al. (2020),
observed from all the major rivers. Daoust and Selby (2023), and Okonkwo et al. (2014)
« Extreme rainfall events have increased since the 1990s but have not translated into
increased inflows into LC.
Fishing impact Fishermen were highly vulnerable to climate variability Okpara et al. (2017)
Other economic activities | Decline in crop harvests and milk/livestock sales due to ECEs. Okpara et al. (2017)

TABLE 5 Changes in climate parameters and ECEs over Lake Victoria Basin.

Parameter = Change Reference
Temperature o Minimum and maximum daytime temperatures have increased significantly while cold days Luhunga and Songoro (2020), Ototo et al. (2022),
are decreasing. and Shinhu et al. (2023)
« Average surface water temperature rose by 0.99°C between 1927 and 2008 and is projected to
increase in the future.
Rainfall « Future precipitation is uncertain with some models indicating an increase and decrease Verburg and Hecky (2009), Vanderkelen et al.
in precipitation. (2018), and Beverly et al. (2020)
o The rainfall over the whole lake is increasing and predicted to increase in the 2030-2060 period.
Wind Significant decline in wind speed although it is still prone to sporadic strong waves. Vanderkelen et al. (2018)

Rain season

October-December season.

season to begin in September

o Wet days decreased in the March-May and June-September seasons but slightly increased in the

o Increase in the March -May season to include February and May and the October-December

Akurut et al. (2014), Olaka et al. (2019), and Ogega
etal. (2023)

Diseases Projected increased warming will increase malaria cases. Olaka et al. (2019)

Floods Besides the 2019-2020 floods, models predict higher incidences of extreme discharge and frequent | Shinhu et al. (2023) and Pietroiusti et al. (2024)
flood occurrence in future.

Drought Since the 1980s, there have been periods of prolonged drought. Thiery et al. (2016)

Intense storm

Very intense storms and thunderstorms are projected to become more frequent in future

Thiery et al. (2016)

dispelling myths that the lake will get extinct in the near future.
Fishermen had the greatest vulnerability to climate change compared
to farmers and pastoralists due to low fish catches and measures put
in place to promote climate resilient fisheries. Crop farmers and
pastoralists reported losses in crops and decline in livestock product
quality due to droughts and also floods for the former as some
migrants had turned drying lake beds into arable land.

3.3 Climate change and ECEs from Lake
Victoria Basin

Table 5 shows that minimum, maximum atmospheric, and surface
water temperatures have increased while daytime temperatures are
becoming warmer and cold days decreasing. This might likely lead to
the extension of the malaria belt into the highlands of Lake Victoria
Basin. However, scholars such as Luhunga and Songoro (2020) project
a non-significant decrease in rainfall, while Beverly et al. (2020), Khaki
and Awange (2019), and Pietroiusti et al. (2024) state that future
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precipitation is uncertain. Shinhu et al. (2023) projects an increase in
rainfall over the whole lake for the 2030-2060 period. The uncertainty
is not peculiar to precipitation patterns only, but also the length of the
growing season as projections point to an increase and reduction in
rain season across the basin. There are also projected significant
declines in wind speed, gustiness, strong waves assumed to
be previously associated with heavy thunderstorms (Van de Walle
etal, 2021). Although there is a decline in wind speed and intensity,
sporadic cases of thunderstorm-induced strong waves capable of
capsizing fisher boats, passenger ferries and goods transport boats are
still a problem over the lake (Van de Walle et al., 2021; Table 5).
Although the lake has been associated with ECEs such as droughts in
the 1980s, future climate projections for the 2030-2060 period point
to an increase in intense storms and subsequently flooding of the basin.

Table 6 shows that the dam and Basin has been characterized by
significant variations in lake levels, with negative years due climate
variability and anthropogenic activities such the expansion of Owen
Falls dam and Nalubaale Dams in Uganda and between 2003 and
2007, stable period (2007-2011) and significant increase between 2007
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and 2012, 2019-2020 leading to a general slight increase from 2003
and 2020 (Khaki and Awange, 2019; Beverly et al., 2020). Awange et al.
(2019) argues that such positive trends dismiss the views by Beverly
etal. (2020) of lake level reduction by the end of 21st century, and its
disappearance in as little as 3,500 years.

The projected future inter-annual variations in rainfall are positively
linked to projected inter-annual discharge variations for 8 out of 9 rivers
feeding the Lake Victoria Basin from 2015 to 2100. Scholars also
observed no major changes in primary production except an increase
in algal blooms, which deplete dissolved oxygen when they die leading
to deaths of fish in the lake. Such sporadic strong waves, intense storms
and over-lake thunderstorms affect water-based activities including
fishing as these may lead to boats capsizing (Thiery et al., 2016; Van de
Walle et al., 2021; Nyamweya et al., 2023; Ogega et al., 2023). However,
future projections in temperature show increased atmospheric and
uncertain rainfall patterns, which will affect rain-fed crop and irrigation
farming through water shortages and high rates of evapotranspiration.

River discharge is also projected to display inter-annual variations,
which has the potential to affect the generation of hydro-electricity
production in Sondu Miriu, Kagera rivers, and at the outlet of the Nile
in Uganda, proposed projects on Gucha, Yala, and Nzoia rivers in Kenya
(Olaka et al., 2019; Beverly et al., 2020) and other activities depend on
water withdrawal in the region. However, the 2019-2020 rainfall figures
show that lake outflow was insufficient to balance the increased input
into the lake leading to flooding (Pietroiusti et al., 2024). Furthermore,
projections of intense storms between 2030 and 2060, increasing floods
up to 2,100 due to projected 10-20% increase in stream flows by 2040
with inter-annual variations, thereafter, point to future increase in lake
levels (Thiery et al., 2016; Olaka et al., 2019; Van de Walle et al., 2021;
Pietroiusti et al., 2024). This will increase hydro-electricity production
in the future. While river discharge is expected to experience

10.3389/frwa.2024.1443989

interannual variations, the increasing temperatures and lake evaporation
in future will lead to lake shrinkage and exploitation of lake shores by
the vegetation. According to Awange et al. (2019) vegetation cover and
the normalized vegetation index (NDVI) calculations are showing an
upward trend around the LV shores experiencing shrinkage.

3.4 Climate change and ECEs from LMNNB

The LMNNB has experienced atmospheric warming with the 1990
2000 decade being regarded as the warmest as witnessed by significant
increases in temperatures and evaporation. The basin is facing a negative
correlation characterized by the fall in annual rainfall and increase in the
frequency of droughts (Table 7). Besides droughts, LMNN is prone to the
ECE, the strong easterly winds, commonly known as the ‘Mwera winds.
These Mwera winds result in internal lake seiches and/or strong waves
that drive water-nutrient upwelling and horizontal density disequilibrium
in the lake (Limuwa et al., 2018; Banda et al,, 2020). The strength of the
Mwera winds and resultant lake seiches are due to obstruction-free
nature of the lake surface, which causes the rapid deterioration in the lake
condition and flooding (Limuwa et al., 2018). The ‘Mwera winds also
lead to upwelling in the southern part of the lake which is a favorable
condition for vertical water exchange and introduction of nutrient-rich
deeper water into surface waters (Chavula et al., 2023).

Table 8 shows that there has been a decrease in annual
precipitation, an increase in temperature and the occurrence of more
severe droughts in LMNNB. These phenomena are expected to lead
to a decrease in the mean lake levels both in the near and far future.
Mtilatila et al. (2020) state that the influence of precipitation on lake
level changes is slightly larger than the effect on temperature on
LMNN. The lake crossed the Lake Malawi Outflow Threshold

TABLE 6 Climate change induced effects on Lake Victoria Basin's ecosystem and human activities.

Parameter Change Reference
Lake level « Several significant variations with negative years, stable period and positive years leading to | Vanderkelen et al. (2018), Khaki and Awange (2019),
general increase in lake levels. Beverly et al. (2020), and Lin et al. (2020)
« Projected decline in lake level by 2,100, compared 2006 levels.
Aquatic life « No major changes in primary production. Sayers et al. (2020) and Nyamweya et al. (2023)
« Algal blooms deplete dissolved oxygen leading to fish death
Discharge « Projected future inter-annual discharge variations. Olaka et al. (2019), Shinhu et al. (2023), and Pietroiusti
« Lake outflow insufficient to balance increased input in 2020 et al. (2024).
« Projected 10-20% increase in stream flows in future
Vegetation Vegetation increases around the drying lake shores. Awange et al. (2019)
Fishing Projected rise in over the lake ECEs to affect fishing communities. Ogega et al. (2023) and Van De Walle et al. (2021)
Other activities | Crop farming and hydroelectric power production will be affected by increasing Beverly et al. (2020) and Nyamweya et al. (2023)
temperatures, droughts, floods, variable discharge

TABLE 7 Changes in climate parameters and ECEs in LMNNB.

Parameter Observed changes Reference

Temperature Temperature significantly increased from 1899 to 2017 Ngongondo et al. (2020)

Rainfall The annual precipitation varied in the past but general trend shows a decline between 1982 and 2016. | Limuwa et al. (2018) and Ngongondo et al. (2020)
Wind Strengthening of “Mwera” winds results in internal lake seiches. Banda et al. (2020)

Droughts Wet episodes are becoming fewer while droughts become dominant Mtilatila et al. (2020)

Floods Mwera winds cause deterioration in lake condition and flooding. Limuwa et al. (2018)
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TABLE 8 Climate change induced effects on LMNN's ecosystems and human activities.

Lake level Lake levels have fallen and are projected to continue falling.

Water mixing

water onto surface water.

Dryland evident Shallow lake levels exposed a sandbar at the lake outlet and human settlements colonize
some of the dry land.

Aquatic life Overall, there is a fall in primary production and fish species amount, composition,
excluding southern part of the lake

Fishing Fishers are exposed to extreme Mwera winds and there is decline in Chambo fishery.

Economic activities | « Projected future decrease in hydropower generation.

« Climate factors linked to crop failure & irrigation problems

Vegetation Invasion of drying lake shores by invasive species

Discharge Drop in lake levels stopped the outflow into Shire River.

(LMOT) in the early 20th century, thereby sealing the LMNNB and
halting the outflow into the Shire River (Bhave et al, 2020;
Ngongondo et al., 2020). The current and projections of increasing
temperature and decreasing precipitation for the 2021-2050 and
2071-2100 periods will lead to a significant decrease in Rufiji and
Shire River discharge which are important for hydropower
productivity (Mtilatila et al., 2020; Siderius et al., 2021). The decline
in precipitation and increase in temperatures provide favorable
conditions for the growth of algal blooms that consume oxygen when
they die. This has been linked to changes in primary production, fish
species amount, composition and sizes as compared to last 20 years
(Chavula et al., 2023). However, the increasing strength of the Mwera
winds’ is contributing to upwelling of nutrient rich deep waters
enhances phytoplankton production and sustains fish production in
the only southern part of lake.

Limuwa et al. (2018) report that extreme and frequent
occurrences of Mwera winds induced seiches mades fishing using
boats too risky. This has been worsened by the decline in Chambo fish
since 20,005 due to population pressure, consumption of oxygen at
the death of algal blooms declining rainfall in the lake (Makwinja and
M. M’balaka., 2017). Invasive species are also colonizing the shrinking
lake-bed. Changes in climate of the lake basin will further affect
economic activities like hydropower generation and crop farming as
they are depended on rainfall and accumulated runoff in the lake.

3.5 Climate change and ECEs from Lake
Tanganyika Basin

From Table 9, it emerges that atmospheric warming has been
evidenced through the significant warming of the surface of Lake
Tanganyika over the last century average at a rate of 0.129 from 1912
t0 2013 (Kraemer et al., 2015; Phiri et al., 2023). Lake surface warming
is expected to worsen as forecasts indicate that air temperature will
increase by 1°C to 3°C between 2010 and 2050 (Plisnier et al., 2018).
The increase in temperature has been coupled with unpredictable
rainfall, short rain season (Kraemer et al., 2015; Bulengela et al., 2020;
Phiri et al., 2023) and decline in wind speed by about 30% since the
late 1970s over the lake and lake basin (Plisnier et al., 2018). Despite a
decline in wind speed, Naithani et al. (2011) state that Lake Tanganyika
is still prone sporadic strong winds, which cause lake surface seiches
(Chimbanfula waves) and subsequent flooding of lake coastal areas
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Mwera winds cause upwelling and water exchange, which supply nutrient-rich deeper

Limuwa et al. (2018) and Ngongondo et al. (2020)

Chavula et al. (2023)
Ngongondo et al. (2020)
Banda et al. (2020) and Sayers et al. (2020)

Chavula et al. (2023)

Mtilatila et al. (2022) and Siderius et al. (2021)

Chavula et al. (2023)

Bhave et al. (2020) and Mtilatila et al. (2020)

(lake ‘throwing up’), wetlands and Ruzizi Delta Nature Reserve, for
instance in 2019-2020 (Gbetkom et al., 2024).

Table 10 shows that lake level experienced a downward trend
between 2003 and 2006, followed by a positive trend from 2007 up to
present. The wind speeds across the lake declined leading to lake
surface warming as there was reduced mixing of shallower and deeper
waters to dilute the surface water temperature. However, Kevin Sterckx
etal. (2023) argue that lower wind speed and the resultant high surface
water temperature were not induced by climate change, but these are
associated with the northern part of Lake Tanganyika. This side is
surrounded by mountains, while the southern part of the lake has
greater surface cooling and deeper mixing due to the effect of the
strong southerly winds during the cool season. However, some scholars
(Plisnier et al., 2018; Sayers et al., 2020) argue that the whole lake
experienced decline in wind speeds that reduced mixing of nutrient
rich deep and nutrient deficient surface waters. This is affecting
primary production and fish abundance in the lake in even in seasons
previously known to be of “good catch (Karasaji). However, the decline
in sardine catches since the mid-20th century can be attributed solely
to climate warming as the early phase of commercial fishing certainly
aggravated the climate induced problem (Cohen et al., 2016).

An increase in temperature over the period 2010-2050 will not
only affect also affect the fishing industry but lead to agricultural and
biodiversity losses while at the same time indigenous species on drying
lake shores will be replaced by invasive species (Plisnier et al., 2018).

3.6 Comparing climate change and ECEs
across the lakes

Figure 4 shows the connection between climate parameters, ECEs
and related changes in lake ecosystems across the four lake basins.
Rainfall and temperature change are the main climate parameters
contributing to changes in lake ecosystems, water, and non-water-
based human activities. Out of all the ECEs, droughts, strong winds
and floods dominate in terms of their impacts on lake-based
ecosystems. The change in climate parameters such as rainfall,
temperature and increase in droughts and flooding mainly affect lake
activities and ecosystems such as fishing, lake level, aquatic life and
nutrient/water mixing across all the lakes. Fishing activities and lake
levels are affected by changes in almost all the climate parameters and
an increase in the frequency and intensity of ECEs. Rainfall change is
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TABLE 9 Changes in climate parameters and ECEs at LTB.

10.3389/frwa.2024.1443989

Parameter Change Reference

Temperature Lake surface warming over the last century and projected future increase temperature. Kraemer et al. (2015) and Phiri et al. (2023)

Rainfall « Unreliable rainfall not coinciding with historical season. Bulengela et al. (2020) and Gbetkom et al. (2023)
« Rainfall increased from 2003 to 2021.

Wind Wind speed has declined. Sayers et al. (2020) and Sterckx et al. (2023)

Rain season

Rainfall is delaying or raining for a shorter period than the normal rain season.

Bulengela et al. (2020)

Lake waves Strong winds cause surface seiches (Yalafula” waves and Chimbanfula waves). Naithani et al. (2011) and Plisnier et al. (2023)
Diseases Increase water-borne diseases such as cholera Plisnier et al. (2018)
Floods Chimbanfula wave-induced flooding (lake throwing up) Plisnier et al. (2018) and Gbetkom et al. (2024)

TABLE 10 Effect of climate change on LTB ecosystems and human activities.

Lake level

from 2007 onwards.

Lake experienced reduction in total volume of water between 2003 and 2006 and increase

Gbetkom et al. (2024)

Water mixing Reduced upwelling of water from deeper layers.

Naithani et al. (2011)

Aquatic species Very low fish abundance during the 20th century.

Cohen et al. (2016) and Sterckx et al. (2023)

Fishing Low fish catches even in ‘Karasaji’ season.

Plisnier et al. (2018) and Bulengela et al. (2020)

Other activities

Future air temperature increase will negatively affect fisheries and agricultural productivity.

Plisnier et al. (2018)

Environmental impacts

invasive species.

Future air temperature increase will negatively impact biodiversity and promote growth of

Plisnier et al. (2018)

the dominant climate change component mainly linked to changes in
lake levels, river discharge and economic activities such as fishing and
hydro power generation.

While lakes and their basins are all prone to climate change and
ECEs, the observed and projected nature, intensity, and frequency of
these ECEs vary from lake to lake. In terms of reported cases of ECEs,
the Lake Victoria Basin had the highest (6) followed by LMNN, Lake
Tanganyika and lastly Lake Chad (Figure 5). However, the highest
number of ECEs reported does not translate into the highest frequency
and intensity of the ECEs and lake ecosystems high vulnerability.
Floods are a common ECE across all four lakes though their causes
vary from lake to Lake. Floods in Lake Victoria are caused by intense
storms and of late they were triggered by thunderstorm-induced
waves. In Lake Malawi and Lake Tanganyika, floods are by strong
winds (Mwera winds in Malawi) that result in internal lake seiches or
strong waves (Chimbanfula waves in Tanganyika) causing the rapid
deterioration in the lake ‘throwing up’ and flooding. However, reports
of floods in Lake Chad are associated with flooding of drying lake
beds where migrant fishers established farmlands and homesteads.
Floods have also been linked with increasing cases of extreme rainfall
events over Lake Chad Basin since the 1990s. Drought is also common
in all the lakes except for Lake Tanganyika Basin despite temperature
increase, lake surface warming of 0.129°C over the last century and
decreasing lake levels between 2003 and 2006. The droughts and
Mwera winds were the main reported ECES affecting LMNN, drought
for Lake Chad Basin, flooding for Lake Victoria Basin and Lake
Tanganyika Basin.

Climate change and increased incidence of ECEs lead to different
impacts on lake-based ecosystems. While water levels for Lake Chad
and Lake Tanganyika are rising, Lake Victoria’s level is stable, and
LMNN is experiencing a decline. The decline in lake levels has
exposed dryland in the lakes leading to human occupation and
vegetation colonization. The drying lake shores for Lake Chad and
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Lake Victoria are being colonized by indigenous vegetation, but those
from Lake Tanganyika and LMNN are being colonized by invasive
species. Such invasive species have a greater affinity for water leading
to high evapotranspiration. The decline in the lake level for LMNN
has led to the exposure of a sand bar at the lake outlet and seasonal
river discharge in the Shire River. Changes in wind conditions,
temperature and rainfall have also led to a decline in fish quantity
except for the southern part of LMNN where there is an increase
in plankton.

4 Pathways for promoting
climate-resilient lake ecosystems and
societies

Climate change, variability and ECEs implicitly and explicitly
affect lake ecosystems and societies that dependent on these
ecosystems. In the face of projected increases in temperature, ECEs
and inter-annual variations in rainfall across all lake basins under
consideration, there is a need for the adoption of climate-resilient lake
ecosystems and societies thereof. Lakes are part of the drainage basins.
Hence, their resilience to climate change depends on watershed and/
or drainage basin management. To this end, authorities involved in
lake management need to identify and prioritize critical areas in the
watershed that impact lake water quality and implement best
management practices for agriculture, urban, and forest lands in
the basin.

Projections for future lake levels such as LMNN show a
downward trend, while other three lakes show significant inter-
annual variations thereby calling for the need of water level
management strategies. According to Magee et al. (2019) lake
managers should tailor agricultural practices to local climate and
geology to conserve water and minimize drawdown in lakes and
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General links between climate components, ECEs and lake ecosystems.

 Vegetation colonisation

Extreme Climate Events

Heatwaves

Drought

Flooding

Strong
winds/Seiches

Landslides

Intense storms

Diseases

Lakes

Lake MINN

Lake Chad

Lake Victoria

Lake Tanganyika

FIGURE 5
ECEs and the affected lakes.

also enhance water infiltration in the watershed and in the riparian
to minimize lake outflow in cases of extreme precipitation events.
Additionally, it is important to monitor water levels, modify
management strategies as necessary, and create adaptable plans for

Frontiers in Water

managing water levels that take shifting precipitation patterns into
account. As part of lake level management, Okonkwo et al. (2014)
recommend for the inter basin transfer of water from the Congo
River and Ubangui River Basin for quick recovery of Lake Chad.
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Droughts are linked to the challenges facing by all the lake basin
ecosystems except for Lake Tanganyika, thereby contributing to
reduced discharge and lake levels.

Limuwa et al. (2018) call for revisiting past traditional practices
of consulting and seeking the intervention of medium spirits to
invoke rains in the face of frequent occurrence of droughts
decimating rainfall amounts and subsequently lake levels. Edifying
this observation Limuwa et al. (2018) stress that to improve the
process of coping with the extreme weather occurrences, religious
institutions need to include climate change into their teachings.
This stresses the importance of leaving no-one one stakeholder
behind (traditional and religious institutions) in promoting
community engagement and education programs that raise
awareness about lake-society climate resilience. This will ensure
that decisions adopted to improve the lakes’ and their ecosystems’
resilience to climate change are executed in a way that is both
locally acceptable and culturally appropriate.

Migrant fishers and local people are turning drying lake shores
of Lake Chad and LMNN, respectively into homesteads and/or
agricultural plots. This makes them vulnerable to floods, affect water
levels and quality through siltation and deposition of fertilizers into
the lake. Watershed or lake basin management should also include
enforcement of buffer zones for lakes and rivers to restrict residential
land use and arable farming are restricted though it has proven to
be a big challenge to enforce the regulations around Lake Malawi
(Chavula et al., 2023). As the number of invasive plants on lakeshores
rises, methods for managing invasive species such as early diagnosis
and swift implementation of preventative measures, such as boat
inspections must be implemented. Furthermore, funding and
resources must be made available to communities and lake
associations so that they can manage invasive species at a local level
(Magee et al., 2019).

Overall, all the four lakes are experiencing a reduction in fish
amount and varieties, an important component of the lake’s
biological characteristics and source of livelihood for local fishing
communities. Therefore, there is a need for programs and
measures that promote climate-resilient fisheries. The lakes
authorities in Wisconsin and the riparian countries around Lake
Tanganyika are putting in place harvest regulations to keep an eye
on and manage fishing activities. These regulations include
limitations on the size of mesh, closed areas and seasons,
licensing, and catch assessment to lower exploitation rates (Magee
et al., 2019; Phiri et al, 2023). Similar measures are being
implemented in Lake Chad, but local fishermen regard these
fishing regulations as strict and complain of high-water access
charges imposed by local authorities (Okpara et al., 2016). Hence,
other three lake associations should adopt the LMNN model by
establishing protected areas around lakes to restore aquatic
biodiversity (Chavula et al., 2023). While these measures might
protect existing fish species in the lakes, there is need for native
species reintroduction if the source of extinction is related to
population pressure and commercial overfishing. Where the
extinction is linked to climate change, lake authorities should
stock appropriate genetic strains to maintain local adaptation.
Introduction of fish types that can adapt to the new lake water’s
chemical and physical conditions should be augmented by
monitoring and evaluation of restoration effectiveness (Abdel-
Fattah and Krantzberg, 2014).
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Lake ecosystems’ vulnerability to climate change ECEs affect
communities dependent on rain-fed, lake-based livelihoods and
other activities rely on water withdrawals from the lake. Olaka et al.
(2019) state that households dependent on crop farming in the face
if unpredictable rainfall patterns in Lake Victoria’s drainage basin
must adopt water conservation systems and grow drought-tolerant
crop varieties to deal with these anticipated changes. Given the
projected increase in extreme thunderstorms over Lake Victoria,
W. Thiery et al. (2016) also call for the development of satellite-
based early warning system for these hazardous thunderstorms to
reduce the vulnerability of local fishing communities. Such
measures are in line with ‘resilience as adaptation), where systems
make ‘adjustments’ or ‘incremental changes’ to cope with
disturbances without changing the old pathway (Dobie et al., 2022).
While fishing communities in Lake Victoria Basin are prone to
extreme thunderstorms, Limuwa et al. (2018) report that a
significant proportion of LMNN's fishers (75%) who were impacted
by the drought had to modify their means of subsistence, including
increasing their agricultural hectarage and starting small enterprises
to augment fishing. Dobie et al. (2022) described this as ‘resilience
by transformation’ where there is creation of new system pathways
when ecological, economic, or social structures render the current
system unsustainable.

5 Conclusion and recommendations

Climate change manifests through altered climate parameters
including temperature, rainfall, wind patterns, and increased ECEs,
which disproportionately influence lake ecosystems’ physical,
chemical, biological parameters including ecosystems services it
offers. Alteration of climate parameters such as rainfall, temperature
and wind changes are particularly impactful on lake ecosystems and
water-based livelihoods, with fishing being the most affected
economic activity. The Lake Chad Basin is expected to see increased
temperatures and more frequent ECEs like droughts and floods.
Temperature increases and droughts have already led to the split of
the lake into three segments, affecting aquatic life and human
activities. The basin also faces contradictory rainfall projections,
complicating sustainable water resource management. Lake Victoria
Basin is experiencing rising temperatures and uncertain future
rainfall patterns with future projections indicating an increase in
ECEs such as intense storms and floods. The lake has seen significant
variations in levels, with historical droughts and floods impacting
aquatic life and economic activities. The LMNN is witnessing
atmospheric warming and reduced rainfall, leading to decreased lake
levels and potential impacts on hydropower generation. The stronger
“Mwera” winds are contributing to nutrient upwelling, sustaining fish
production in the southern part of the lake. Lake Tanganyika is
experiencing surface warming and unpredictable rainfall, with a
decline in wind speed affecting water mixing and fish abundance.
Sporadic strong winds still cause lake surface seiches and flooding.
Given the foregoing, there is need for the promotion of climate-
resilient lake ecosystems and societies through watershed
management, agricultural practices tailored to local climate, water
level management strategies, and inter-basin water transfers. There is
also a need for the enforcement of buffer zones, management of
invasive species, and measures to protect and restore aquatic
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biodiversity. Communities dependent on rain-fed and lake-based
livelihoods are encouraged to adopt water conservation systems and
grow drought-tolerant crops, while also developing early warning
systems for hazardous weather events. All these efforts should
be complemented by integrating traditional and religious institutions
and practices that promote climate resilience.
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