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Abstract 

Paleoenvironmental investigations establish important baseline knowledge of 
the natural variability of lake systems, to better understand human impacts on 
the landscape, and the effects of climate change on water resources. By combin-
ing long-term environmental history with investigations into modern land use 
patterns and climatological events, a wider perspective can be reached that has 
practical applications in water governance. This thesis presents a case study of 
Lake Basotu (4.37°S, 35.07°E), a crater lake in the Hanang district of north-
central Tanzania, which acts as an important source of freshwater for local peo-
ple. A three-meter long sediment core from an interior crater of Lake Basotu was 
investigated using proxy records (diatoms, magnetic parameters, and carbon 
content) and radiometric dating (14C and 210Pb). The Lake Basotu record was 
then compared to other sediment-based reconstructions from East Africa and 
records of historical famines to better place it into the timeline and understanding 
of regional climate dynamics. This work was extended into modern times (1973–
2015) by examining lake extent variations in the Landsat satellite archive. Shore-
line boundaries for dry-season images were delineated and lake extent was cal-
culated using GIS techniques. This remote sensing record was compared to cli-
matological patterns, meteorological records, and the history of land-use 
changes in the surrounding district. As a whole, the Lake Basotu record indicates 
that major fluctuations in lake level are not abnormal; however, human influence 
has likely increased the lake’s sensitivity to climatic fluctuations. The timing of 
historical famines in East Africa were linked to periods of shallow lake condi-
tions in Basotu, and the duration of the most extreme lake level changes correlate 
to a reversal in the 14C age-depth model. Recent variations in lake extent are 
likely connected to a mechanized wheat farming program implemented in the 
district as a foreign aid project in the early 1960s. To support the work done in 
Basotu, a preliminary investigation of sediment from the nearby Lake Babati 
was undertaken. Sediment from the two lakes indicates that their geographical 
location may be in a transition zone towards dryer conditions to the south during 
the Little Ice Age in East Africa. The results of this thesis support that Lake 
Basotu is an important location for understanding the potential impacts of cli-
mate change and human activity on water resources in this region. 



 

Sammanfattning 

Denna avhandling presenterar en studie av Lake Basotu (4.37° S, 35.07° Ö), en 
kratersjö i Hanang-distriktet i norra Tanzania som är en viktig sötvattenskälla 
för lokalbefolkningen. Sedan 1960-talet har konflikter uppstått över tillgången 
till vatten och användningen av marken kring sjön. För att bäst skilja effekterna 
av mänsklig aktivitet på Basotu-sjön från naturlig variation, tillämpas i 
avhandlingen en tvärvetenskaplig metod. Genom att kombinera långsiktig 
miljöhistoria med studier av nutida markanvändningsmönster och 
klimatologiska händelser nås en bred förståelse av sjön som vattenresurs, av 
praktisk betydelse för vattenförvaltning (governance). Strategier för bevarande 
av vattenresurser är särskilt viktiga, eftersom nederbörden i Tanzania förväntas 
bli alltmer opålitlig på grund av prognosticerade klimatförändringar. 

Basotu-sjöns naturliga variabilitet bedömdes genom analys av sediment från 
sjöns inre krater. En sedimentkärna från Basotu-sjön analyserades med avseende 
på diatoméer. Olika diatoméarter har olika preferenser gällande salthalt. Detta 
innebär att sedimentkärnan kunde delas in i åtta zoner, som var och en beskrevs 
med avseende på den generella miljön, baserat på diatoméerna som 
miljöindikatorer. Analys av mineralmagnetiska egenskaper och kolinnehåll 
användes tillsammans med diatomédata för att ge ett bredare perspektiv på 
sjönivåförändringar. Samtliga data användes för att utveckla en kronologi 
baserad på klimatförändringar som registrerats i andra studier av sediment från 
Östafrika och på historiska uppgifter om perioder av hungersnöd som har 
påverkat regionen. Analyserna tyder på att Basotu-sjön är känslig för torra 
förhållanden med potential att torka ut till en våtmark. 

Moderna förändringar i Basotu-sjöns utbredning registrerades genom manuell 
avgränsning av strandlinjer i Landsat-registreringar från 1973 till 2015. 
Förändringar mellan registreringsåren jämfördes med lokala nederbördsdata 
samt med ENSO- och IOD-index. Resultaten indikerar att Basotu-sjön har blivit 
mer känslig för extrem nederbörd sedan ca 1996. Översvämningar under de 
senaste åren föregicks av ett försök att implementera mekaniserad veteodling i 
området kring Basotu-sjön, och är en sannolik effekt av en ökad 
sedimenttransport till Basotu-sjön på grund av otillräckliga markvårdsåtgärder. 
För att fastställa hur markanvändningsaktiviteter kan ha påverkat sjöns ekologi 
jämfördes en markanvändningskronologi som går tillbaka till början av 1960-
talet med de moderna sjönivåvariationerna. Telefonintervjuer genomfördes med 
två lokala informanter för att validera information i tidningsartiklar och rapporter 
från biståndsorganisationer. Den areella ökningen av veteodling i Hanang-
distriktet uppvisade en negativ korrelation med sjöstorleken, sannolikt ett 
resultat av regnbevattning av veteodlingarna, vilket har minskat ytavrinningen 
och därmed tillskottet av vatten till sjön.  

Studien av Basotu-sjön indikerar att stora svängningar i sjöns vattennivå inte 
är onormala. Emellertid har människans miljöpåverkan sedan 1960-talet 
sannolikt ökat sjöns känslighet mot fluktuationer i nederbörd. Arbetet som 
presenteras i denna avhandling bidrar till att bättre förstå hur Basotu-sjön 
reagerar på såväl naturliga som antropogena processer, och ger riktlinjer för 
framtida forskning i liknande miljöer. Vidare presenteras belägg som betonar att 
Basotu-sjön är viktig för förståelsen av potentiella effekter av klimatförändringar 
och mänsklig aktivitet på vattenresurser i regionen. 



 

Thesis Content  

This thesis consists of three papers and a comprehensive summary. The three 
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1 Introduction 

A long-time struggle in climate science has been the difference in opinion 
between what scientists and stakeholders deem useful information. As climate 
change impacts are far-reaching, it is more important than ever to bridge that gap 
and provide more usable information for adaptation and mitigation strategies. In 
2015, 193 member states signed on to the United Nations (UN) Sustainable 
Development Goals (SDGs), which proposed 17 goals for meeting “the needs of 
the present without compromising the ability of future generations to meet their 
own needs” (UN, 2016). While these are not legally binding, they represent the 
acknowledgment that action is necessary. The concept of adaptation was nearly 
abandoned by political ecologists in the 1970s due to critiques of theoretical 
deficiencies by political economists claiming that the framework did not address 
the “social structural causes of vulnerability” (Bassett & Fogelman, 2013, p 45). 
However, since publication of the assessment reports of the Intergovernmental 
Panel on Climate Change (IPCC), adaptation has seen a resurgence in climate 
change literature (Bassett & Fogelman, 2013).  

Adaptation research is challenged by the need for designs and 
implementations to be context-specific as well as relevant to those in policy and 
decision making positions (Juhola & Kruse, 2015), thus bridging the gap 
between scientist and stakeholder. Adopting an approach, which utilizes 
multiple methods and disciplinary tools, speaks to the interconnectedness of the 
physical and social dimensions involved in climate change (Shaman et al., 2013). 
Nonetheless, adaptation strategies cannot be addressed before vulnerabilities are 
explored and risks are conceptualized (Füssel, 2007). 

A growing collaboration between traditional climate scientists working with 
paleoproxy records and archaeologists has emerged in recent years. The 
archaeological record is relevant to modern resilience, as it is an indicator of 
flexibility and adaptability in the face of a changing climate (Rockman, 2011). 
The Peloponnese region of Greece is one example of an area where there is a 
long comparison between multiple-proxy reconstructions and archaeological 
records, which focuses on how ancient societies responded to climate change 
(Weiberg et al. 2016). Similar work has been done in East Africa by the 
Resilience in East African Landscapes project (REAL); a Marie Curie funded 
partnership of seven research institutes bringing together multiple disciplines to 
understand the linkages between environmental change and social dynamics 
(www.real-project.eu).  

Separating natural variability from that which is anthropogenically induced is 
integral to planning efforts and assessment of the resources, as few ecosystems 
on Earth have been unaffected by human-driven processes (P.J. Lane, 2010). By 
understanding the dynamics of paleoenvironments we can better grasp how past 
societies were affected by and responded to fluctuations in climate, as well as 
make inferences as to the sustainability of their practices (P.J. Lane, 2015a). 
Taking this one-step further, the combination of paleoecological reconstructions 
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with modern observations allows assessment of the sustainability of practices 
associated with individual resources and fills gaps in data occuring due to the 
absence of physical monitoring. Dearing et al. (2010) state that: 
 

A framework for studying land systems would ideally encompass the whole range 
of relevant temporal (and spatial) scales from the very long, multimillennial to the 
very short (annual, seasonal or even shorter), even though in practice the relevance 
of any timescale cannot normally be known a priori (p 21). 

 
Whether past changes are appropriate analogues for present and future change is 
often debated, but it is not possible to fully understand socioenvironmental 
changes of today without looking to the past (Dearing et al., 2010; Stump, 2010). 

Throughout human history, settlements have developed alongside water 
resources such as seashores, rivers, and lakes. As lakes are sensitive to both 
human influence and climatic fluctuations, they are a suitable medium for 
paleoenvironmental research. In particular, small, closed-basin lakes are 
desirable due to their hydrologic simplicity (Verschuren, 1999; Wolin & Stone, 
2010; Ryves et al., 2011). Methods of environmental reconstruction based on 
lake sediment allow us to ascertain the natural variability of a lake system and 
when it may have become stressed (Smol, 1992). Embedded in lake sediment is 
an archive of lake history in the form of physical and chemical signatures, which 
act as a proxy for a variety of information regarding the time of deposition (Smol, 
1992; Cohen, 2003). These signatures include biological assemblages in the 
form of pollen, insects, macrofossils, and diatoms (microscopic silica-based 
algae). Physical parameters include variations with depth in grain size as well as 
the general appearance of the sediment in colour and texture. Chemical changes 
are noted in elemental and isotopic variations. 

Using these various proxies, paleolimnological reconstructions can determine 
the timing of events of anthropogenic origin, such as cultural eutrophication (Otu 
et al., 2011) and deforestation (Kiage & Liu, 2009). As a basic principle in the 
hydrology of lakes is that lake level rises during wet periods and falls during dry 
periods, and it is also possible to identify the timing of climatic events (Wolin & 
Stone, 2010). Employing a method that combines multiple proxies helps to 
balance out the strengths and weaknesses of the respective methods of analyses, 
as long as the interpreter avoids the tendency to make the data “fit” together 
(Birks & Birks, 2006). 

A wider understanding of the availability, use, and health of freshwater 
resources is important as water scarcity is predicted to affect two-thirds of the 
world’s population by 2025 (UNDESA, 2016). Of the continents, Africa has the 
second smallest percentage of the world’s freshwater resources at 9%, followed 
only by Australia (FAO, 2003). In particular, Sub-Saharan Africa (SSA) has 
more water-stressed countries than any other region (UNEP, 2010; UNDESA, 
2016). In addition to being water-stressed, water access in SSA is deterred 
further as it is currently the poorest and least developed region in the world and 
lacks the economic resources to meet human demands (WWAP, 2012). 
Population growth in SSA is one of the highest in the world, with child mortality 
rates decreasing and fertility rates slow to follow (Canning et al., 2015). Within 
SSA, Tanzania is expected to experience the largest increase in population, 
potentially reaching 200 million people by 2060, a growth of ~340% (Canning 
et al., 2015).  
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The Food and Agriculture Organization (FAO) of the United Nations (UN) 
has determined 1000 m3 of water per year per inhabitant to be the minimum to 
“sustain life and ensure agricultural production” in irrigation dependent 
countries (FAO, 2003 p. 21). Tanzania currently falls at 2591 m3 per year per 
inhabitant, but as this value is calculated per capita and based on the estimate of 
the amount of water available to the country after determining the quantity of 
reserved flows, it is in danger of falling (FAO, 2003). Understanding climatic 
variability in Tanzania therefore has widespread implications for its food and 
water security, especially as the UN Millennium Development Goals Indicators 
have reported that 32% of the population of c. 53 million are undernourished 
(UN, 2015). Food security in Tanzania is predicted to further decline with 
climate change as production capacity becomes increasingly limited by 
temperature rise and water scarcity, putting additional stress on people and 
resources (Arndt et al., 2012). 

Annual precipitation potentially represents up to 50% of evapotranspiration 
demands in semi-arid regions, meaning that a smaller proportion of fallen 
precipitation is actually available to plants (Stewart & Peterson, 2015). Due to 
increasingly unreliable precipitation, historically rain fed agricultural projects 
will need to explore water supplementation by irrigation, and water extraction 
from basins is expected to increase both for domestic and agricultural purposes 
(Lecoutere, 2011). The 2012 United Nations Water (UN-Water) country brief on 
Tanzania lists “inadequate hydrological data and information” as a contributing 
factor to mismanagement of water resources (p 5). Lyakurwa et al. (2014) have 
made the seriousness of such data deficiency clear in a study exploring the levels 
of water scarcity in the nine major water basins of Tanzania. Water scarcity 
levels in six of the nine basins were determined to be extreme, meaning low 
replacement related to extraction of freshwater. This was determined using the 
quantity of freshwater available, as well as its various uses, and a model 
accounting for the required amounts of maintenance of ecological systems. 

In semi-arid regions of the world, like Tanzania, the amount of rainfall is not 
the limiting factor in agricultural productivity, but rather the unreliability of that 
rainfall (Rockström et al., 2010). There is a pattern of variability within the sea 
surface temperature (SST) of the western and eastern Indian Ocean, known as 
the Indian Ocean Dipole (IOD), which influences precipitation in East Africa. In 
the positive phase of the IOD, warmer than average SST in the western Indian 
Ocean leads to enhanced convection along the coast of Africa. This brings severe 
rainfall and enhanced easterly winds (Saji et al., 1999; Ummenhofer et al., 2009). 
During the next century, the western Indian Ocean is expected to experience 
enhanced warming, with 2015 demonstrating a historical high in its sea surface 
temperature (IPCC, 2013; Johnson & Parsons, 2016). This would indicate more 
rainfall over East Africa. However, a non-homogeneous hidden Markov model 
(NHMM) for projecting 21st century precipitation in Tanzania has shown that 
annual precipitation is expected to decrease, while the intensity of rainfall will 
increase (Cioffi et al., 2016). This projection was based on 40 years of daily 
rainfall data and re-analysis data from the National Centres for Environmental 
Prediction-National Centre for Atmospheric Research (NCEP-NCAR).  

This trend towards more intense rainfall has already been noted. Between 
1990 and 2014, the frequency of flood disasters, obtained from the international 
disaster database (EM-DAT), has increased across Africa as a whole, with losses 
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concentrated in the eastern region and Tanzania listed as a “flood-prone” country 
(Li et al., 2016). In April 2016, Tanzanian news reported flash flooding in 
northern Tanzania that was responsible for livestock deaths and destruction of 
crops and food storage (Xinhua, 2016). The unusually heavy rainfall over East 
Africa in 2015 and 2016 was most likely connected to the strong 2015–2016 El 
Niño (Becker, 2016). In the Hanang district, 900 acres of farmland were washed 
away, with deforestation and land-clearing for agricultural purposes suggested 
to be responsible (Xinhua, 2016). This shows how climate extremes and land use 
may interact in causing severe effects on the society. In a spatio-temporal 
analysis of the distribution of flood disasters across Africa, the frequency of 
flooding was significantly positively correlated with the rate of deforestation; 
meaning that as forest coverage is reduced, the rates of flooding increase (Li et 
al., 2016). Due to land degradation, severe precipitation will likely continue 
leading to flooding rather than effective recharge of groundwater, since degraded 
and compacted soils are unable to absorb the rainfall.  

Babati, a town in the Manyara Region of Tanzania, has experienced severe 
flooding in recent history due to its proximity to Lake Babati, which is highly 
responsive to precipitation (National Audit Office, 2012). A national disaster 
was declared in 1990 when lake levels rose so significantly that an outlet was 
created, running directly through the town (Gerdén et al., 1992). An 
environmental impact assessment (EIA) on the 1990 flood in Babati was 
conducted the following year, using climatological data and aerial photos from 
1954, 1960, 1970, and 1990 (Strömquist, 1992). According to this EIA, flooding 
of Babati was most likely due to variability in rainfall rather than land-use 
changes, although the common opinion beforehand was that land clearing had 
increased run-off and sedimentation of the lake. This conclusion was made based 
on a 1964 flood, which occurred before substantial changes to the surrounding 
vegetation had taken place. A subsequent study (Sandström, 1995) determined 
that although the floods in 1964 and 1990 were triggered by heavy rainfall, the 
main driving mechanism was landscape change. The 1991 EIA did acknowledge 
that the current state of cultivation surrounding Lake Babati favours infilling of 
the lake due to erosion and that an analysis of past landscape changes would be 
necessary to better explain recent impacts (Strömquist, 1992). The flooding 
situation in Babati is an example of a situation where the modern understanding 
of lake dynamics could benefit from a paleolimnological investigation. 

Understanding the causes of flooding events in small lakes could mean the 
difference between substantial damage to environment and infrastructure, and 
the potential restoration of ecosystems. Holmgren and Scheffer (2001) suggested 
that precipitation related to the El Niño-Southern Oscillation (ENSO) might 
offer the potential to restore degraded ecosystems in arid and semi-arid regions 
of the world by inducing vegetation. In opposition, investigation of flooding in 
four Kenyan lakes (Obando et al., 2016) and the 2016 loss of crops in the Hanang 
district of Tanzania (Xinhua, 2016) have shown wide-spread negative impacts. 
By understanding the overall health and status of small lake ecosystems, better 
decision-making processes can be undertaken to ensure livelihood security for 
those dependent on their resources.  

Of equal importance to flood preparedness is the understanding and proper 
response to droughts. Agriculture in Tanzania accounted for 32% of its 2014 
gross domestic product (down from 47% in 1995) and consequently, much of 
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the labour force is dependent on this sector (World Bank, 2016). As food security 
is declining with climate change, one of the primary unknowns is how to increase 
food security while not acting at the expense of other resources and exacerbating 
environmental degradation.  

Greater management efforts have been signalled in order to ensure that the 
agricultural sector does not deprive other users of water, and that safe freshwater 
levels are maintained in Tanzania (Lyakurwa et al., 2014). In 2012, the National 
Climate Change Strategy (NCCS) for Tanzania was launched. The NCCS was 
designed to help Tanzania address adaptation strategies in line with sustainable 
development and with a particular focus on the agricultural sector (Daly et al., 
2015; FAO, 2015). Also in 2012, the National Climate Change Communication 
Strategy (NCCCS) was developed for Tanzania under the Vice President’s office 
in an effort to increase public awareness of climate change (Daly et al., 2015). 
The NCCCS program runs through 2017 and has aimed to target various 
audiences from the international and national levels down to wards and villages, 
where community and religious leaders are encouraged to assist in disseminating 
information and engaging the public (United Republic of Tanzania, 2012).  

The IPCC’s 5th assessment report highlighted the concern to focus on what 
could also be the negative impacts of adaptation strategies, or maladaptation, 
defined as “actions, or inaction that may lead to increased risk of adverse 
climate-related outcomes, increased vulnerability to climate change, or 
diminished welfare, now or in the future” (Noble et al., 2014, p 857). It is more 
important than ever to adopt holistic approaches to understanding complex 
landscape dynamics, as climate change is creating great uncertainty regarding 
the future availability of freshwater. In the past, once resources diminished 
beyond the point of usability, people would abandon areas of occupation and 
migrate (McLeman, 2011). Now in the face of unprecedented population growth 
and increasing stress on the environment, it is integral that efforts are made to 
protect our contemporary resources (Lambin, 2005).  

1.1 Objectives 
A wider perspective of environmental variability in the context of both climate 
change and land use makes the work directly relevant to parties involved in 
planning and policy positions (Lambin, 2005). Paul Lane, Professor of Global 
Archaeology at Uppsala University wrote: 
 

To my mind, a climate change archaeology devoid of such considerations, that 
examines changes in pollen concentrations and the nature of the sedimentary 
record without a consideration of whose lives these changes impacted; that evokes 
climatic stress without considering differential patterns of consumption or access 
to resources; that identifies resilience cycles, and phases of exploitation, collapse 
and re-structuring without a consideration of relations of social power and 
authority in these processes, however valuable towards enhancing understanding 
of the past, does little to advance our understanding of how archaeological studies 
might make the lives of ordinary people today any better, or help safeguard the 
future of the planet (P.J. Lane, 2015b, p 11). 

 
This sentiment can and should be applied to paleoclimatological research itself, 
especially in areas of known long-term occupation. This doctoral thesis focuses 
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on Lake Basotu, a small freshwater lake in Tanzania as a case study for 
examining ties between lacustrine variability, climate, and anthropogenic 
influence. To accomplish this, three objectives were identified, and appropriate 
research methods were selected with those in mind. Specific methodologies are 
explained in more detail in chapter 3. The mixed method of this dissertation 
allows answers to be derived from multiple perspectives, which ensure fewer 
gaps in the information.  
 
Objective #1: Show how water level has fluctuated in Lake Basotu over the past 
1000 years, to establish a baseline for natural variability.  
 
Objective #2: Reconstruct a history of modern lake extent (1973–2015) and 
identify potential drivers of observed changes.  
 
Objective #3: Show if and how land-use practices in the area surrounding Lake 
Basotu may have influenced its function as a freshwater resource. 

1.2 Research Strategy 
It was necessary for the Lake Basotu research strategy to be flexible and adapt 
methods to fit this type of environment, and Figure 1 depicts the flow of ideas 
producing this thesis. The original goal was to complete a paleoclimatic 
reconstruction for the last 1000 years using sediment from Lake Basotu and 
nearby sites. The idea was that this work would contribute to the regional 
understanding of climate change and human adaptation to it. Lake Basotu was 
selected due to its strategic location and appearance as a permanent water body. 
This area may lie in a region of transition for climate regimes in this region. 
Spatial patterns of precipitation in East Africa during the Little Ice Age likely 
occur from east to west (Russell et al., 2007) and north to south (Brown and 
Johnson, 2005).  

After examinations made during fieldwork and information gleaned from the 
literature review, it became clear that there was a much larger story in Basotu. 
This also presented the opportunity to look at Lake Basotu using a variety of 
techniques, while still contributing to the general understanding of how climate 
and human activity affect small freshwater lakes in semi-arid environments.  
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2012, all rights reserved), and used by MacDonald et al. (2012), the estimate is 
that 1–10 m of groundwater can be found below the Basotu watershed.  

According to MacDonald et al. (2012), in regions with annual rainfall between 
250 and 500 mm/year, without the presence of a perennial river, the groundwater 
table can be as far as 100 m below ground level (b.g.l.) but at least 25 m b.g.l. 
depending on basement rocks. The surficial depth of groundwater near perennial 
rivers is always estimated to be below 7 m b.g.l. due to a set of empirical rules 
(BGS, 2011). OpenStreetMap (2016) data for this area shows a steam draining 
into the larger extent of Lake Basotu from the NNW, yet in Landsat satellite 
images this stream appears ephemeral. No other permanent rivers or streams 
have been observed in Basotu (Okedi et al., 1975; Chale 1989; C.R. Lane, 1990). 
There is a single reference to a Dongobesh River by Fenger et al. (1986), 
reporting Lake Basotu as the terminus, but this river has not appeared in other 
reports or maps available to this study. OpenStreetMap is a community-based-
mapping project maintained by contributors with local knowledge 
(www.openstreetmap.org). Map data from OpenStreetMap contributors are 
available under the Open Database Licence and obtained through the Tanzania 
GIS User Group (http://www.tzgisug.org/). 

A water quality study listed Lake Basotu at risk of becoming saline due to the 
lack of a surficial outlet (Okedi, et al. 1975). Additionally, a subsequent report 
noted that high salinity in Lake Basotu was responsible for stunted fish growth 
(Chale, 1989). In opposition, recent news articles have stated Lake Basotu as an 
important source of freshwater for local people (Arusha Times, 2011a, 2011b, 
2011c; PESA Times, 2013; The Citizen, 2013). Generally speaking, it is possible 
for lakes to switch between closed and open over time depending on climate 
conditions (Cohen, 2003). Based on water samples collected in 1969, Lake 
Basotu was found to follow a combination of gradual and rapid solute evolution 
paths that indicate solute evolution tightly coupled to evaporative loss (gradual 
path) with sudden mixing events (rapid path) causing H2S loss to the atmosphere 
(Kilham & Cloke, 1990). These rapid mixing events are typically associated with 
anoxic waters. However, the current presence of small-scale commercial fishing 
as a source of livelihood, as observed during fieldwork, indicates the presence 
of oxygen in Lake Basotu.  

2.5 Lake Geochemistry 
The available water chemistry data on Lake Basotu are from samples collected 
in 1969 by a team investigating the series of crater lakes to which Basotu belongs 
(Kilham & Cloke, 1990). Compared to the other lakes in the series, Lake Basotu 
was found to be low in most of the ions examined: Na+, Mg2+, Cl-, F-, S+, S-, and 
SO4

2-. All of the 11 lakes sampled were found to be supersaturated in CaCO3. 
Alkalinity was also measured, and reported as 4.52 meq/L of HCO3 + CO3 
(Kilham & Cloke, 1990). Alkalinity acts a buffer against decreasing pH, but also 
increases the availability of inorganic carbon for use by plants (Boyd, 2015). 
Low alkalinity may also be a cause of low planktonic productivity within the 
lake water, as it is often associated with low phosphorous and nitrogen (Moyle, 
1949). Measurements of alkalinity over 100 meq/L are considered high, but can 
reach up to 1500 meq/L in the high salinity lakes of Africa (Talling & Talling, 
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1965). Low alkalinity in lakes can fall below 0.4 meq/L (Charles & Smol, 1988), 
accordingly Lake Basotu’s alkalinity of 4.52 meq/L is not low enough to affect 
in-lake productivity.  

2.6 Aquatic and Terrestrial Ecosystem 
Lake Basotu is primarily a freshwater-lentic system. A wetland system is also 
present in the area surrounding the shoreline, though the extent is dependent on 
precipitation and changing lake levels. The current trophic state of Lake Basotu 
is unknown, but likely mesotrophic to eutrophic as the lake supports a biological 
community. 

A widespread survey of diatom communities from East Africa found the 
composition of Lake Basotu to be planktonic, predominantly composed of 
varieties of Melosira granulata (Gasse et al., 1983). Melosira granulata is now 
taxonomically classified as Aulacoseira granulata (Simonsen, 1979). The 
primary species of fish in Lake Basotu are Tilapia spp., T. esculenta and 
T. melanopleura, and unspecified Clarias (Okedi et al., 1975). T. esculenta 
primarily feeds on phytoplankton, especially diatoms of the Melosira 
(=Aulacoseira) taxa, both in bottom sediments and suspended in the water body 
(Greenwood, 1953).  T. melanopleura are limited to shallow environments as 
they primarily feed on aquatic plants (Lowe, 1959). Stomachs of 
T. melanopleura have also been found to contain aquatic insect larvae; juveniles 
will feed on diatoms, water fleas, and other algae (Munro, 1967). FishBase 
(http://www.fishbase.org) lists 32 species of Clarias, air breathing catfish, in 
Africa. All Clarias are freshwater fish (Nelson et al., 2016).  

Lake Basotu is a permanent and migratory home to at least 35 species of 
waterbirds, suggesting that the lake is an important food resource (Fyumagwa et 
al., 2014). It is also a site of refuge when nearby larger lakes dry out. A family 
of 15-20 hippopotami occupied Lake Basotu in the early 1960s (Downie and 
Wilkenson, 1962), the current numbers are unknown but their occupancy was 
confirmed by local fishermen during fieldwork in 2013. 

Woodland in Basotu is primarily Acacia, although there was significant 
clearing in the 1950s due to a tsetse fly outbreak, with Acacia fever trees in the 
area directly surrounding Lake Basotu. The primary grasses present are bamboo 
(Pennisetum mezianum), Rhodes (Chloris gayana), and thatching (Hyparrhenia 
anthistirioides) (Fenger et al., 1986). 
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3 Material and Methods 

As each research paper uses different investigative and analytical methods, this 
section is subdivided to address them individually. 

3.1 Paper I 

3.1.1 Fieldwork and Sampling Procedure 
In March 2013, two parallel sediment cores were extracted from the bottom of 
the interior crater of Lake Basotu using a Russian corer. A Russian corer (length: 
50 cm, inner diameter: 5 cm) is a stainless steel manual instrument for coring 
composed of a half tube and cover plate attached by a hinge. When inserted into 
the sediment, the turning handle is rotated 180° clockwise until the edge of the 
tube reaches the cover plate, cutting off the portion of material within the half 
tube, and the corer is then removed from the sediment (EPA, 1999).  

Two canoes were rented from local fishermen and a platform was constructed 
between them to facilitate coring and stabilize the boats (Figure 8). Sediment 
was relatively soft until 250 cm depth where a compacted layer was reached. 
Once punctured, gas bubbles accompanied by cooler temperature water were 
brought to the surface. No sediment could be retrieved beyond 300 cm depth. 
The sediment cores were partially subsampled in the field at 1 cm intervals using 
standard cubic plastic boxes for ease of transport (internal volume 7 cm3). The 
longer of the two cores (300 cm), core 1803, was chosen as the material for an 
environmental reconstruction based on proxy data contained within the 
sediment. Every sample was measured for mineral magnetic analysis (299 in 
total, due to one missing sample), every 4th sample was selected for diatom 
analysis (75 in total), and 148 samples were measured for carbon content at a 
resolution of at least every second cm for the top 190 cm of sediment and 
subsequently every fourth cm. 

 

 
Figure 8. Coring platform for Lake Basotu (photo: Lars-Ove Westerberg, March 2013). 
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3.1.2 Diatoms 
Diatoms are single celled algae, which produce a silica shell, and are found in 
habitats containing some amount of water. The name “diatom” connotes the two 
valves that are held together by a girdle band to construct the frustule, or 
siliceous part of the cell wall (Dixit et al., 1992). The silica valves of diatoms are 
morphologically unique and have been used to develop a taxonomic system 
(Smol & Stoermer, 2010). Identification of diatoms is based on the following 
morphological variations: 

 
1. Centric Diatoms 

a. Symmetrical along all axes 
i. The exception to this rule is Chaetoceros spp., which is 

rectangular in shape and therefore not symmetrical along all 
axes. Chaetoceros spp. is regarded as centric as it lacks a 
raphe. 

b. Size: diameter 
c.  

2. Pennate Diatoms 
a. Symmetry: Along two, one, or no axes (asymmetrical) 
b. Shape of valves: elliptical, ovate, semi-circle, etc. 
c. Raphe: presence, type, location 
d.  
e. Size: length and width 

 
Diatoms are a favoured biomonitor for environmental conditions (Dixit et al., 

1992; Piirsoo et al., 2010), and in some cases considered more effective 
indicators of ecological change than water chemistry (Vilmi et al., 2015). 
Diatoms reproduce asexually and respond quickly to changes in the conditions 
of their environment (Patrick, 1948). Environmental factors affecting diatom 
distribution include pH, nutrient levels, salinity, temperature, and light 
availability. As diatom ecology has been studied extensively, the associated 
species are considered proxies for paleoenvironmental conditions (Battarbee, 
1986).  

Taphonomy is an important consideration for paleoenvironmental 
reconstructions (Flower, 2017). After death, and before becoming trapped in 
sediment, the silica frustules of diatoms may be subject to dissolution, breakage, 
and grazing. Frustules can also be broken as a result of sample handling and slide 
preparation procedures (Flower, 1993). Taphonomic processes, occurring in 
both the water column and within the top sediment due to infiltration into open 
pore space (Iler, 1979), can lead to erroneous interpretations due to higher 
preservation of more robust species (Barker, 1992; Gasse & Van Campo, 2001). 
When concentrations of dissolved silica are low, some degree of dissolution will 
always occur (Flower and Ryves, 2009), but in pH environments above 9.0, 
silica dissolution can be substantial (Krausse et al., 1983). The degree of 
degradation to diatom frustules may also be a factor of sedimentation rates due 
to grazing by bottom feeders or dissolution from prolonged exposure at the 
sediment-water interface (Bradbury & Megard, 1972). Despite taphonomic 
drawbacks, fossil diatom assemblages have been found to capture environmental 
gradients (Hassan, 2015).   

Diatoms in sediment cores from Africa have been frequently used as a tool 
for reconstructing histories of environmental variability (e.g. Gasse et al., 1997; 
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Barker et al., 2002; Stager et al., 2005, 2009; Öberg et al., 2012). Modern diatom 
assemblages in Africa have shown significant relationships with hydrochemical 
variables (Gasse et al., 1995; Gasse, 2002). In the Eastern Highlands of 
Zimbabwe, diatoms from both remote streams and those near settled areas were 
collected and analysed. It was found that anthropogenic activity increased levels 
of total dissolved solids (TDS) and NO3

-, which was evident in the distribution 
of species of diatoms growing in the different sampling sites (Bere et al., 2013). 
The timing of recent eutrophication in Lake Victoria was determined through the 
analysis of nutrient preferences of diatoms in a sediment core from a Ugandan 
site (Stager et al., 2009). The discovery of that timing will be used in determining 
the primary causes behind algal blooms and anoxic conditions endangering 
fisheries in Lake Victoria. Additionally, in Lake Rukwa, Tanzania, diatoms were 
used to infer lake level changes over 21 700 years (Barker et al., 2002). 

For the diatom analysis in this dissertation, a standard slide-preparation 
method based on Battarbee (1986) was employed: 
 

1. Drops of a 10% solution of HCl are added to each sample to test for 
carbonates. If the sample exhibits a reaction, carbonates are present and 
more drops are added to dissolve the material. 

2. Samples are rinsed with distilled water and decanted in 2-hour intervals 
until a neutral pH is reached. 

3. A 17% H2O2 solution is added and the samples are heated to 100°C to 
oxidize organic material. Samples are boiled until liquid in the beakers is 
no longer cloudy. If necessary, 30% H2O2 may be added slowly to samples 
with large amounts of organic matter; this is not done initially to avoid 
violent reactions once samples are placed on hot water bath to boil. 

4. Samples are rinsed with distilled water and decanted after 2 hours, at least 
three times or until clear. 

5. Ammonia (NH3) is added to disperse clay particles.  
6. The clay fraction is removed by decanting in 2-hr intervals until the water 

is no longer cloudy.  
7. The prepared material is allowed to dry on cover slips and mounted in 

Naphrax®. 
 
The two-hour intervals used in steps 2 and 4 are based on Stokes’ law for 
determining the rate of sedimentation of an object falling through fluid. After 
two hours, diatom frustules will settle to the bottom while organic and clay 
particles remain in suspension. The Naphrax® used in slide mounting (step 7), 
is a microscope slide mountant in a toluene solvent, which has a refraction index 
of 1.65. The toluene solvent of Naphrax® is removed via heat during the slide 
mounting process and the refraction index increases to 1.73. (Brunel 
Microscopes Ltd). 

To increase identification accuracy, a guide was produced using a selection of 
samples examined under an environmental scanning electron microscope 
(ESEM). Prepared microscope slides were analysed and diatom valves were 
counted under a light microscope at X1000 magnification using oil immersion 
to further increase the refractive index. Identification was based on several 
references including a South African guide to common diatoms (Taylor et al., 
2007), including reference material from Krammer and Lange-Bertalot (1986; 
1988; 1991a, b) among others. A minimum of 300 valves were counted per 
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sample, but increased to 500 if one species accounted for more than one-third of 
the total valves counted.  

One of the strongest factors associated with diatom ecology is salinity, which 
is an indirect tracer of climatic variation (Battarbee, 1986; Gasse et al., 1997; 
Holmgren et al., 2012), and the focus of the analysis within this dissertation. 
When evaporation dominates the precipitation-evaporation (P-E) balance, ionic 
concentration within the body of water will result in flourishing of diatoms that 
prefer more saline environments. This concentration by evaporation also affects 
nutrient levels, but these are often altered by diffuse sources of anthropogenic 
pollution, primarily in the form of agricultural runoff and pastoral practices 
(de Jonge et al., 2002). Salinity preferences for the species identified in this 
dissertation were obtained from the preceding references as well as the online 
databases Diatoms of the United States (http://westerndiatoms.colorado.edu) 
and AlgaeBase (http://www.algaebase.org). Diatom species were classified into 
one of the following salinity preference groups: 

 
- Brackish (demand relatively high salinity, but less than seawater) 
- Halophilous (able to tolerate low salinity, but generally freshwater) 
- Indifferent  
- Freshwater (cannot tolerate salinity) 
- Aerophilic (live exposed to air in moist areas; not submerged) 
- Unknown 

 
Primary analysis of diatom distributions in this dissertation is qualitative and 
based on fluctuations in the ecological preference of identified taxa. Samples 
with a mixture of diatoms that have different salinity preferences may indicate 
fluctuations in shorter time scales than that captured by the bulk sampling 
process, which typically represent 10–100 years, depending on sampling interval 
(Gasse et al., 1997). Stratigraphic diagrams are expressed as relative abundances 
(percent of total) of each taxa and cluster analysis were performed using the 
TILIA program version 1.7.16 (Grimm, 1991).  

3.1.3 Mineral Magnetic Measurements 
Iron oxides, and occasionally iron sulphides, have specific concentrations and 
properties, referred to as their mineral magnetic parameters (Dekkers, 2007). 
Magnetization occurs when electrons are moving in the same direction, which 
maintains, rather than cancels, their charges. These electrons are contained 
within small regions known as domains, each representing uniform 
magnetization directions (Dekkers, 2007). Domains are divided into the 
following types based on the size of the magnetic grain: 

 
- superparamagnetic (SP): <20–25 nm, unstable 
- single-domain (SD): 25–80 nm, most stable 
- pseudo-single domain (PSD): 80 nm to 10–  
- multi-domain (MD): >10–  

 
Minerals are divided into the magnetic classes of ferromagnetic, 

ferrimagnetic, and antiferromagnetic based on the spin of the electrons within 
the domains. This is referred to as magnetic moments (Dekkers, 2007). Figure 9 
depicts the arrangement of these magnetic moments and the resulting net 
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Current practices also measure anhysteretic remanent magnetizations (ARM), a 
permanent magnetization produced in the laboratory by exposing the samples to 
an external magnetic field (Verosub & Roberts, 1995). ARM is typically 
analysed by its 
of SD or PSD size. However, ARM can decrease with high concentrations of 
magnetic particles due to interactions between them (Verosub & Roberts; 1995: 
Liu et al., 2012).  

Magnetic minerals in lake sediment can originate from both external and 
internal sources. External sources include both atmospherically deposited 
material and that which is washed into the water body (Thompson & Oldfield, 
1986). Magnetite (Fe3O4) is the most important magnetic mineral of terrestrial 

2O3) (Dekkers, 2007). Magnetite is 
ferrimagnetic (Banerjee & Moskowitz, 1985) and Hematite is antiferromagnetic 
but still able to carry a natural remanent magnetization (Dekkers, 2007). 
Internally, magnetic minerals can be produced by bacterial activity in anoxic 
bottom conditions; magnetosomes are bacteria that produce magnetite or greigite 
(Fe3S4) within their cells (Hesse & Stolz, 1999).  

Interpretation of magnetic parameters is not always straightforward, due to 
the possibility of different magnetic minerals having similar signatures. 
Magnetic mineral concentrations will also be diluted as organic matter 
accumulates and deposits in lake sediment (Thompson & Oldfield, 1986). This 
is typically observed as an inverse relationship between magnetic susceptibility 
and organic carbon content, although other factors such as CaCO3 and diatom 
silica deposition will also affect the measured values.  

Investigations of mineral magnetic parameters have previously been 
undertaken in African sediment cores. Magnetism, in particular magnetic 
susceptibility, was determined to be an effective tracer of rates of sedimentation 
in Lake Naivasha, Kenya (Boar & Harper, 2002). ARM measurements across a 
transect of the lake indicated that shoreline papyrus acted as a barrier to very 
fine-grained particles. A history of, primarily human-induced, soil erosion 
through sedimentation rates was established using mineral magnetic 
concentrations from sediment in Lake Haubi, Tanzania (Eriksson & Sandgren, 
1999). In a study from Lake Tritrivakely, Madagascar, Williamson et al. (1998) 
suggested that varia-tions in mineral magnetics are due to fluctuations between 
oxic and anoxic depositional environments and that during dry periods, when 
oxic conditions prevailed, there was less dissolution of ferric oxides. Mineral 
magnetic parameters were also determined to be strong indicators of river-
discharge and allowed identification of flooding events in a sediment core from 
the Limpopo River-plain in Mozambique (Sitoe et al., 2015).  

For the Basotu core, mineral magnetic analyses were undertaken at the 
Paleomagnetic Laboratory in the Department of Geology-Quaternary Sciences 
of Lund University, Sweden. The following procedure is further discussed in 
paper I of this thesis: 
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1. Standard plastic cubic boxes (internal volume 7 cm3) were packed with 
sediment, which was subsequently dried to provide distinct samples. 

2. Initial volume magnetic susceptibility (K) was determined using a Geofyzica 
Brno KLY-2 Kappabridge, operating at a frequency of 920 Hz and a field 
intensity of 300 A/m. The Kappabridge automatically zeroed between each 
sample measurement and was calibrated with the manufacturer’s standard of 
1171 x 10-6.  

3. ARM was induced using 2G-Enterprises demagnetization coils at a peak 
alternating field (AF) of 100 milliTesla (mT) and a direct bias (DC) field of 
0.1 mT (converts to magnetic field intensity [H] of 79.6 A/m).  

4. SIRM was induced in a Redcliffe 700 BSM 700 pulse magnetizer acquired 
at 1 T and an IRM backfield at -100 mT was induced with a Molspin pulse 
magnetizer. The intensity of the fields produced by the pulse magnetizers 
were set using a Redcliffe Hall-effect probe and meter. 

5. The isothermal remanences were measured with a Molspin Minispin that was 
calibrated with the manufacturers’ standard of 964 x 10-3 A/m.  

 
The following magnetic calculations were supplied by Ian Snowball of Uppsala 
University, formerly of Lund Paleomagnetic Lab), and used in the analysis of 
magnetic measurements for core 1803: 
 

 = k × 0.01 ÷ md 
 

ARM =  ARM ÷ (md ÷ 1000) × 1000 
 

ARM =  ARM  × 10 ÷ 79.6 ÷ 10  
 

SIRM = SIRM ÷ (md ÷ 1000) × 1000 
 

ARM

SIRM
= ( ARM ÷ SIRM) ÷ 79.6 ÷ 10  

 
Where md is the dry weight in g, 79.6 is the strength of the DC bias magnetic 
field to produce the ARM in A/m (H),  represents the mass specific 
magnetization, and  is mass specific magnetic susceptibility. 

3.1.4 Carbon Content 
The loss on ignition (LOI) method of determining carbon content can 
overestimate concentrations. Therefore, direct measurements of total organic 
carbon are generally preferred (Meyers & Teranes, 2001). Samples from Basotu 
were analysed using an ELTRA CS 500 in an oxygen atmosphere at 550°C to 
determine total organic carbon (TOC) and 900°C to determine carbonate 
contribution as total inorganic carbon (TIC) (Heiri et al., 2001). The 
concentration of CO2, formed when carbon components are oxidized during 
combustion, is displayed digitally as a percent of carbon present in the sample 
based on weight (ELTRA, 2004). Analysis was performed for at least every 
second sample for the top 190 cm of sediment and every fourth sample 
thereafter. To precisely determine which contributions to the carbon content of 
a sediment core that are land or aquatic based, isotopic measurements of carbon 
and nitrogen are necessary (Meyers & Teranes, 2001).  
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Deposition of organic carbon in lake sediments is of greater analytical 
importance than inorganic carbon (Cole et al., 2007). By analysing the amount 
of TOC in sediment, inferences can be made regarding the vegetation that was 
once living in and around the lake (Meyers & Teranes, 2001). Values for TOC 
are dependent on the initial biomass and its subsequent degradation through 
transport and preservation. For analytical purposes, carbon content in this thesis 
is interpreted as a factor of general lake productivity. TOC was found to 
positively correlate with lake depth in Lake Naivasha of Kenya during the 
historical record (Verschuren et al., 2000). High values of carbon (>20%) were 
also found to indicate deep water conditions associated with elevated production 
in Lake Victoria (Beuning et al., 1997). 

3.1.5 Radiometric Dating 
 

Radiocarbon 
14C is the longest living radioisotope of carbon and is produced when 14N in the 
atmosphere collides with neutrons produced by cosmic radiation. When this 
occurs, the 14N atom loses a proton and turns into a carbon atom. The neutron is 
taken up by the carbon atom, thus forming 14C, while the released proton forms 
a hydrogen atom. The 14C atoms rapidly diffuse in the lower atmosphere, 
eliminating any geographical variation, and oxidize into 14CO2, which then 
enters the biosphere where it is taken up by all living organisms (Bradley, 2014). 
Upon death, the 14C in an organism begins to decay with a half-life of 
approximately 5730 years. This process is measureable up until 10 half-lives or 
approximately 57 300 years after death with conventional methods (Bradley, 
2014). 

As 14C is produced cosmogenically, variations in the rate of its productivity 
are not consistent through time (Krishnaswami & Lal, 1978). Solar activity 
varies due to sunspot activity and changes in the earth’s geomagnetic field 
(Bradley, 2014). During periods of low sunspot activity, there is an increase in 
the intensity of cosmic rays that reach Earth’s atmosphere, thus increasing 14C 
production. Conversely, 14C production is decreased when the magnetic field of 
the Earth increases as this prevents cosmic rays from reaching the atmosphere. 
To account for this, 14C calibration curves have been developed using statistical 
methods and annually resolved records such as tree-rings (Bronk Ramsey, 1995; 
2009).  

Using 14C as a method to date sediment is not without potential difficulties. 
Contamination is a possible source of error in 14C dating, especially with bulk 
sediment samples. In areas with carbonate rocks, organisms may absorb “old” 
carbon from their surroundings, which leads them to appear older than they are 
in reality (e.g. Olsson, 1986). In addition, influx of dissolved carbonates or clasts 
of carbonate rock totally lacking 14C, will yield proportionally lower amounts 
of 14C in bulk samples, than what would be the result of dating organic matter 
alone (Walker, 2005). To avoid these forms of contamination, it is preferred to 
date terrestrial macrofossils. Macrofossils in volcanic lakes are rare (Marchetto 
et al., 2015), and in the Lake Basotu core no macrofossils were found. 
Consequently, 13 samples of bulk sediment were sent to Ångström Laboratory 
of Uppsala University in Sweden and one additional 14C date was performed by 
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Beta Analytics in Florida, USA. Both facilities used accelerator mass 
spectrometry (AMS) which counts the remaining number of carbon-14 ions 
present in each sample to determine a probable age range. AMS has the benefit 
of greater sensitivity, which requires smaller sample sizes than the traditional 
beta-counting method. Samples were pre-treated in 1% HCl, followed by 1% 
NaOH. OxCal (https://c14.arch.ox.ac.uk/oxcal.html), a freely available online 
platform using automatic calibration to build 14C chronological models, was 
used to construct a 14C age-depth model (Bronk Ramsey, 1995). The Southern 
Hemisphere calibration curve (SHcal13) was chosen as it accounts for the 
differences in the land to water ratio which produces older 14C ages due to larger 
expanses of ocean in the SH (Hogg et al., 2013).  
 

Lead-210 
210Pb is part of the series of uranium decay and has been successfully used in 
East Africa as a method for developing geochronologies (Barton & Torgersen, 
1988; El-Daoushy & Eriksson, 1998; Stoof-Leichsenring et al., 2011; Öberg et 
al., 2012). Lake sediment contains two types of 210Pb, supported and 
unsupported. Supported 210Pb is constantly produced by the decay of 226Ra in the 
Earth’s crust, including its minerogenic sediment. The decay yields a constant 
ratio between 226Ra and supported 210Pb. Unsupported 210Pb, on the other hand, 
derives from atmospheric fallout. 226Ra that escapes into the atmosphere decays, 
via the intermediate isotope 222Rn, into 210Pb (Begy et al., 2009), which after 
fallout may enrich sediment with regards to 210Pb and disrupt the balance 
between 226Ra and 210Pb. Dating methods using 210Pb are thus based on the 
disequilibrium between 226Ra and 210Pb caused by the presence of the 
unsupported type in the sediment (Brenner et al., 1994).  

210Pb has a relatively short radioactive half-life (22 years), and fallout of 
unsupported 210Pb varies with geography and precipitation patterns. However, 
its residence time in the atmosphere is short (5–10 days; Krishnaswami & Lal, 
1978), and in water bodies it becomes associated with particulate matter and 
settles to the bottom quickly (Ivanovich & Harmon, 1992; Appleby, 1997). 
Accordingly, and in light of its short half-life, this rapid sedimentation of 210Pb 
in lakes makes it well representative of its time of deposition. 

To validate 210Pb dating, 137Cs is measured as a tracer of nuclear weapons 
testing which peaked in 1963; this peak can also be used to determine 
sedimentation rates since that time (Penningtonet al., 1973). Samples from Lake 
Basotu were analysed for the activity of 210Pb, 226Ra and 137Cs via 
gammaspectrometry at the Gamma Dating Centre, Department of Geosciences 
and Natural Resource Management, University of Copenhagen. The 
measurements were carried out on a Canberra ultralow-background Ge 
well-detector. 210Pb was measured via its gamma-peak at 46.5 kiloelectron volt 
(keV), 226Ra via the granddaughter 214Pb (peaks at 295 and 352 keV) and 137Cs 
via its peak at 661 keV. 
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3.2 Paper II 

3.2.1 Remote Sensing and GIS Data 
In 1965, the director of the United States Geological Survey (USGS) proposed a 
satellite program for monitoring of natural resources, and in 1972 the first 
Landsat satellite was launched (NASA, 2017a). Since then, the Landsat program 
has seen the launch of eight missions, with plans for a 9th satellite announced in 
2015, anticipated to launch in 2023 (NASA, 2015). The timeline for Landsat 
missions 1–8 is found in Table 1 (NASA, 2017b). Gaps in coverage over 
Tanzania occurred from 1974–1978 due to conservative image acquisition in 
Landsat-2, and from 1980–1983 as Landsat-3 was prone to technical difficulties 
(Goward et al., 2006). Primarily due to gaps in coverage, 20 years of dry-season 
images out of the 43 years the Landsat program has been active were available 
for analysis.  
 
Table 1. Timeline of Landsat Satellites 
 Launched Decommissioned 
Landsat-1 1972 1978 
Landsat-2 1975 1982 
Landsat-3 1978 1983 
Landsat-4 1982 1993 
Landsat-5 1984 2013 
Landsat-6 1999 1999 
Landsat-7 1999 --- 
Landsat-8 2013 --- 

 
The Landsat data used in this thesis are from the Tanzanian long dry-season 

(June–October) to maximize the reflective differences between land and water 
as well as to avoid interference by clouds. No additional co-registration was 
performed as all scenes were processed by Standard Terrain Correction (Level 
1T). Using GIS techniques, shorelines for Lake Basotu were delineated manually 
and surface area was calculated in ArcGIS 10.3.1® (ESRI, 2015). Sannel and 
Brown (2010) found, via an experiment using multiple users at different 
expertise levels, that errors from manual delineation may fall between ±1.5 m 
for distinct shorelines and ±3.0 m for diffuse shorelines. Using manual 
delineation, nevertheless, was found to be more accurate than semi-automatic 
classification in situations of poor or uncertain data quality. Due to its 
subjectivity and time-consuming nature, manual delineation should only be 
applied to small study areas (Sannel & Brown, 2010).  

In ArcGIS 10.3.1®, false-colour composites were created from the available 
bands for each of the 20 selected images of Lake Basotu. Depending on the 
satellite, to facilitate delineation, bands were alternated between the 
near-infrared (NIR), shortwave-infrared (SWIR), and blue-light wavelengths to 
emphasize shorelines. In the early satellites, Landsat 1–3, SWIR and blue bands 
were not available and composites were alternated between two NIR and green 
bands. 

A seamless digital elevation model (DEM) for the Basotu area was created 
from a mosaic of 12 Shuttle Radar Topography Mission (SRTM) raster tiles from 
4–6°S and 34–36° E (USGS, 2000). Using flow paths from this DEM and the 
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hydrology toolbox of ArcGIS 10.3.1®, a historical outflow point was determined 
and the Lake Basotu watershed was delineated. The SRTM was a joint project 
of the National Aeronautics and Space Administration (NASA) and the National 
Geospatial-Intelligence Agency (NGA) in the United States (USGS, 2015). The 
product of this mission is a global dataset of land elevations every one arc-second 
(c. 30 m) which is published in rasters of one-degree tiles (USGS, 2015). This 
dataset is available via Earth Explorer, the bulk download service of the USGS 
(http://earthexplorer.usgs.gov). 

3.2.2 Meteorological and Climatological Data 
As previously mentioned, during a positive phase, the IOD can lead to increased 
convection along the coast of East Africa, which brings enhanced rainfall (Saji 
et al., 1999). The IOD is represented in climatological records as the Dipole 
Mode Index (DMI), a time series representing differences in the SST of the 
tropical western Indian Ocean and the tropical south-eastern Indian Ocean (Saji 
et al., 1999). Monthly DMI for 1960–2014 was calculated using the Hadley 
Centre Sea Ice and Sea Surface Temperature dataset. 

When a +IOD and an El Niño event co-occur, this has been associated with 
flooding in Northern Tanzania. Kijazi and Reason (2009) examined dry season 
floods in 1997 and 2006, when both anomalies occurred, and found similar flow 
patterns for both the entire season and the rainiest days. An El Niño event is 
associated with a basin-wide warming in the Pacific Ocean that disrupts global 
weather patterns (Ropelewski & Halpert, 1987; Trenberth, 1997), and is declared 
when the five-month running average of SST anomalies between 5°N–5°S and 
120–170°W exceeds 0.4°C for at least six months (Trenberth, 1997). The 
atmospheric component of an El Niño event is the Southern Oscillation, and the 
two are often combined and referred to as the El Niño-Southern Oscillation 
(ENSO; Trenberth, 1997). Basotu falls within the region of East Africa that has 
shown the strongest relationship with ENSO in regards to enhanced 
precipitation, most likely due to proximity to the ocean (Ntale & Gan, 2004). 
Monitoring of ENSO is done via the Multivariate ENSO Index (MEI), which is 
maintained by the Earth System Research Laboratory (ESRL) of the National 
Oceanic and Atmospheric Administration (NOAA) in the United States 
(https://www.esrl.noaa.gov/psd/enso/mei). The MEI is calculated based on 
observed data over the tropical Pacific: sea-level pressure, zonal and meridional 
components of the surface wind, sea surface temperature, surface air 
temperature, and total cloudiness fraction of the sky (Wolter & Timlin, 1993). 
Values are updated monthly, and MEI data for this thesis were obtained in 
August 2015.  

Meteorological observations for the period of 1970–2015 were obtained from 
the TMA for two stations in north-central Tanzania: Singida Agricultural Station 
and Babati Station. The observations of these time series were discontinuous, 
with 91% and 81% available data, respectively. TMA data were also obtained 
for the shorter period of 2000–2015 from a third location, Singida 
Meteorological Station. A time series for precipitation in Basotu was created 
using a distance weighted average of the three stations and filled in with 
supplemental information from the Global Precipitation and Climatology Centre 
v6 (GPCC) provided by ESRL of NOAA (Udo et al., 2011). In a case-study 
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where seven global precipitation data sets (GDPs) were used to fill gaps in 
observed precipitation data from Tanzania, the GPCC was shown to have high 
spatial correlation (Koutsouris et al., 2015).The GPCC has the potential for 
worse performance during the dry season over the wet, but still clearly showed 
wet and dry periods and successfully followed the reference climatology 
(Koutsouris et al., 2015). 

3.3 Paper III 
To ascertain the effects that land-use in the Basotu area has on the health of the 
lake, a chronology of events concurrent with the record of lake surface area, from 
paper II, was constructed.  

Newspaper articles from 2006–2016 were obtained from internet news 
searches of keywords related to Lake Basotu and are outlined in Table 2. A list 
of reports, which have been obtained and reviewed, are found in appendix B. 

 
Table 2. Results of Internet News Search (25 articles retrieved, covering 2006–2016) 

Keywords Swahili terms Articles 
Irrigation umwagiliaji 4 

Erosion/sediment mmomonyoko 3 
NAFCO/Canada/Wheat ngano 20 

Pesticides/fertilizers/chemicals/herbicides  4 
Unrest/conflict//harassment  12 

Search terms: Basotu, Bassotu (alternative spelling of Basotu), Hanang  
 
Telephone interviews with two informants in Tanzania were conducted from 
Stockholm University by Martina Angela Caretta, currently Assistant Professor 
of Geography at West Virginia University. The informants were first contacted 
by email to inform them of the topic and to obtain permission to call, and each 
interview lasted approximately half an hour. Informant #1 was employed by 
CIDA in the 1970s, and is still residing in Basotu; #2 was working in Lake 
Basotu area in the late 2000’s. Following each interview, the findings were 
summarized and discussed with each informant to validate and ensure the 
reliability of the information (cf. Burke & Miller, 2001). 

The surface area record from Higgins et al. (2016) was compared to annual 
precipitation from the previous year, as well as the number of days in which the 
temperature exceeded 32°C for the same year. The rainy season in Basotu was 
also compared to the local growing season, to determine whether a relationship 
was present.  
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4 Results  

4.1 Paper I  
Paper I presents a summary of the results of a multiproxy paleoenvironmental 
reconstruction from a Lake Basotu sediment core. Proxies examined include 
diatom assemblages (appendix A), mineral magnetic parameters, and carbon 
content. Samples were dated using 14C and 210Pb.  

Of initial difficulty to this environmental reconstruction was the radiometric 
chronology. The age-depth model derived from 14C dates exhibited a prominent 
reversal. In an attempt to constrain the dates, 210Pb was employed, but due to 
mixing in the top layer it was only possible to pinpoint the depth where the 
overlying sediment must be younger than 100 years. 

The 14C dates themselves did not seem random in regards to depth, but rather 
indicated that they may have been the result of an event in the lake’s history. 
Rather than abandoning the core as inappropriate material due to the dating 
difficulties, the decision was made to continue with the analysis in search of 
connections to that pattern within the proxy data. The most affirming discovery 
was the almost complete disappearance of diatoms at the same depth as the most 
extreme date and point of reversal in the age-depth model (~50 cm depth). Even 
more telling was the presence of aerophilic taxa at that depth, indicating that the 
lake had almost completely dried out. These results prove the importance of not 
disregarding troublesome data at first glance.  

As 14C dating was proven to be an interesting record of variability, it was also 
an ineffective method of determining the age of the sediment. In an attempt to 
infer a chronology for the sediment core a combination of proxy data, other 
sediment records, and historical climate events were consulted. The theory being 
that events of established dates could be placed along the core by examining the 
magnetic record, carbon measurements, and diatom observations as a whole. The 
subjective nature of this method is recognized, but without more reliable dating 
methods it is the only viable option to place this interesting record into the larger 
picture of climate variability in this region. Based on this inferred chronology, 
the Lake Basotu core was assumed to have been deposited primarily during the 
Little Ice Age (LIA), which occurred AD 1300–1850 in East Africa (Verschuren 
et al., 2000). 

ESEM images for prominent diatom taxa in the Basotu core are shown in 
Figure 10. Diatoms were grouped based on salinity preferences to draw 
inferences on water level changes. The mineral magnetic parameter 

ARM/SIRM was selected as a proxy for erosion, with increasing values 
indicating decreasing ferrimagnetic grain size. A positive correlation between 

ARM/SIRM and counts of freshwater diatom species in the core section, held 
to be most stable (249–120 cm; R2=0.33), is further justification for its use. 
These proxies, together with fluctuations in carbon content, present a picture of 
a highly variable lake with a substantial response to precipitation during the LIA. 
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The results of this recalculation of percent at depth after the removal of 
C. meneghiniana and N. amphibia are split into freshwater taxa (Figure 14) and 
non-freshwater taxa (Figure 15). Removal of the two species did not alter the 
overall interpretation of the Lake Basotu sediment core, but some obvious 
differences are noted below:  

 
- The occurrence of Anomoeoneis sphaerophora, a brackish species 

preferring high pH (Schmid, 1979). In the revised diagrams, 
A. sphaerophora is present in low percentages in each zone of the core, 
but in fluctuating amounts. This lends to the original hypothesis of a 
rapidly changing lake level, as A. sphaerophora is most likely developing 
in the shallow shores as it has shown adaptation to changes in osmolarity 
(Schmid, 1979). A lowering of lake-levels would trap A. sphaerophora 
near the shore, which would then wash in as levels rise again; this also 
explains why the valves are primarily found as fragments (cf. 
Robertsson, 1973).  
 

- Other species occurring in nearly all zones are Pinnularia acrosphaeria 
and Craticula ambigua. Both are grouped as freshwater species and 
considered cosmopolitan in the tropics (Taylor et al., 2007). 

 
- Tryblionella hungarica, a halophilous species is quite prevalent in zone 

two of the reanalysis diagrams. This species is found concurrently with 
Thalassiosira faurii, which is also halophilous and is depicted in the 
original analysis.  

 
- Rhopalodia gibba co-occurs with Epithemia sorex, both grouped as 

indifferent to salinity changes. R. gibba appears to replace another 
indifferent taxa, Epithemia adnata, around the beginning of zone III. 
Both species have similar nutrient requirements and occur in high pH 
environments. Thus, the transition is most likely due to increasing 
salinity, as R. gibba has a higher tolerance to salinity (Cumming & Smol, 
1993).  
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4.2 Paper II 
Modern (1973–2015) surface area variability for Lake Basotu was reconstructed 
using dry-season Landsat satellite images and GIS techniques. The methods used 
are simple and effective for small areas, and easily repeatable. According to this 
record, in between flooding events, the size of Lake Basotu is in a state of 
decline. The surface area record was compared to indices for both ENSO and the 
IOD, as a co-occurrence of these have been linked to flooding events in northern 
Tanzania (Kijazi & Reason, 2009). This comparison indicated that, based on this 
co-occurrence theory, flooding should have occurred in years where it was not 
evident in the satellite record. The authors hypothesize that floods occurring in 
Lake Basotu after 1996 are due to sedimentation of the lake basin, which 
prevents infiltration of enhanced precipitation. Prior to 1996, with assistance 
from the Canadian government, mechanized wheat farming was implemented in 
the Hanang district where Basotu is located (Folster, 2001). After using a DEM 
to delineate the drainage area for Lake Basotu, it was determined that agricultural 
land within it increased by c. 20% between 1973 and 1997. 

When the landscape surrounding water bodies are developed in ways that 
affect the natural drainage patterns (i.e. agriculture and impervious surfaces such 
as roads) erosion is often the result. Rainfall erosion occurs when soil material 
is detached from the surface matrix due to the energy of falling raindrops and a 
subsequent transport process removes the detached particles (Kinnell, 2005). 
Soil surface can become sealed due to settling in open pore space of these 
dislodged particles (Greenland & Pereira, 1977; Carey & Paige, 2016).  
 
Further Analysis 
 
Lake Volume 
Multiple complications prohibited calculations of lake volume. No bathymetric 
or hydrologic data (i.e. water depth, inputs, or outputs) are available for Lake 
Basotu. Additionally, lake depth since the 1960s would be affected by the 
amount of sediment accumulating in the basin from soil erosion.  

An attempt was made to calculate the storage capacity of Lake Basotu using 
the 30 m resolution DEM from the SRTM. The DEM raster was cropped to the 
area of the maximum lake extent and converted to a triangulated irregular 
network (TIN) to allow for volume calculations. As each TIN classification falls 
within a range of ~11 m, and in field measurements of depth showed differences 
of around 4 m, the tools available are not sufficient to capture lake basin 
variations. Another possibility is that the DEM is representative of the water 
surface rather than the bottom topography, resulting in the “flat” appearance of 
the basin. The black outline in Figure 16 is representative of the lake extent 
observed in October 2002, the first measurement for Lake Basotu after the 
SRTM mission in 2000 (USGS, 2015). As the 2002 extent roughly follows the 
basin outline from the TIN, this reinforces the likelihood that the 2000 SRTM 
captured the lake surface. 
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(moderately suitable, but susceptible to gully erosion) at 14.25%. The percent of 
soils within agricultural land considered to be either marginally suitable or 
unsuitable at any time due to susceptibility to erosion, nutrient deficiency, and/or 
being prone to flooding is 43.75%. These results speak to the unsuitability of this 
area for mechanized farming and the need for protective measures for both soils 
and water resources. 

4.3 Paper III 
Paper III is an interdisciplinary investigation into how activities in the 
surrounding area are both affecting and affected by the variability of Lake 
Basotu. In this paper, we argue that Lake Basotu is an example of how neglecting 
overall ecosystem health can lead to environmental degradation, which is long 
lasting and difficult to reverse.  

The Lake Basotu surface area record from Higgins et al. (2016) was compared 
to a chronology related to mechanized wheat farming in the surrounding region, 
which began in 1967. Events from the timeline were mainly extracted from 
newspaper articles and foreign aid reports. In 1975, after three years of 
“disastrous” farming (Macmillon & Ngoma, 1983, p 5), it was recommended 
that serious consideration be given to completely discontinuing wheat farming 
in Basotu, but new tillage techniques were implemented in 1976 and the program 
continued. By 1983, the Basotu Wheat Complex was extended to six farms 
(Table 5, Figure 19).  
 
Table 5. Hanang Complex Farms (Macmillan & Ngoma, 1983) 
Farm Year Established Hectares 
Basotu 1968 4728 
Setchet 1975 4828 
Mulbadaw 1979 4600 
Murjanda 1980 4800 
Gawal 1982 3275 
Gidagamowd* 1983 2690 
Waret* 1983 ---- 

*located on eastern side of the Mulbadaw escarpment 
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Department of Geological Sciences at Stockholm University and reported as 
13C (13C:12C) an 15N (15N:14N) as well as the percentages of TOC, TIC, and 

nitrogen 13C were plotted versus a Pee Dee Belemnite (PDB) 
13C 

of 0 ‰, and the established standard for 13 15N is 
plotted versus air which has an assumed value of zero. 

The ratio of 13C:12C is an indicator of whether organic material is terrestrial 
or aquatic in origin and is based on how different classes of plants use 12CO2 
over 13CO2 in photosynthesis (Bradley, 2014; Ehleringer et al., 1991). As 13CO2 
is the heavier of the two variants, plants will preferentially use 12CO2. However, 
C3 plants are less efficient at using CO2 in general and will be more depleted 
in 13C than the C4 c 13C is highly negative (< -25‰), 
the origin is most likely planktonic, while less negative values are produced by 
terrestrial contributions (Bradley, 2014).  

As nitrogen is a basic nutrient to plant life, the ratio of 15N:14N is indicative 
of NO3

- utilization within surface waters and therefore algal productivity. A 
study of the relationship between organic matter in the water column and within 
sediment for 11 lakes in Florida 15N increases as the lakes enter 
eutrophic states but will return to zero at its most hypereutrophic (Gu et al., 
1996). According to a review of the isotopic values of various sources of 
nitrogen 15N (-4–4‰) are indicative of 
fertilizer based inputs where higher values (10–20‰) would originate as human 
and animal waste. As nitrogen is used by aquatic organisms, the isotopic 
signatures of the source material are assimilated and subsequently incorporated 
into the sediment record. Measurements of nitrogen isotopes are not distorted by 
material that is nitrogen-poor within the bulk sediment (Talbot, 2001). 

The ratio of C/N in organic material is influenced by cellulose in plant source 
material and indicates whether organic matter is vascular in origin (Meyers & 
Ishiwatari, 1993). Non-vascular, i.e. aquatic plants have low C/N ratios due to a 
lack of cellulose (Duchesne & Larson, 1989). 

To explore the possibility of a similar dry phase to the Lake Basotu core, nine 
slides were prepared for basic diatom analysis. Availability of sediment for slide 
preparation was limited. Samples from the upper 100 cm had been partially 
prepared by previous researchers. Material available was in one of two states: 
suspended in an unidentified liquid or in dry state but having been homogenized 
into a fine powder. This is most likely due to material being used in the carbon 
and nitrogen analysis procedures. Slides were prepared from one of each type of 
processed material; 1 cm from the sample in liquid and 78 cm from the crushed 
material. Five transects were counted per slide, as in diatom analysis, a lower 
count is often sufficient in cases where stratigraphic correlation or simply 
delineating boundaries are the desired outcome (Battarbee et al., 2001). 
 
Results and Interpretation 
As previously stated, the 14C dates on the Babati core are primarily from bulk 
sediment samples (Table 6). However, one piece of wood was extracted from 83 
cm depth in the core, and was submitted for dating along with bulk sediment 
from that depth. The age of the wood was 250 ± 33 14C years BP, while the bulk 
sediment was placed at 1532 ± 30 14C years BP showing a potentially significant 
offset.  
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Table 6. Radiocarbon dates from Lake Babati core, primarily based on bulk sediment. 

Sample 
ID 

Depth in 
core (cm) 

14C age  
(years BP) 

Calibrated age Distribution ranges 

496 2 292 ± 30 AD 1507–1586 28.2%: AD 1507–1586 
57.9%: AD 1619–1673 
4.1% AD 1743–1768 
5.1%: AD 1780–1797 

518 24 100.5 ± 0.4 pM AD 1816–1922 67.4%: AD 1816–1830 
28.0%: AD 1892–1922 

535 41 106.0 ± 0.4 pM AD 1816–1922 49.8%: AD 1816–1830 
45.6%: AD 1892–1922 

566 72 676 ± 30 AD 1297–1394 95.4%: AD 1297–1394 
577 83 1535 ± 30 AD 525–644 95.4%: AD 525–644 
577* 83 250 ± 33 AD 1629–1807 36.9%: AD 1629–1696 

58.5%: AD 1725–1807 
582 88 1304 ± 30 AD 679–861 95.4%: AD 679–861 
606 112 1387 ± 30 AD 644–766 64.6%: AD 644–692 

5.6% AD 700–732 
25.2%: AD 730–766 

650 156 2195 ± 30 358–103 BC 30.9%: 358–274 BC 
64.5%: 261–103 BC 

726 232 538 ± 30 AD 1401–1450 95.4%: AD 1401–1450 
730 236 1032 ± 30 AD 994–1148 46.5%: AD 994–1070 

48.9%: AD 1077–1148 
750 256 2401 ± 30 727–371 BC 0.8%: 727–718 BC 

1.0%: 705–695 BC 
93.5%: 542–371 BC 

pM: modern carbon contamination; *macrofossil based date 
 

Figure 21 shows a comparison between the age-depth models from Lake 
Basotu and Lake Babati. Using two matching age-ranges, the Lake Babati 
age-depth model has been stretched to fit that of Lake Basotu and appropriately 
placed in the timeline in Figure 22. The age range for the top sample of the Babati 
core (AD 1507–1586) falls within that of the top sample from the Basotu core 
(AD 1457–1628). The second match is found at 150 cm in Lake Basotu (AD 
1408–1459) and 232 cm in Lake Babati (AD 1401–1450). Both the top of each 
sediment core and the culmination of the age reversals lie within the LIA on the 
timeline, if the 14C dates are accepted as accurate. These results may indicate 
that the LIA in this region of Tanzania was more arid than what has been 
previously suggested. A similar reversal in dating has been observed in sediment 
from a wetland in the Ngorongoro Conservation Area of Tanzania (~150 km 
NNW of Basotu) but the culmination was placed earlier at AD 1280 (Svensson, 
2010). 
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As the non-carbonate bedrocks surrounding Babati do not support the 
reservoir effect theory as suggested for Lake Basotu, older organic material 
introduced via erosion may be the source (Nambudiri et al., 1980). Due to 
extensive agriculture and land clearing, Lake Babati has suffered siltation which 
local fishermen have described as so severe that in some areas of the lake their 
nets can no longer be submerged (Kahurananga, 1992). If ploughing of land 
exposes material which is depleted in 14C, the incorporation of this into lake 
sediment may explain the older dates.  

 
Preliminary Results 
The results of prior analyses performed on the Lake Babati core are presented in 
Figure 23, with the results of a brief exploration of identified diatom species in 
Appendix C. Overall v 13C are typical of organic material terrestrial in 

13C signature cannot easily 
be differentiated from that of C3 land plants, as their primary source of CO2 is 
dissolved and at equilibrium with that of the atmosphere (Meyers, 1994). For 
this reason, the C/N ratio is likely more representative of the internal productivity 
of Lake Babati and thus indicates that organic material is primarily algal in 
origin. Sediment layers containing aggregates (113–88 cm and 258–235 cm) 
may be similar in origin to the desiccated material from Lake Basotu sediment, 
i.e. a result of prolonged drying.  
 
Magnetic Zone I (258–235 cm): Aggregates in the sediment correspond to 

Cyclotella meneghiniana suggests slightly saline water, which lends to the 
interpretation of a low lake level (cf. Holmgren et al., 2012). According to field 
notes from 2009, the amount of aggregates in this core section was large, and as 
further penetration into the sediment by the coring equipment was not possible, 
there may have been complete desiccation below. 
 
Magnetic Zone II (235–114 cm): Low and relati
indicate low erosion intensity, or a coring location farther from the shoreline. 
Aulacoseira ambigua and Aulacoseira granulata var. angustissima are both 
freshwater species, but flourish in nutrient rich environments. The co-occurrence 
with Cyclotella meneghiniana suggests variable lake level between the wet and 
dry seasons. As water levels in Lake Babati increase and salinity decreases, 
Aulacoseira resting cells would be rejuvenated (Sicko-Goad et al., 1989).  
 
Magnetic Zone III (114–73 cm
aggregates in the sediment. The extremely low counts and presence of 
Pinnularia borealis at 103 cm suggests of drought conditions that would 
substantially have lowered the lake level. 
 
Magnetic Zone IV (75–53 cm 15N at approximately 70 cm may 
represent the introduction of N into the Lake Babati catchment, probably from 
an increase in pastoral activities. This is accompanied by an increase in carbon 
content, which may represent increased productivity within the lake due to the 
higher nutrient availability. 
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Magnetic Zone V (53–15 cm): carbon content decreases 
the sediment surface. This indicates a trend towards a larger Lake Babati and 
thus a more humid period in the area. 
 
Magnetic Zone VI (15–0 cm): Peaks 
of the 1964 and 1990 floods (cf. Sitoe et al., 2015). Sediment material from this 
level contained no diatoms as it has been previously prepared for pollen analysis. 
 

Without further analyses, it is not possible to make ecological inferences to 
specific periods. 210Pb dating may help to identify recently deposited material to 
verify the hypothesis that siltation from agricultural activities has led to the 
introduction of old carbon into lake sediment. In addition, for sediment older 
than 100 years, it may be possible to apply the inferred chronology method from 
paper 1. Magnetic zone II in the Babati core closely resembles the section of 
Lake Basotu sediment that has been matched to the beginning of the LIA (AD 
1300), and determined to be a time of a relatively stable lake. Consequently, 
increased erosion and soil formation processes in zone III could then be linked 
to either the Nyarubanga famine of AD 1560–1620 or the Lapanarat-Mahlatule 
famine of AD 1760–1840 (cf. Verschuren et al., 2000).  

A more thorough investigation of sediment from Lake Babati is suggested. 
This would offer additional insights into the paleoclimate and paleohydrology of 
north-central Tanzania and in particular the flooding history of Lake Babati. 
Smaller sampling intervals will capture more of the seasonal variation and lend 
to investigations of changing precipitation patterns. 
 
Further Implications for Lake Basotu 
The reversal in the age depth model of the Lake Babati core strengthens the 
chronological interpretation of Lake Basotu. As both have similar shapes and 
dates, it is unlikely that user error played a part in the dating process. 
Additionally, the difference between TOC and TIC is less in the Lake Basotu 
sediment, where carbonate rocks are present, than in Lake Babati sediment. It 
follows that allochthonous contributions to sediment were likely low in Lake 
Basotu, strengthening the hypothesis that, prior to intensive agricultural 
practices, erosional contributions into Lake Basotu were generally low. 
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6 Discussion 

Proper governance of water resources requires an understanding of the multiple 
scales and processes involved in those landscapes (Savenije et al., 2014). By 
combining studies involving natural and human systems, patterns may arise that 
were previously missed by separating the social and environmental aspects of 
ecosystem studies (Liu et al., 2007). A comprehensive understanding of 
environmental variability in the context of both climate change and land use 
makes the work directly relevant to parties involved in planning and policy 
positions (Lambin, 2005).  

This work begins with a discussion of the ecological history of Lake Basotu 
and how the lake has experienced changes over the last c. 1000 years (paper I). 
In paper II, that record is extended into modern times by examining lake extent 
variations using satellite images. Finally, in paper III the modern variability of 
Lake Basotu is compared to land use in the surrounding area. Figure 24 
highlights how the three manuscripts contained within this dissertation are 
interconnected. Papers I and II directly contribute to the understanding of one 
another. Changes observed in the satellite record (paper II) confirm that the 
water-level changes determined by the paleolimnological reconstruction (paper 
I) are reasonable. Based on the results from paper II, paper III further explores 
what factors are influencing Lake Basotu today and highlights how neglecting 
interconnections between environmental parameters can have lasting 
implications for freshwater resources. The baseline of variability established by 
paper I further demonstrates the importance of the work done in paper III, as 
water stress is likely to increase in these types of environments. This mixed 
method approach, which has been applied to the material and area of Lake 
Basotu, combines an understanding of past variability with present day changes 
to create a useful policy making case study.  

Overall, this work demonstrates that although the natural state of Lake Basotu 
is variable, land use in the surrounding area has likely increased the sensitivity 
of the basin to climatic events. As precipitation becomes increasingly unreliable, 
and the demands of an increasing population place stress on the environment, it 
is more important than ever to develop strategies for conserving freshwater 
resources. Naiman et al. (1998) made a call for scientific work regarding 
freshwater management, which addresses two challenges: “(1) to use sound 
ecological principles to inform the decision-making process and (2) to provide 
an effective interdisciplinary perspective to resolve freshwater issues.” (p 570). 
This thesis addresses both of these challenges by presenting a combination of 
investigations into the past and present of Lake Basotu. 

In the subsections below, other aspects of relevance for the interpretation of 
the results presented in the thesis are discussed.  
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may have proved useful in analysing where there is a groundwater contribution 
and the past sensitivity of Lake Basotu to precipitation. 
 
Water Volume and Residence Time 
As the volume and water inputs/outputs of Lake Basotu are unknown, it is not 
possible to calculate water residence time, which is a function of both parameters 
(Dodds, 2002). Additionally, residence time is likely complicated by increased 
sediment inputs from soil erosion in recent years (Higgins et al., 2016). 

General estimates of lake volume going back in time were made using 
changes in diatom species composition in paper I. To strengthen this 
interpretation, it may have been possible to use isotopic variations in oxygen as 
a proxy. As the lighter isotope (O16) preferentially evaporates, enrichment in the 
heavier isotope (O18) in lake water will occur during periods of high evaporation 
and low precipitation (Wolfe et al., 2001). Generally speaking, this isotopic 
signature is preserved in sediments through incorporation into aquatic organisms 
as well as carbonate precipitation (Leng & Marshall, 2004). The source material 
of sediment is needed to determine which, if any, of these potential proxies 
would be appropriate.  
 
Chronological Difficulties 
The amount of 14C isotope in sediment is determined by a combination of organic 
material in the lake and from its surroundings (Björck & Wohlfarth, 2001). 
When using bulk sediment for 14C dating, uncertainty will arise from 
contamination by other sources of carbon (Grimm et al., 2009). Aquatic 
organisms will assimilate carbon from clastic, carbon-rich material dissolved in 
the water (Figure 25). This clastic material is free of 14C, and will therefore “age” 
the assimilating organisms, by reducing the proportion of 14C in the organisms 
(Geyh et al., 1998). Moreover, organisms living in the lake may assimilate 
carbon from decomposing limnic and terrestrial organisms. Such organic 
material has a certain amount of 14C that depends on the time of death of the 
decomposing organisms. Combined, these ageing effects are known as the 
“reservoir effect” (Deevey et al., 1954). Further affecting the isotopic 
composition of aquatic organisms is the lag time regarding incorporation of 
atmospheric 14CO2 into waterbodies, which is directly related to lake size 
(Olsson, 1991). Direct contamination of the bulk sediment also arises from 
increased erosion bringing in detrital material, which completely lacks the 14C 
isotope (Nambudiri et al., 1980; Davies et al., 2004) and older organic material 
which is depleted in 14C (Björck et al., 1998). 

The 14C age-depth models for Lake Basotu and Lake Babati have been 
compared in this dissertation. The general shape of the model in Lake Basotu 
indicates relatively stable accumulation at the bottom of the core with one period 
of fluctuating lake levels, which led to increasingly older dates and a distinct 
reversal. The model for Lake Babati exhibits a more back and forth pattern in 
the 14C ages, which may be due to the absence of carbonate bedrock to influence 
the isotopic composition of the water. The timing of the age reversals in Lakes 
Basotu and Babati indicates a sub-regional drought during the LIA, the main 
phase of which is considered cool and wet in East Africa (e.g. Verschuren et al., 
2000; Stager et al. 2005). However, Russel et al. (2007) suggested an east-west 
spatial pattern to the LIA with arid conditions prevailing in westernmost East 
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as it can be certain it has some affinity for salinity. Thalassiosira faurii is 
generally considered an indicator of salinity (Barker et al., 2002), but recent 
work has questioned that affiliation (Roubeix et al., 2014). For Lake Basotu, the 
classification as a halophilous species was maintained, as further research is 
necessary to determine if further taxonomic distinction is necessary. 

 
Remote Sensing 
The Landsat archive is freely available, easily accessible and enables catchment 
scale monitoring of land cover (Giardino et al., 2010). This archive offers a 
means to monitor remotely located lakes in Africa where on site monitoring may 
not be possible (Ballatore et al., 2014). Although somewhat subjective, manual 
delineation of shorelines was selected for this task, as Lake Basotu is relatively 
small with distinct shorelines (cf. Sannel & Brown, 2010). It was hoped that if 
successful, this method could be expeditiously employed with little training for 
other important freshwater resources under conflict, as Tanzania is a country 
lacking in hydrological data (UN Water, 2013).  

For larger areas, automatic detection is generally preferred (Ouma & Tateishi, 
2006). Supervised classification of Landsat has been used to track lake extent 
changes in Lake Urema of Mozambique (Böhme et al., 2006). This was done in 
concert with Advanced Spaceborne Thermal Emission and Reflection 
Radiometer (ASTER) data. The use of ASTER allows the user to designate 
samples that represent the desired classification, which is then performed 
automatically by the software.  

Landsat images were initially consulted to account for discrepancies between 
field observations of Lake Basotu in 2013 and work done by the British 
Geological Survey (BGS) in the early 1960s (Survey Division of the Ministry of 
Lands, 1966). The surface area for both the 2013 Landsat image (10.90 km2) and 
the lake as depicted by the BGS (0.75 km2) were calculated through manual 
delineation of shorelines. As the difference was substantial, a more complete 
record of modern variability using the full range of archived Landsat images (as 
available via USGS Earth Explorer in August 2015) was constructed. The 
discovery of these considerable variations in size was also enlightening for the 
paleoenvironmental reconstruction in paper I and lends to the hypothesis that the 
lake is highly dynamic.  
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7 Conclusions 

The interdisciplinary approach adopted in this dissertation has contributed to a 
better understanding of how Lake Basotu responds to both natural and 
anthropogenic forcing and provides a guideline for future research in similar 
settings.  
 
The objectives stated in chapter 1.1 were addressed as follows: 
 
Objective #1: Show how water level has fluctuated in Lake Basotu over the past 
1000 years, to establish a baseline for natural variability.  
 
To assess the natural variability of Lake Basotu, an environmental reconstruction 
was completed using proxy data; specifically diatoms, carbon content, and 
mineral magnetic analysis. Sediment was dated using the radiometric methods 
of radiocarbon and lead-210. Due to a reversal in radiocarbon dates, an inferred 
chronology was developed using the available proxy data and a history of 
regional famines. Accordingly, Lake Basotu has shown sensitivity to drought 
conditions with the potential to dry out to a marsh-like state, at least since the 
end of the Medieval Climate Anomaly (c. AD 1250). It is likely that the MCA 
lead to Lake Basotu completely drying, as is evident by the desiccation of 
sediment below 250 cm, and for at least 50 cm. 
 
A similar pattern in the radiocarbon dates of material from Lake Babati 
reinforces the hypothesis that a regional event is responsible for the dating 
reversals, rather than user mishandling of material.  

 
Objective #2: Reconstruct a history of modern lake extent (1973–2015) and 
identify potential drivers of observed changes. 

 
Landsat satellite images show three periods of declining lake extent, separated 
by flooding events in 1997 and 2006. It was determined that since 1996 Lake 
Basotu has been more sensitive to extreme precipitation, which often 
accompanies the co-occurrence of a positive Indian Ocean Dipole and an El Niño 
event. Flooding observed in recent years follows an attempt to install 
mechanized wheat farming in the area surrounding Lake Basotu and is a likely 
effect of siltation of the Basotu basin due to inadequate soil conservation 
measures.  
 
Objective #3: Show if and how land-use practices in the area surrounding Lake 
Basotu may have influenced its function as a freshwater resource. 
 
The history of human agricultural and pastoral activity around Lake Basotu was 
compared to the chronology of lake extent changes to look for commonalities. 
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An internet search of newspaper articles (2006–2016) and foreign aid reports 
provided the basis for this comparison. Telephone interviews with informants 
living and working in the area around Lake Basotu provided a more complete 
picture of farming practices. Data indicate that mechanized wheat farming in the 
district surrounding Lake Basotu has had negative effects. Diverting water 
during the growing season for watering of wheat crops likely led to the 
diminishing lake extent observed in paper II. Furthermore, as cropland was left 
barren after harvesting, and during part of the rainy season, loose top soil could 
then be washed into Lake Basotu. The case of Lake Basotu highlights the 
necessity of taking a broad perspective in environmental planning. Primarily 
through inadequate soil conservation measures, the health of a vital freshwater 
resource for many people was put at risk. 
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10 Appendices 

10.1 Appendix A: Lake Basotu Diatoms 
A list of diatom species identified in the Lake Basotu sediment core, 1803. 

 
Amphora copulata (Kützing) Schoeman & Archibald 
Amphora veneta Kützing 
Anomoeoneis sphaerophora (Ehrenberg) Pfitzer 
Aulacoseira granulata (Ehrenberg) Simonsen 
Aulacoseira sp. Thwaites 
Caloneis bacillum (Grunow) Cleve 
Cocconeis placentula Ehrenberg 
Craticula ambigua (Ehrenberg) D.G. Mann 
Craticula buderi (Hustedt) 
Craticula molestiformis (Hustedt) Lange-Bertalot 
Craticula sp. Grunow 
Cyclotella meneghiniana Kützing 
Cyclotella ocellata Pantocsek 
Cyclotella sp. (Kützing) Brébisson 
Cymatopleura solea (Brébisson) W. Smith 
Cymbella kappii (Cholnoky) Cholnoky 
Cymbella spp. Agardh 
Cymbopleura subaequalis (Grunow) Krammer 
Diadesmis confervacea (Kützing) D.G. Mann  
Diploneis smithii (Brébisson) Cleve 
Encyonema silesiacum (Bleisch) D.G. Mann 
Encyonema sp A 
Epithemia adnata (Kützing) Brébisson 
Epithemia sorex Kützing 
Epithemia argus var. alpestris (W.Smith) Grunow 
Epithemia spp. Kützing 
Eunotia minor (Kützing) Grunow 
Eunotia pectinalis var. undulata (Ralfs) Rabenhorst 
Eunotia spp. Ehrenberg 
Fallacia pygmaea (Kützing) Stickle & D.G. Mann 
Fragilaria biceps (Kützing) Lange-Bertalot 
Fragilaria capucina Desmazières 
Fragilaria ulna (Nitzsch) Lange-Bertalot 
Gomphonema affine Kützing 
Gomphonema gracile Ehrenberg sensu stricto 
Gomphonema minutum (Agardh) Agardh 
Gomphonema parvulum (Kützing) 
Gomphonema truncatum Ehrenberg 
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Gomphonema spp. Ehrenberg 
Gyrosigma parkerii (Harrison) Elmore 
Hantzschia amphioxys (Ehrenberg) Grunow 
Luticola kotschyi (Grunow) 
Luticola mutica (Kützing) D.G. Mann 
Luticola ventricosa (Kützing) D.G.Mann 
Luticola sp. Mann in Round, Crawford and Mann 
Navicula erifuga Lange-Bertalot 
Navicula placentula (Ehrenberg) Kützing 
Navicula radiosa Kützing 
Navicula rostellata Kützing 
Navicula viridula (Kützing) Ehrenberg 
Navicula spp. Bory de Saint-Vincent 
Nitzschia amphibia Grunow 
Nitzschia compressa (Bailey) C.S. Boyer 
Nitzschia frustulum (Kützing) Grunow 
Nitzschia linearis W.Smith 
Nitzschia linearis var. subtilis Hustedt 
Nitzschia obtusa W.Smith 
Nitzschia palea (Kützing) W. Smith 
Nitzschia spp. Hassall 
Pinnularia acrosphaeria W. Smith 
Pinnularia borealis Ehrenberg 
Pinnularia gibba Ehrenberg 
Pinnularia spp. Ehrenberg 
Rhopalodia gibba (Ehrenberg) O. Müller 
Sellaphora pupula (Kützing) Mereschkovsky 
Stauroneis phoenicenteron (Nitzsch) Ehrenberg 
Stauroneis spp. Ehrenberg 
Staurosira elliptica (Schumann) D.M. Williams & Round 
Stephanodiscus sp. Ehrenberg 
Surirella ovalis Brébisson 
Surirella spp. Turpin 
Thalassiosira faurii (Gasse) Hasle 
Tryblionella apiculata W. Gregory 
Tryblionella calida (Grunow) D.G. Mann 
Tryblionella hungarica (Grunow) Frenguelli 
Tryblionella sp. W. Smith  
 
Single occurrence, not included in diagrams: 
Caloneis silicula (Ehrenberg) Cleve 
Caloneis sp. Cleve 
Cymbella muelleri Hustedt 
Eunotia formica Ehrenberg 
Gomphonema pumilum var. rigidum Reichardt & Lange-Bertalot 
Nitzschia sigma (Kützing) W. Smith 
Pinnularia viridis (Nitzsch) 
Placoneis clementis (Grunow) E.J. Cox 
Staurosira construens Ehrenberg 
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10.2 Appendix B: Reports obtained regarding wheat in the 
Hanang District 

 
International Institute for Environment and Development (IIED) - Swedish 
International Development Agency 
 

- Displaced Pastoralists and Transferred Wheat Technology in Tanzania 
(1990, 21 pp) 

 
Canadian International Development Agency 
 

- Report on the Soils of the Basotu Wheat Farm, Tanzania for the 
Agronomic Research Project (Wheat) (1973, 73 p) 

- Soils of the Basotu and Balangida Lelu Areas of Northern Tanzania 
(1986, 194 pp) 

- A Regional Travelling Workshop on Long-Term Wheat-Based 
Sustainability Trials in East Africa (1994, 104 pp) 

 
Legal and Human Rights Center – Tanzania 
 

- Human Rights and Business Report 2013 (212 pp) 
 
Regional Wheat Workshop for Eastern, Central, and Southern Africa 
 

- 4th (1985): Njoro, Kenya 
- 5th (1987): Antsirabe, Madagascar 
- 8th (1993): Kampala, Uganda 
- 9th (1995): Addis Ababa, Ethiopia 
- 10th (1998): University of Stellenbosch, South Africa 
- 11th (2000): Addis Ababa, Ethiopia 

 
United States Agency for International Development (USAID) 
 

- Improving Capacity of Cususwash Universities for Water Management 
for Agriculture (1973, 141 pp) 

- Potential Groundwater and Land Resource Analysis for Planning and 
Development, Arusha Region, United Republic of Tanzania (1975, 238 
pp) 

- Soil Resource Inventories; Proceedings of a Workshop (1977, 365 pp) 
- Appraisal Report of the Aid Program in Tanzania (1978, 49 pp) 
- The Context for Village-Level Development in Hanang District, 

Tanzania (1978, 71 pp) 
- Trends and Interrelationships in Food, Population, and Energy in 

Eastern Africa: A Preliminary Analysis; Volume 3: Literature 
Summaries and Reviews (1980, 201 pp) 

- Agricultural Livelihoods in Eastern Africa: Classification and 
Distribution, A First Approximation (1980, 28 pp) 



 72 

- Agricultural Research Resource Assessment in the SADCC Countries; 
Volume II: Country Report – Tanzania (1985, 147 pp) 

- Tanzania Private Sector Assessment: Appendices (1992, 476 pp) 
- Assessment of CBNRM Best Practices in Tanzania, Final Report (2002, 

118 pp) 
- USAID Country Profile: Tanzania (unknown, 40 pp) 

 
United Nations: 
 

- Tanzania Weed Management Training Course Summary Report (1984, 
15pp)  

 
Miscellaneous: 
 

- Environmental Impact of Agricultural Development A.I.D. in Tanzania 
(1975, 63 pp) 

- Arusha Region Integrated Development Plan; Volume Five: 
Information Strategy and Documentation (1981, 337 pp) 

- East Africa Soil Correlation Committee: Vertisolic Soils of the Hanang 
Wheat Complex, Tanzania (1983, 38 p) 

- Court Summary: Mulbadaw Village Council and 67 Others v National 
Agricultural and Food Corporation (1984) 

- The World Conservation Union; Proceedings of a Seminar on Wetlands 
of Tanzania (1991, 181 pp) 

- Study on Options for Pastoralists to Secure their Livelihoods; 
Experiences in the Defense of Pastoralists Resource Rights in Tanzania: 
Lessons and Prospects (2007, 34pp) 

- The State of the then NAFCO, NARCO and Absentee Landlords’ 
Farm/Ranches in Tanzania (2009, 114pp) 
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10.3 Appendix C: Lake Babati Diatoms 
A list of diatom species identified in the Lake Babati sediment core, and 
subsequent counting data. 

 
Amphora sp. Ehrenberg 
Anomoeoneis sphaerophora (Ehrenberg) Pfitzer 
Aulacoseira ambigua (Grunow) Simonsen 
Aulacoseira granulata var. angustissima (O Müller) Simonsen 
Cocconeis placentula Ehrenberg 
Cocconeis placentula var. euglypta (Ehrenberg) Grunow 
Craticula sp. Grunow 
Cyclotella meneghiniana Kützing 
Cymbella sp. Agardh 
Diadesmis confervacea (Kützing) DG Mann  
Encyonema caespitosum Kützing 
Encyonema silesiacum (Bleisch) DG Mann 
Epithemia adnata (Kützing) Brébisson 
Epithemia sorex Kützing 
Epithemia sp. Kützing 
Fragilaria sp. Lyngbye 
Gomphonema affine Kützing 
Gomphonema clevei Fricke 
Gomphonema minutum (Agardh) Agardh 
Gomphonema parvulum (Kützing) 
Luticola mutica (Kützing) DG Mann 
Nitzschia amphibia Grunow 
Nitzschia spp. Hassall 
Pinnularia borealis Ehrenberg 
Pinnularia sp. Ehrenberg 
Rhopalodia gibba (Ehrenberg) O Müller 
Rhopalodia operculata (Agardh) Håkansson 
Rhopalodia sp. Muller 
Thalassiosira faurii (Gasse) Hasle 
Tryblionella calida (Grunow) DG Mann 
Surirella ovalis Brébisson 
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Results of Lake Babati Diatom Analysis 
 

(x: present, xx: prominent)  
 
 
 
 
 
 
 

 Sample Depth (cm) 

Species 
253–
252 

217–
216 

193–
192 

163–
162 

151–
150 

133–
132 

103–
102 

79–
78 

Amphora sp. 
  

x 
     

Anomoeoneis sphaerophora 
  

x 
  

x 
  

Aulacoseira  
ambigua 

x 
  

xx xx xx 
 

x 

Aulacoseira granulata var. 
angustissima 

x xx x xx xx xx 
 

x 

Cocconeis  
placentula 

  
x 

     

Cocconeis placentula var. 
euglypta 

x 

Craticula sp. 
   

x x 
   

Cyclotella meneghiniana xx xx xx xx xx xx xx xx 
Cymbella sp. 

 
x 

      

Diadesmis  
confervacea 

x x 

Encyonema  
caespitosum 

  
x 

     

Encyonema  
silesiacum 

x 
 

x x 
   

x 

Epithemia adnata  
 

x x x x 
   

Epithemia sorex  
 

x xx 
  

x x x 
Epithemia sp. 

       
x 

Fragilaria sp. 
     

x 
  

Gomphonema  
affine  

 
x x 

     

Gomphonema clevei  x 
Gomphonema minutum  x x 

      

Gomphonema  
parvulum  

  
x 

     

Luticola mutica  x 
       

Nitzschia amphibia  
 

x x 
     

Nitzschia spp. x 
 

x 
 

x x 
  

Pinnularia borealis x 
Pinnularia sp. 

  
x 

  
x x 

 

Rhopalodia gibba 
  

x 
     

Rhopalodia operculata  
       

x 
Rhopalodia sp. 

 
x 

  
x x 

  

Thalassiosira faurii 
 

xx 
 

x x 
   

Tryblionella calida  
  

x 
     

Surirella ovalis  
 

x x 
     

Surirella spp. 
   

x x x 
  

Fragmented  
Fragilaria 

 x x      
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Comments on Lake Babati Diatom Analysis 
 
253–252 cm Sample contains primarily fragmented and/or dissolved 

diatom frustules. 
 

217–216 cm Two transects were counted due to high abundances. 
Fragmented Fragilaria were unidentifiable and hence not 
counted. 

 
193–192 cm Relatively large variety of taxa with fair preservation. Two 

transects were counted due to high abundances. 
Fragmented Fragilaria were unidentifiable and not 
counted. 

 
163–162 cm Degraded with unidentifiable fragments. 

 
151–150 cm Degraded with unidentifiable fragments. 

 
133–132 cm Sparse material with unidentifiable fragments. 

 
103–102 cm Very sparse and fragmented diatoms. 

 
79–78 cm Prepared from crushed material, contains unidentifiable 

fragments. 
 

2–1 cm Prepared from suspended material, no diatoms present, 
Lycopodium pollen suggests sediment preparation was for 
pollen analysis. 

 
 
 
 

 




