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This study employed Remote Sensing and Geographical Information Systems to explore the in-
fluence of environmental factors and human-induced land use/land cover changes on the
chemistry of soda-saline lakes in Northern Tanzania. Satellite-based rainfall data were sourced
from the Climate Hazards Group Infrared Precipitation with Station (CHIRPS) datasets, and
temperature data were obtained from MERRA-2. Monthly precipitation, temperature, and
drought conditions in lake watersheds were analyzed from 1981 to 2022, while land use and land
cover changes were assessed for 2000, 2014, and 2023. Soil types were acquired from the FAO
Digital Soil Map of the World, while geological characteristics were sourced from the US
Geological Survey database. The findings revealed that the region’s climate is ideal for enhancing
evapotranspiration, leading to mineral precipitation, and altering the chemistry of soda-saline
lakes. The Standardized Precipitation Evapotranspiration Index revealed increased drought
events in the lake basins since 1987, with prolonged drought occurrence between 2000 and 2017.
The results also showed that the region is characterized by a variety of soil types, including ferric
acrisols, chromic cambisols, calcic cambisols, entisols, inceptisols, eutric fluvisols, distric nitisols,
humic nitisols, mollic andosols, ochric andosols, and pellic vertisols. Furthermore, the region is
distinguished by diverse geological processes, from Precambrian-Cambrian to tertiary intrusive,
triggered by volcanic and tectonic activity. Land use/land cover changes results indicated dy-
namics in the various classes with an overall decrease in areas under water bodies (—39.80 %),

forests (—22.57 %) and bareland (—36.18) while agricultural land (111.01 %) built-up areas
(434.72 %), shrubs and grasses (72.77 %) increased in area coverage over the 23 years study
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period (2000-2023). This study underscores the complex interplay between environmental var-
iables and human activities in shaping the chemistry of soda-saline lakes.

1. Introduction

Soda and soda-saline lakes are two distinctive types of inland saline waters characterized by high pH (pH > 9) and high alkalinity.
Eaneves, tRy-SiLt ‘fﬁd?){‘eﬁ%‘é‘@ Rroporens Bl iSsRNeh 190 ditoro 88 IRkRR " 8¥GubRCe 17 i CcBnt A [Ush Waiihe rallen gominagee,
% and ranked first in the cation dominance sequence, and HCO— 3+ COZE > 25 €% but not ranked second after Cl— or 8024— €% [1]. Both

soda and soda saline lakes are characterized by lower dissolved alkaline earth metal ions (Ca?+ and Mg?+) [1]. Soda and soda-saline
lakes are vital biodiversity hotspots, supporting microbial life like cyanobacteria, haloarchaea, and algae [2-4] while providing crucial
habitats for waterbirds, particularly flamingos and some fish species [5,7]. They are highly productive due to abundant photosynthetic
microorganisms [2-4] and serve as important CO, sinks. These lakes also help filter water and cycle essential nutrients like nitrogen,
Sulphur, carbon, and phosphorus [8-10], supporting and maintaining the health of these ecosystems. Economically, they are valuable
for industries such as soda ash production, fishing, aquaculture, biotechnology, and ecotourism [11-14].

The chemical composition of soda-saline lakes is shaped by interactions between the lake water and its surrounding environment
[15], including climate dynamics, soil mineralogy, geological processes, and human activities [16]. Climate variations, such as
changes in rainfall and evaporation, directly influence lake salinity and water chemistry [17]. Droughts trigger acidification, brow-
nification, raise salinity, alter pH, and disrupt the balance of these ecosystems [18-22]. The mineral composition of surrounding soils is
crucial for the lake’s alkalinity, with sodic soils contributing Na* and COs3%- ions through weathering and erosion [19,23,24]. Sodic
soils, which are alkaline and rich in Na* and CO3?2-, affect soda-saline lake’s chemical properties [24,25]. The geological formations
beneath lake basins play a key role in influencing lake water chemistry, which can vary based on the area’s geological characteristics
[26-28]. Volcanic or tectonic activity introduces unique chemical features to the lake [18,29,30]. Weathered volcanic rocks like
basaltic, trachytic, and carbonatite ashes release CO32- and HCOs-, increasing lake alkalinity [19,31,32]. Soluble carbonate minerals,
including nahcolite (NaHCO;), trona (NazH(COs),-2H,0), thermonatrite (Na,CO3-H,0), pirssonite (CaCOs;-Na,CO3-2H,0), gaylussite
(CaC03-Na,C0O3-5H,0), and calcite (CaCOg), further alter the lake’s chemical compositions [33]. Additionally, inflow waters in
volcanic regions also gain alkalinity from the hydrolysis of volcanic sediments [34,35]. Human activities, such as agriculture and
urbanization, impact lakes by increasing nutrient runoff, salinity, and sedimentation, disrupting their ecological balance [17,37].
Agricultural operations runoffs introduce fertilizers and pesticide residues into the lakes, altering chemistry and nutrient levels and
promoting harmful algal blooms [36]. Urban development increases impervious surfaces, altering runoff patterns and increasing
sedimentation [38,39]. Deforestation exacerbates these effects by increasing erosion, which leads to higher sediment and nutrient
loads in the lakes [39]. Clearing vegetation exposes soils and rocks to weathering and erosive processes, resulting in increasing
sediment loads and nutrient inputs into lake waters [40].

The northern region of Tanzania, particularly the Eastern arm of the East African Rift Valley (EARV), is home to many soda-saline
lakes [13,41]. Previous studies have focused on the physical and chemical properties of these lakes [5,6,13,33,35,42-46]. Other
research in the region has focused on climatic conditions and geological aspects [12,47-52] but have not fully explored their in-
teractions and influence on lake chemistry. The limited understanding of how environmental factors and human activities affect their
chemistry is the motive behind this study. This study examines how environmental factors and human activities impact the chemistry
of soda-saline lakes in Northern Tanzania by employing remote sensing (RS) and geographical information systems (GIS). The inte-
gration of these technologies provides valuable insights into the region’s climate, soil composition, geology, and land use/land cover
(LULC) changes. Understanding the impact of these environmental drivers and anthropogenic changes is critical for maintaining the
chemical balance and ecological health of these ecosystems.

2. Material and methods
2.1. Description of the study area
This study covers environmental variables (climate, soils, geology, land use, and land cover change) around Northern Tanzania’s

three soda-saline lakes (Natron, Manyara, and Eyasi). Lake Natron and Manyara are soda lakes, whereas Lake Eyasi is a soda-saline, as
highlighted in Table 1 [13].

Table 1
The dominance trend of the ionic concentrations of Lake Eyasi, Natron and Manyara [13].
Lakes Dominant ions sequence Water chemical types
Cations Anions
Eyasi Na+> K+~Mg?+~ Ca?* Cl= > HCO— + CO%*~ > SOZ"1 Soda-saline
Natron Na+> K+> Mg~ Ca?+ HCO + co- > ci- > so! Soda
Manyara Na+> K+~Mg2+~ Ca?* Hco® + co? > ci- > so? Soda
3 3 4
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Geographically, the study area is located between 4°30”- 1°30’S latitude and 34°0’- 38°0"E longitude. The lakes are bordered by the
Ngorongoro, Longido, Monduli, Karatu, Meatu, and Babati districts (Fig. 1(a-c)). The area is characterized by an arid and semi-arid
climate, where temperatures typically drop to around 2 °C during June or July and commonly reach highs of 35 °C in February,
September, and October [52,53]. The area has two distinct seasons: the rainy season starts in late October and ends in early May, and
the dry season begins in June and lasts until early October. In the arid lowland plains, the rainfall ranges from 400 to 600 mm/year,
whereas in the mountainous forested areas, the rainfall ranges from 1000 to 1200 mm/year [54]. The area is covered with a diverse
array of vegetation, ranging from short grasslands and shrubs in the lowland plains to dense forests in the mountainous areas [53]. This
diverse plant life creates homes for a wide range of wildlife and rare bird species. The region’s distinct climate and wildlife make it an
ideal place for ecotourism and wildlife conservation activities, bringing tourists worldwide to enjoy its natural beauty and biodiversity.
The geological features of the area are influenced by active volcanic activity and tectonic movements, which are the ongoing processes
within the East African Rift Valley [12,55]. The volcanism and tectonic movements are responsible for the formation of landscapes in
the area. The local community in the area are mainly involved in farming and livestock rearing. They commonly grow crops like maize,
beans, and vegetables. Livestock such as cattle, goats, and sheep are also raised for meat and dairy production, making a substantial
contribution to the local economy and the livelihoods of residents.

2.2. Data acquisition, classification and analysis

2.2.1. Temperature and precipitatation

This study used satellite-based rainfall and temperature data collected from predetermined locations within the catchment area of
each lake. Satellite-based climatic data over historical data from the catchment area meteorological station was used due to data
limitations and unequal geographical coverage [52]. However, the satellite-based climate data underwent quality control and was
validated using weather station data from the Arusha Meteorological Authority. The satellite-based rainfall data were sourced from the
Climate Hazards Group Infrared Precipitation with Station (CHIRPS) datasets [56]. The CHIRPS is a product of the collaborative effort
between the United States Geological Survey (USGS) and the University of California Santa Barbara (UCSB). It provides rainfall data
with a spatial resolution of 0.05° [56] and daily temporal resolution. The satellite-derived temperature data was obtained from
MERRA-2, a component of the National Aeronautics and Space Administration of Worldwide Energy Resource (NASA POWER) project.
We acquired daily precipitation data from CHIRPS and maximum and minimum temperature data through MERRA-2 from NASA
POWER [57] for the period spanning from 1981 to 2022. MERRA-2 from the NASA POWER project provides the maximum and

minimum temperature with a spatial resolution of 0.5° [57]. The processing workflows for CHIRPS/MERRA-2 data and station data are
detailed in Fig. 2 (a and b).
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Fig. 1. The map of the study area (A) depicts the location of Tanzania in Africa (B) Location of the study area in Tanzania (C) Location of the three
soda saline lakes in Northern Tanzania.
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Fig. 2. Processing workflow for (a) Processing workflow for CHIRPS/MERRA-2 and (b) Processing workflow for Station data.

2.2.2. Drought analysis

The satellite-based climate data were also used to assess and monitor drought incidence in the studied area basins from 1982 to
2022. The Standardized Precipitation Evaporation Index (SPEI), developed by Ref. [58], was applied to assess drought conditions
within the studied basins. The index is an improvement of the original Standardized Precipitation Index (SPI), both used to quantify
and monitor drought circumstances in any part of the globe. SPEI includes both temperature and rainfall as inputs in its calculation,
which is different from the initial SPI, which only utilized precipitation. The SPEI index determines the difference between potential
evapotranspiration (PET) and rainfall to establish the water balance at any given location. PET is usually computed using the
Penman-Monteith, Thornthwaite (TW), or Hargreaves (HG) techniques, with the methods differing on the variables used to determine
the PET. The index can be calculated at different time scales, with the typical timescales being 3 months, 6 months and 12 months.
These scales are ideal for examining the short, medium, and long-term drought conditions. The SPEI computation was calibrated in the
study using observed climatic data at the different lake basins. The calibration involved a linear bias-correction scaling applied to
match the monthly mean values of the corrected precipitation (Eq (1)) and temperature (Eq (2)) variables with the observed values.
Precipitation was corrected with a multiplier and temperature with an additive term on a monthly scale. The correction and the SPEI
computation were implemented in R using the SPEI, zoo and its packages.

Preccal = Precraw * p(Precobs)/(u(Precraw) Q)

Tcal = Traw + p(Tobs) - u(Traw) 2

The calibration process is crucial to avoid biased interpretations and several other problems, such as the false severity of envi-
ronmental conditions. The monthly observed rainfall and temperature data from 1981 to 2022 used for calibrating the climatic
variables were obtained from the Tanzania Meteorological Authority (TMA).

2.2.3. Water quality assessment

Various spectral indices were utilized to assess the water quality of the three lakes on Google Earth Engine (GEE). The indices
comprised the Normalized Difference Water Index (NDWI), and the Chlorophyll Index (ClI), derived from Landsat 7 and Landsat 8
satellite imagery for the years 2000, 2014, and 2023. NDWI is useful for assessing water presence, surface wetness, and water quality
[59]. The NDWI values typically range from —1, indicating low moisture, absence of water or high turbidity levels, to +1 indicating
high moisture or the presence of open water [60,61]. The Chlorophyll Index (Cl) on the other hand measures the concentration of
chlorophyll, which is a proxy for algal growth and overall productivity in water bodies. Higher CI values indicate higher chlorophyll
concentrations, suggesting increased algal biomass, which may be associated with eutrophication or changes in nutrient levels [62].

The respective indices were calculated using equations (3) and (4).

_ Green — Nir

NDWI = -
Green + Nir

©)
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Where:
NDWI = Normalized Difference Water Index,
Green % reflectance in the green band,
NIR = reflectance in the near-infrared band.

cr=Puwe_y @
pgreen

where:
Cl = Chlorophyll Index,
PNIR = reflectance in the near-infrared (NIR) band,
pGreen = reflectance in the green band.

2.2.4. GIS-based soil types classification

In this study, we retrieved the soil information from the FAO Digital Soil Map of the World (DSMW). The FAO Digital Soil Map of
the World (DSMW) is a digital version of the FAO-UNESCO Soil Map of the World, prepared on paper at a scale of 1:5 million [63]. The
DSMW provides detailed information on various soil classes and properties, such as texture, pH levels, and organic matter content [63].
The DSMW shapefile was downloaded and imported using the “add layer” function into the QGIS software (QGIS version 3.22.10). The
imported shapefile was clipped using the “clip” tool in QGIS based on the study area shapefile. This ensured that only the relevant soil
information within the study area was retained for further analysis. The clipped soil map was then categorized into different soil classes
based on the FAO-UNESCO Legend, allowing for a more in-depth understanding of the soil composition within the study area. We
employed this comprehensive dataset to examine the spatial distribution of various soil types across the study area and evaluate their
correlations between specific soil types and the chemistry of the soda-saline lakes.

2.2.5. GIS-based geological features classification

The underlying geological information for the study area was derived from world geological maps from the USGS database. We
downloaded the world geological map files from the USGS database in QGIS-compatible formats. Using the “add layer” function within
QGIS, the downloaded geological map was imported into the QGIS project. To assure accuracy, the datasets underwent extensive data
cleaning, which included converting all files to a common Coordinate Reference System (CRS). Subsequently, the world geological
map file sourced from the USGS was merged with the study area shapefile through the “clip” function. Following the completion of the
integration process, a comprehensive classification of the geological features present in the study area was conducted. Each geological
unit was accurately categorized, with distinct colours, patterns, and symbols assigned to facilitate clear differentiation on the map.

2.2.6. Land use land cover (LULC) changes

2.2.6.1. Remote sensing dataset and processing. Landsat satellite images from 2000, 2014, and 2023 were used to analyze LULC changes
in Northern Tanzania over the 23-year study period. These specific years were chosen to identify changes over both the short and long
terms, while also considering the availability of cloud-free images with less than 5 % cloud cover. We utilized images from the Landsat-
5 Thematic Mapper (TM) and the Landsat-8 Operational Land Imagery (OLI) archives available on the Google Earth Engine (GEE)
platform. The images were processed on the GEE platform to classify LULC types within the study area. GEE provides a vast archive of
geospatial data, including satellite imagery, which facilitates large-scale analysis. We processed spectral bands (Blue, Red, Near
Infrared, and Shortwave Infrared) and derived indices such as the Normalized Difference Vegetation Index (NDVI), Normalized Dif-
ference Built-up Index (NDBI), and Normalized Difference Moisture Index (NDMI). These spectral bands and indices were then used as
input features for the supervised classification process. The bands had a spatial resolution of 30 m. Satellite images were acquired from
within the same season for each year to ensure consistency and minimize the effects of moisture and phenological differences [64]. We
selected images captured from June to September, corresponding to the driest period in the study area, to reduce cloud cover and
ensure comprehensive coverage and consistency.

2.2.6.2. Image processing and classification. The Landsat images were processed in GEE and then exported to QGIS version 3.28.6 for
classification and the creation of final LULC change maps. Six LULC classes were identified including water bodies, forests, shrubs/
grasses, bareland, agricultural land, and built-up areas. For each image classification, a minimum of 330 samples were selected by
drawing polygons. These samples were randomly divided into two equal groups, with 50 % used for training and 50 % for validating
the classification accuracy [65]. Additionally, visualization was enhanced by using different-colour composites of the satellite images.
Supervised classification was conducted using the Dzetsaka plugin in QGIS, which supports various machine-learning algorithms.
Additional dependencies were installed to utilize Dzetsaka’s algorithms, including the Scikit-learn 1.0.1 Python package, a standard
library for machine learning [66,67]. The Random Forest (RF) classifier was employed to classify the three Landsat images due to its
robustness in distinguishing various LULC classes across different environment areas [68,69] as well as its high accuracy in the study.
The RF algorithm was trained using reference data gathered through a combination of fieldwork, existing base maps (topographical
maps), and feature digitization from Google Earth using interpretation elements such as size, texture, tone, and shapes. The accuracy
assessment of the study area was based on the confusion (error) matrix derived from the classified LULC data. The LULC classification is
considered incomplete until the accuracy meets the satisfactory threshold defined by Ref. [70] criteria. This analysis employed Kappa
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statistics and overall accuracy to evaluate the classification results.
3. Results and discussion
3.1. Validation of CHIRPS and MERRA-2 data

Fig. 3 (a, b) presents the validation results for CHIRPS (precipitation) data and MERRA-2 (temperature) data against the station
data. The results showed an RMSE of 0.94 (R? = 0.54) for the station-recorded temperature data and MERRA-2 temperature data, and
an RMSE of 65.52 (R? = 0.53) for station-observed precipitation and CHIRPS data. The results suggest that the satellite-based MERRA-
2 temperature data and CHIRPS precipitation data retrieved from the established stations are reliable and suitable for use in drought-
related studies.

3.2. Climate variability

The satellite-based data on rainfall and temperature from 1981 to 2022 in the catchments of the three soda-saline lakes (Manyara,
Natron, and Eyasi) in Northern Tanzania is shown in Fig. 4 (a—f). The results revealed similar precipitation and temperature distri-
bution patterns across the catchment areas of Lake Manyara, Natron, and Eyasi, with only minor differences seen amongst the lakes.
The rainfall data revealed that the region experiences precipitation between late October and May. However, the maximum rainfall
peak occurs in the fall (March-May), while the minimum rainfall occurs in November, December, January, and February. These
observed precipitation distribution patterns are similar to those reported in earlier studies conducted in the region [52,71]. This
pattern suggests a distinct wet season in Northern Tanzania during these months. Precipitation enhances the weathering process of the
adjacent rocks and minerals, causing the chemical constituents to enter the lakes. This influx of chemical constituents from the sur-
rounding soils influences the chemical compositions of the soda-saline lakes. On the other hand, the temperature data shows that the
region consistently experiences maximum temperatures between 25 and 35 °C throughout the year, with the peak months being
January, February, March, September, and October. In contrast, the minimum temperature ranges from 6 to 17 °C in June and July.
The observed temperature distribution patterns in the catchment areas of soda-saline lakes in northern Tanzania exhibit similarities to
the findings previously reported by Ref. [52]. In this semi-arid climate, a higher temperature induces larger evaporations, which
usually exceed precipitation levels, altering the chemical dynamics of the soda-saline lakes. Higher temperatures observed in the
region allow evaporation, concentrating salts and minerals in the water and giving soda-saline lakes their characteristic high salinity
levels. This pattern of temperature and evaporation in the area plays a crucial role in shaping the ecosystem and biodiversity of the
soda-saline lake. Overall, the satellite data provides valuable insight into the seasonal variations in rainfall and temperature within the
catchments of the soda-saline lakes in Northern Tanzania.

3.3. Drought analysis

Fig. 5 shows the time series of the SPEI at 3-month, 6-month, and 12-month timescales calculated using a 40-year-long series of
rainfall and temperature data in three lake basins in northern Tanzania. The SPEI was used to establish the spatio-temporal trends of
droughts in the study area. Consequently, we modelled 3-month, 6-month, and 12-month SPEI for the various lake basins
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Fig. 3. (a) Station temperature versus MERRA-2 temperature data (b) observed precipitation versus CHIRPS data.
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Fig. 4. The average monthly precipitation (mm) and temperatures (°C) for Lake Manyara (a and b), Lake Eyasi (c and d), and Lake Natron (e and f),
respectively.

characterizing the study area. The timescale SPEI curves revealed both drying and wet episodes across the Lake basins. The negative
values (red) reveal years with drought episodes due to high water scarcity, whereas the positive values (blue) indicate years with
sufficient water conditions and, subsequently, wet years in the basin. The 3-month SPEI shows a higher temporal frequency of dry and
wet events, although it does not reveal significant events and long-term trends. Therefore, we adopted the 6-month and 12-month
timescales to discuss the drought conditions in the three lake basins as they are better suited for the detection of historically signif-
icant events and long-term impacts [72].

Across the three basins, the results indicated increasing intensities and duration of droughts over the study period. The spatio-
temporal patterns of droughts exhibited a high degree of similarity across the basins, although some minor differences could be
noted in some years. The SPEI results show that all the basins experienced severe drought conditions in the period 1987-1992,
2000-2010, and 2012-2017. Furthermore, the drought analysis revealed a prolonged drought between 2012 and 2017 across the
studied lake basins. Since 2000, there has been an increase in the frequency of drought episodes, as supported by previous studies in the
region [73-77]. On a larger scale, the drought patterns are also in line with other region-wide studies that reveal the increased
prevalence of droughts and associated severities in the East Africa region and, at large, the Horn of Africa [72,78]. The prolonged
drought events in recent years in the region could be due to the consequence of climate change, which disrupts the patterns of pre-
cipitation and temperature fluctuation. The increased drought events have a significant effect on the health of the various lakes, which
could greatly undermine the ecosystems of the lake environments. The findings of this study are relevant to inform a delicate balance in
resource utilization and environmental conservation for sustainable health of the lake systems in the region. The northern part of
Tanzania is endowed with substantial water resources, which are vital for the socio-economic development of the region and the
sustenance of the livelihoods in the region. Therefore, more prudent management and development of appropriate strategies and plans
for water and environmental resources protection should be prioritized.
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Fig. 5. The evolution of the SPEI for 3, 6, and 12-month timescales in Lake Manyara, Lake Natron, and Lake Eyasi basin shows the variation in the
duration, severity, and intensity of dry and wet events.

3.4. Water quality assessment

3.4.1. Normalized Difference Water Index (NDWI)

Lake Eyasi showed increasing negative NDW!I values from 2000 (—0.116) to 2014 (—0.225), indicating a reduction in water
presence or surface wetness over this period (Table 2). This trend could reflect a fluctuating water level due to changing climate or
anthropogenic pressures, potentially leading to increased evaporation or reduced inflow into the lake over time [44]. By 2023, the
NDW!I value improved slightly (—0.205), suggesting a minor increase in water volume compared to 2014, though still lower than in
2000. Lake Manyara’s NDWI values similarly declined from —0.122 in 2000 to —0.205 in 2014, suggesting a decrease in surface water
or higher turbidity, possibly due to sedimentation or drying trends [79]. However, like Lake Eyasi, its NDWI value in 2023 slightly
increased (—0.18) relative to 2014, indicating a slight recovery in surface water or moisture content most likely due to increased
precipitation.

Lake Natron showed progressively more negative NDW!I values from 2000 to 2023 (Table 2). This negative shift from —0.057 to
—0.119 indicates a decrease in water or surface wetness in the lake, suggesting potentially lower inflow, more evaporation, or
increased sedimentation or turbidity over time. These findings align with the LULC results of the individual lakes (Fig. 9) and those by
other researchers in the lake [5,46].

3.4.2. Chlorophyll Index (CI)

The CI values for the three lakes in northern Tanzania are summarized in Table 3. Lake Eyasi exhibited a steady increase in CI
values, rising from 1.116 in 2000 to 1.742 in 2023. Lake Manyara showed the highest Cl values among the three lakes and a consistent
increase over time, from 1.276 in 2000 to 2.252 in 2023 indicating an increase in chlorophyll concentration most likely due to higher
algal biomass. This increasing trend in the two lakes suggests nutrient enrichment, possibly from agricultural runoff or organic matter
influx, pointing toward eutrophication driven by anthropogenic nutrient inputs as the agricultural land area expanded over the study
period. According to Ref. [80] lakes can change from oligotrophic to mesotrophic, eutrophic, and finally hypertrophic due to excessive

Table 2

NDWI values of the three lakes over the study period (2000-2023).
Lake 2000 2014 2023
Eyasi —0.116 —0.225 —0.205
Manyara —0.122 —0.205 —0.18
Natron —0.057 —0.112 —0.119
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Table 3

Chlorophyll Index (CI) values of the three lakes over the study period (2000-2023).
Lake 2000 2014 2023
Eyasi 1.116 1.428 1.742
Manyara 1.276 1.846 2.252
Natron 1.107 1.275 1.249

nutrient enrichment exacerbated by human activities, with resultant detrimental effects on biodiversity, ecosystem functioning, and
human populations.

Lake Natron had relatively stable Cl values compared to the other lakes, with a slight increase from 2000 to 2014 (1.107-1.275),
followed by a minor decrease by 2023 (1.249). This pattern indicates that chlorophyll levels, and hence algal productivity, have been
relatively stable over time in the lake.

3.5. Soil types classification

Fig. 6 shows the reference soil types observed surrounding the soda-saline lakes in Northern Tanzania, with their key chemical
characteristics detailed in Table 4. The soil groups identified include ferric acrisols (Af), chromic cambisols (Bc), calcic cambisols (BK),
entisols (E), inceptisols (1), eutric fluvisols (Je), distric nitisols (Nd), humic nitisols (Nh), mollic andosols (Tm), ochric andosols (To),
and pellic vertisols (Vp).

The ferric acrisols (highly weathered soils) were distributed near Lake Eyasi, indicating the existence of clay soils with high iron
content [81]. These ferric acrisols are formed through intense chemical weathering and are prevalent in tropical areas such as those
near Lake Eyasi in Tanzania [82]. Pellic vertisols (vp) were widely distributed in the Western part of Lake Natron. This suggests that the
soil has a neutral to slightly alkaline pH, significant base saturation, moderate to low organic matter, and lime accumulation,
developing deep cracks during the dry season [83,84]. Additionally, in the region, we noted the presence of Entisol and Inceptsol soil
orders (USDA Soil Taxonomy). Entisols are young soils with little to no horizon development [85] and are predominant in the Katesh
district near Mount Hanang. In contrast, Inceptisols, with slight horizon development [85], are more widely distributed around Lake
Natron and between Lakes Manyara and Eyasi. The distribution of Entisols and Inceptisols in the region suggests dynamic geological
processes characterized by significant weathering and erosion [85]. Furthermore, eutric fluvisols were distributed along the lowland
areas around Lakes Manyara and Eyasi. The fluvisols form from the active deposition of alluvial deposits carried by rivers and streams,
typically found in river valleys, floodplains, deltas, and coastal plains [86,87]. Depending on the sediment source, fluvisols exhibit a
neutral to alkaline pH, high organic matter, and nutrient content, with considerable amounts of pyrite in the subsoil [86].
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Fig. 6. Distribution of soil type in the study area extracted from the DSMW (Note, Entisol (USDA Taxonomy)/Regosol (FAO), Inceptisols (USDA
Taxonomy)/Cambisol (FAO)).
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Table 4
The key characteristics of the soil groups in the study area (Northern Tanzania).
soil groups Key Characteristics Reference
ferric acrisols highly weathered soil rich in Fe oxides (especially rich in hematite), low-activity clays, and low base saturation, [92,93]
acidic soils
chromic cambisols and calcic The soil profile is characterized by the presence of accumulated carbonate in the soil profile, weakly alkaline or [92,93]
cambisols alkaline reaction low content of humus, equal distribution of main oxides, high base saturation, Al or Fe compounds,

predominant silicate iron over non-silicate iron, powerful, well-expressed carbonate - illuvial horizon

entisols The soil is characterized by neutral-to-alkaline reactions, low to high base saturation, low to moderate levels of iron 941
(Fe3*) and aluminium oxides (Al3*) and can accumulate calcium carbonate (CaCOs3)

inceptisols The soil is characterized by neutral to slightly alkaline reactions, the clay minerals are often illite, kaolinite, or [94]
smectite, with low to moderate base saturation, moderate levels of Iron and Aluminum Oxides and contain calcium
carbonate (CaCOs3)

eutric fluvisols The soil forms as alluvial deposits in the river basins or lowlands, with acid, neutral or alkaline reactions, high base [92,93]
saturation of 50 % or more, content of silicate iron sharply predominates non-silicate iron.

distric nitisols and humic The soil is associated with volcanic regions and weathered basaltic rocks, High concentrations of iron (Fe3*) and [92,93]
nitisols aluminium (AIR*) oxides, low-activity clays, rich in secondary clay minerals (especially kaolinite, and sometimes
illite), high organic Matter Content, and the reaction slight acidic to neutral
mollic andosols and ochric The soil formed from volcanoclastic materials (volcanic ashes and ejecta), moderate to high organic matter [92,93]
andosols contents, non-crystalline aluminium (Al**) and iron oxides (Fe3*), and moderate to high base saturation
pellic vertisols The soil profile is characterized by the humus horizon, presence of carbonate-illuvial horizon, uniform distribution [92,93]
of main oxides, weakly alkaline reaction, and in some cases labile soluble salts and gypsum accumulate in the soil
profile.

In the Western part of Lake Natron and Eyasi and the eastern part of Lake Manyara, we identified the presence of chromic cambisols
(Bc) and calcic cambisols, characterized by slight to moderate weathering of the parent material. Chromic cambisols exhibit a neutral
to weakly acidic reaction [88], while calcic cambisols are alkaline [88]. The observed presence and distribution of mollic andosols and
ochric andosols near Lake Natron, Manyara, and the Ngorongoro area indicate that volcanic activity (lavas, ash, tuffs, pumice, and
other volcanic ejecta) and earthquakes [12,35] are predominant in the region. The occurrence of andosols in the study area aligns with
their prevalence across Africa’s rift systems [89-91]. These soils are derived from volcanic ash and other volcanic ejecta and are
characterized by the presence of allophanes, imogolite, and ferrihydrite [89]. The prevalence of Andosols in the East African Rift
Valley is due to the region’s volcanic activity and high elevations [90,91]. The presence of andosols also suggests a history of explosive
volcanic eruptions in the region, leading to the deposition of volcanic materials over time. In addition, we observed the presence of
strongly weathered basaltic volcanic deposits (Nitisols) in the region. Humic nitisols are widespread across the Ngorongoro crater,
influencing the alkalinity of Lake Magadi [35]. Distric nitisols are widely distributed between Lake Manyara and Eyasi and in the
Katesh area of Mount Hanang. The distribution of the nitisol soil type highlights geological complexity and the predominance of
volcanic activity in the region. The diverse soil types in the region play a critical role in shaping the chemistry of the surrounding
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Fig. 7. The geological map of the study area generated from the World Geological Map USGS database.
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soda-saline lakes. Each type originates from different parent materials and exhibits distinct chemical characteristics. The interaction of
the lake water with the soil groups through weathering and dissolution introduces key chemical constituents to the lakes that influence
the lake’s water chemistry. The leaching, runoff, and sediment deposition processes, release dissolved ions and minerals into the water
and contribute to higher alkalinity of soda and soda-saline lakes. Soils rich in carbonates, such as Chromic and Calcic Cambisols,
Entisols, and Inceptisols, contribute to the alkalinity of these lakes by providing carbonate ions, which buffer the pH and maintain high
alkalinity. Soils with high base saturation and weakly alkaline reactions, like Eutric Fluvisols and Pellic Vertisols, supply essential salts
and ions, promoting the saline conditions typical of soda-saline lakes. Volcanic soils like Andosols and Nitisols, add volcanic mineral
contents and contribute to higher alkalinity of the soda and soda-saline lakes. Alkaline and carbonate-rich soils directly correlate with
the high pH and salinity of soda and soda-saline lakes, while soils with volcanic or high iron content influence the mineral composition.
The interaction of lake water and these soil types creates a dynamic balance in the lake’s pH, alkalinity and nutrient dynamics, leading
to variations in primary productivity, algal growth, and overall lake ecosystem health.

3.6. Geological features

The geological attributes of the areas surrounding the soda and soda-saline lakes in northern Tanzania are depicted in Fig. 7, and
the key chemical constituents are detailed in Table 5. The map reveals diverse geological features, including Kimberlite (Kimb),
Precambrian-Cambrian (pCm), Quaternary (Q), Quaternary Eolian (Qe), Quaternary Volcanics (Qv), Tertiary (T), and Tertiary
Intrusive (Ti).

Kimberlite mineral deposits are distributed in clusters in the western parts near Lake Eyasi in the Meatu and Bariadi districts.
Kimberlite igneous rock contains a variety of minerals, including olivine, mica, serpentine, calcite, monticellite, apatite, and smaller
amounts of dolomite, phlogopite, spinel, perovskite, and ilmenite [95-98]. The composition of olivines and spinel is dominated by
dolomite, calcite, and alkali carbonates, with a smaller amount of silicate and oxide minerals [98,99]. Olivine secondary inclusions
host an assemblage of Na-K carbonates and chloride [98]. Weathering of kimberlite mineral deposits contributes alkali carbonates and
silicates, which raise sodium and potassium levels in the lakes, enhancing the alkaline nature of the soda and soda-saline lakes.

The extensive coverage of Precambrian-Cambrian (pCm) rocks observed in the Western, Southern, and Eastern regions indicates
stable geological conditions during the transition from the Precambrian to the Cambrian period, marked by consistent sediment
deposition. Precambrian rocks, including intrusive granitic and volcanic rocks, feature minerals such as feldspar, pyroxene, micro-
crystalline quartz, olivine, calcium carbonates, iron carbonates, dolomites, and magnesite [100-102]. Precambrian rocks, rich in
calcium carbonates and silicates, provide carbonate ions that help maintain high pH and support the formation of soda minerals like
trona which correlates to the trona formation in the soda lakes. Cambrian sediments, comprising basal conglomerates, sandstone, and
siltstone, contain quartz, moganite, calcite, dolomite, feldspar, phyllosilicates, zircon, monazite, uranophane, thoriante, xenotime,
pyrite, and gold [100,102]. Cambrian sediments, containing quartz, dolomite, and feldspar, supply additional carbonate and silicate
minerals, further contributing to the alkaline environment of the soda and soda-saline lake.

Quaternary (Q) formations are found in scattered patches around Lake Manyara, Eyasi, and the southern part of the region, while
Quaternary Volcanic (Qv) formations are primarily distributed in the Eastern part of Lake Natron, Southeastern Longido, and Eastern
Monduli districts. This distribution indicates significant volcanic activity and sedimentary deposits from the Quaternary period.
Quaternary Eolian (Qe) formations were found in patches, particularly in the western part of Lake Natron, the western areas of Longido
and Monduli districts, and the southern part of the Eyasi rift. This suggests that wind deposition is actively shaping the landscape in the
region. Tertiary (T) formations are distributed in the Monduli districts northeast of Lake Manyara, Southwest of Lake Eyasi, and on
Mount Hanang in the Katesh districts. Tertiary intrusive (Ti) formations are primarily located in the Ngorongoro Crater in the Southern
region of Lake Natron, extending towards Lake Eyasi in the North, with smaller portions found in the Northern part of Lake Natron and
on Mount Hanang in the Katesh districts. Our observations align with the previous study’s reported dominance of volcanic and tectonic
activity in the region [12,47-51]. The presence and distribution of quaternary to tertiary intrusive volcanoes indicate active tectonic
and volcanic activity in the region. Evidence of this ongoing volcanic activity includes the natrocarbonatite volcanoes, such as Oldonyo
Lengai, and distinct geological features like cinder cones, lava flows, mudflows, pyroclastic flows, pumice, and volcanic ash [33,47,48,

Table 5
The geological features and key chemical constituents in the study area (Northern Tanzania).
Geological features rock minerals Key Chemical Constituents Reference
Kimberlite mineral olivine, mica, serpentine, calcite, monticellite, alkali carbonates (Na-K carbonates), chloride, silicate and oxide [95-98]
deposits apatite, and smaller amounts of dolomite, minerals
phlogopite, spinel, perovskite, and ilmenite
Precambrian rocks intrusive granitic and volcanic rocks feldspar, pyroxene, microcrystalline quartz, olivine, calcium [100-102].
carbonates, iron carbonates, dolomites, and magnesite
Cambrian sediments basal conglomerates, sandstone, and siltstone, contain quartz, [100,102]

moganite, calcite, dolomite, feldspar, phyllosilicates, zircon,
monazite, uranophane, thoriante, xenotime, pyrite, gold

quaternary to tertiary natrocarbonatite volcanoes (cinder cones, lava alkali carbonate minerals, such as nahcolite (NaHCOs), trona [33,47,48,
intrusive flows, mudflows, pyroclastic flows, pumice, and (NazH(COs3)2:2H20), thermonatrite (Na2COz-H20), pirssonite 50]
volcanoes volcanic ash) (CaCO3-Na2CO3-2H:0), gaylussite (CaCOz-Na2COs-5H20), and

calcite (CaCO3)
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50]. The primary volcanic deposits in the region consist of alkali carbonate minerals, such as Na,Ca(CO3), and Na,COj; [33], which
greatly influence the chemistry of the soda-saline lakes. The interaction between volcanic materials and lake waters contributes to the
lakes’ unique chemical composition, characterized by high alkalinity and distinctive ecological conditions [18,19]. The influence of
volcanic activity, particularly from natrocarbonatite volcanoes, is significant, as they release large amounts of sodium carbonate
minerals such as trona and nahcolite into the lakes. The continuous input of volcanic gases and minerals into these lakes plays a vital
role in shaping the physical landscape and maintaining the ecological diversity and unique c alkaline water chemistry of the
soda-saline lakes.

3.7. Land use and land cover (LULC) changes

3.7.1. Accuracy statement
The overall accuracies were above 80 % while the Kappa coefficients were greater than 0.70 (Table 6). These results were within
the acceptable range; therefore, we proceeded to use the classification outputs [65,103].

3.7.2. LULC and lake areas statistics and maps

The LULC classes showed spatial and temporal variations, as seen in Table 7 and Fig. 8. In 2000 and 2014, bareland covered most of
our study area (58.73 % and 50.77 %), while shrubs and grasses comprised the second largest LULC type (21.80 % and 33.47 %)
respectively. As of 2023 shrubs and grasses dominated the study area (37.66 %) which is closely followed by bareland (37.48 %). Built-
up areas formed the least cover of the study area for all three years. Water bodies covered the second smallest area (5.07 %, 2.87 % and
3.05 %) throughout the study years (Table 7).

The analysis of the individual lakes revealed that Lake Eyasi had the largest area coverage across all three study years, as shown in
Table 8. In contrast, Lake Manyara had the smallest area in both 2000 (54,873.81 ha) and 2014 (21,760.61 ha). By 2023, however,
Lake Natron had the smallest area (20,368.59 ha) indicating distinct patterns of area change among the lakes over time. In 2014, both
Lakes declined in their catchment areas, as shown in Fig. 9. This reduction may be attributed to the prolonged droughts between 2000
and 2017, as depicted in Fig. 5. The extended periods of drought likely played a significant role in reducing precipitation, and water
inflow, leading to the observed shrinkage in lake size during this period.

Regarding spatial distribution, water bodies were located in the southern and northern parts of the study area, forest in the central,
shrubs and grasses in the south and southwest, agricultural lands in the southeast and bare lands throughout the study area (Fig. 8).
These classes displayed variations in cover over time, contributing to the changes in the chemistry of the lakes.

The spatial and temporal variations of the individual lakes are displayed in Fig. 9.

3.7.3. LULC and lake changes

There were dynamics in the areas of the numerous LULC classes over time as shown in Table 9. During the first study period
(2000-2014), there was a substantial drop in forest areas (—45.15 %), water bodies (—43.39 %), as well as bareland (—13.56 %). On
the other hand, areas under agricultural land (17.04 %), built-up areas (384.63 %), and shrubs and grasses (53.54 %) increased. In the
second period (2014-2023), all LULC classes except bareland increased in area (Table 9). Overall (2000-2023), there was a decrease in
areas under water bodies (—39.80 %), forests (—22.57 %) and bareland (—36.18) while agricultural land (111.01 %) built-up areas
(434.72 %), shrubs and grasses (72.77 %) increased. Previous studies using RS in the Urmia Lake basin in Northwestern Iran and Lake
Naivasha in Kenya have similarly shown an increase in agricultural lands and urban/built-up areas, with a corresponding decrease in
the lake/water bodies area largely due to anthropogenic activities and climatic changes [104,105].

The expansion of built-up areas in our study area can be linked to population increase over the years [106]. The population increase
subsequently results in agricultural expansion and intensification to meet the food and commercial demands of the population [107].
An increase in agricultural activities is often associated with increased water abstraction through irrigation and the use of inorganic
fertilizers, pesticides and herbicides which eventually alter the chemical composition of the water bodies in addition to promoting
algal bloom [36,108]. Population increase also translates to an increase in domestic and commercial effluent discharge which results in
water resources contamination. Earlier research has also shown anthropogenic alterations as the leading cause of significant changes in
land use and water storage for most lakes [105]. There was a notable decrease in the forest cover in the study area over the two decades
most likely due to anthropogenic activities. Deforestation and forest degradation expose soils and rocks to weathering and erosion,
resulting in increased sediment loads and nutrient inputs into lake waters thereby altering their chemical compositions [40].

A further analysis of the individual lakes also showed changes in their area coverage between the study years. Lake Natron steadily
decreased between 2000-2014 and 2014-2023 while Lakes Eyasi and Manyara likewise decreased between 2000 and 2014 but later

increased between 2014 and 2023 (Table 7). Overall, negative area changes were recorded for Lake Natron (—52,964.31 ha) and Lake
Eyasi (—46,805.76 ha) while a positive area change was noted for Lake Manyara (162.36 ha) (Table 10). The reductions in lake surface
areas can be linked to water abstraction [109] and climate variability [110], which have had a considerable effect on water volumes.

Table 6
Accu racy assessment.
2000 2014 2023
Overall accuracy 92.55 84.59 81.57
Kappa hat 0.87 0.75 0.72
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Table 7

LULC areas and percentages for 2000, 2014 and 2023.
LULC Class 2000 2014 2023

Area (ha) Area (%) Area (ha) Area (%) Area (ha) Area (%)

Water bodies 262304.42 5.07 148491.07 2.87 157900.61 3.05
Forest 334007.72 6.46 183211.33 354 258615.37 5.00
Shrubs & grasses 1127623.3 218 1731349.05 33.47 1948192.3 37.66
Bareland 3037905.51 58.73 2626045.29 50.77 1938675.6 37.48
Agricultural land 410050.59 7.93 479914.71 9.28 865253.47 16.73
Builtup 748.8 0.01 3628.89 0.07 4003.99 0.08
Total 5172640.34 100 5172640.34 100 5172641.34 100
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Fig. 8. Map showing the spatial distribution of the various LULC classes over the study period.
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Fig. 9. Maps showing the spatio-temporal dynamics of the three lakes in the study area.

Table 8
Individual Lakes statistics for 2000, 2014 and 2023 in the study area.
Lake name 2000 2014 2023
Area (ha) Area (ha) Area (ha)
Lake Natron 73332.90 34970.02 20368.59
Lake Eyasi 115284.80 35788.93 68479.04
Lake Manyara 54873.81 21760.61 55036.17
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Table 9
LULC changes between the study years.
LULC class 2000-2014 2014-2023 2000-2023
ha % ha % ha %
Water bodies —113813.35 —43.39 9409.54 6.34 —104403.81 —39.8
Forest —150796.39 —45.15 75404.04 41.16 —75392.35 —22.57
Shrubs & grasses 603725.75 53.54 216843.25 12.52 820569 72.77
Bareland —411860.22 —13.56 —687369.69 —26.18 —1099229.91 —36.18
Agricultural land 69864.12 17.04 385338.76 80.29 455202.88 111.01
Built up 2880.09 384.63 375.1 10.34 3255.19 434.72
Table 10
Changes in individual Lake area coverage between the study years.
Lake name 2000-2014 2014-2023 2014-2023
Area (ha) Area (ha) Area (ha)
Lake Natron —38,362.88 —14,601.43 —52,964.31
Lake Eyasi —79,495.87 32,690.11 —46,805.76
Lake Manyara —33,113.20 33,275.56 162.36

These decreases in volume, in turn, influence the dynamic water chemistry of the lakes by altering the concentration of dissolved
minerals and other key chemical elements, thereby affecting the overall ecological balance and health of the lake ecosystems.

Our results align with a time series study of Lake Natron’s surface area between 1984 and 2011 which similarly showed a high
degree of variability in the lake levels due to climate variability and catchment degradation [5]. A mixed-method approach, involving a
multidisciplinary stakeholders’ engagement identified decreasing water levels, human activities near the lake, siltation and evapo-
ration as the key challenges facing Lake Manyara [79]. A study of Eastern Rift Valley Lakes in Northern Tanzania comprising the three
lakes (Natron, Eyasi, Manyara) among others also linked the fluctuations in lake water levels to geologic, climatic, and biological
events occurring within and outside the lake [111].

4. Conclusions

This study explores the complex interactions between environmental factors, human activities, and the chemical composition of
soda-saline lakes in Northern Tanzania using remote sensing (RS) and geographical information systems (GIS) approaches. The
findings revealed that the region is characterized by climate variability, with extended droughts between 2000 and 2017. This suggests
that climate variability and drought events in the region can lead to increased evapotranspiration, shaping the chemistry of soda and
soda-saline lakes. The region’s diverse soil types, including ferric acrisols, chromic cambisols, calcic cambisols, entisols, inceptisols,
eutric fluvisols, distric nitisols, humic nitisols, mollic andosols, ochric andosols, and pellic vertisols. Additionally, geological processes
in the region ranged from the Precambrian-Cambrian to Tertiary Intrusive periods, driven by volcanic and tectonic activity. The re-
gion’s diverse soil mineralogy and volcanic activity suggest that soil and volcanic activities are key drivers in introducing unique
chemical components through weathering and erosion, affecting the lakes’ alkalinity, salinity, and pH. The study also reveals sig-
nificant land use/land cover (LULC) changes over the 23 years (2000-2023), including reductions in water bodies, forests, and
bareland, alongside increases in agricultural land, built-up areas, and shrubs and grasses. A more detailed analysis of the individual
lakes revealed notable changes in their area coverage. Lake Natron experienced a consistent decline in size during both periods, from
2000 to 2014 and 2014-2023. In contrast, Lakes Eyasi and Manyara also saw a reduction in the area between 2000 and 2014, but
unlike Lake Natron, both lakes showed a reversal in this trend, with their areas expanding between 2014 and 2023. This variation
highlights the differing hydrological responses, catchment degradation, siltation and evaporation of these lakes over time, providing
valuable insights into their distinct environmental dynamics. Understanding the dynamic interactions of the environmental variables
and anthropogenic is essential for developing effective conservation and management strategies to protect the ecological health of
soda-saline lakes. Implementing sustainable land use practices and minimizing pollution is key to preserving biodiversity and
maintaining water quality for future generations.

5. Limitations of the study

While this study provides valuable insights into the environmental and human factors influencing soda-saline lake chemistry,
several limitations should be acknowledged:

1. The study primarily relies on satellite-based data due to the unavailability of on-site station data. Although useful for large-scale
observations, satellite data may lack the resolution needed to capture finer, short-term variations in climate.
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2.

The study does not account for future climate change projections, which limits its ability to predict long-term impacts on lake
ecosystems and water chemistry. Incorporating future projections could provide a more comprehensive understanding of potential
future changes.

. While the study addresses land use changes driven by human activities, it does not include an analysis of chemical pollutants

generated from anthropogenic sources. Assessing the levels and types of pollutants entering the lakes from anthropogenic sources
would provide a clearer picture of human impact on lake chemistry.

. The GIS-based soil and geology classifications may have inherent limitations which require field and ground data validation.
. The study lacks data on the chemical composition of the soils and geological formations surrounding the lakes. Including this

information could provide a more detailed understanding of how local soil and geology influence the lakes’ chemical profiles.

Addressing these limitations in future research could significantly improve the precision and depth of insights into the environ-

mental and human-induced factors affecting soda-saline lakes.
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