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Abstract 

Changes in lake status are often interpreted as palaeoclimate indicators due to their dependence on 

precipitation and evaporation. The Global Lake Status Database (GLSDB) has since long provided a 

standardised synopsis of qualitative lake status over the last 30,000 14C years. Potential sources of 

uncertainty however are not recorded in the GLSDB. Here we present an updated and improved 

relational-database framework that incorporates uncertainty in both chronology and the 

interpretation of palaeoenvironmental data. The database uses peer-reviewed palaeolimnological 

studies to produce a consensus on qualitative lake-status histories, whose chronologies are revised 

and standardized through the recalibration of radiocarbon dates and the application of Bayesian age-

depth modelling for stratigraphic archives. Quantitative information on absolute water-level elevation 

is preserved if available from geomorphological sources. We also propose a new probabilistic 

analytical framework that accounts for these uncertainties to reconstruct synoptic, integrated 

environmental signals. The process is based on a Monte Carlo algorithm that iteratively samples 

individual lake-status histories within the limits of their uncertainties to produce many possible 

scenarios. We then use Recursively-Subtracted Empirical Orthogonal Function analysis to extract 

dominant patterns of lake-status variability from these scenarios. 

As a proof of concept, we apply this framework to 67 sites in eastern and southern Africa whose lake-

status histories cover part of the late Pleistocene and/or Holocene. We show that, despite the 

sometimes large temporal and interpretation uncertainties, and the inclusion of highly discontinuous 

lake-status time series, identifying the major known millennial-scale climatic phases during the last 

20,000 years is possible. Our framework was also able to identify an antiphased response between 

the lake basins in eastern and interior southern Africa to these changes. We propose that our new 

database and methodology framework serves as a template for efficient lake-status data synthesis, 

encourages the incorporation of lake-status data in more palaeoclimate syntheses, and expands the 

possibilities for the use of such data in the evaluation of climate models.  

Keywords (max. 10) 

Lake status; lake level; palaeolimnology; palaeoclimatology; relational database; data uncertainty; 

Monte Carlo algorithm; Recursively-Subtracted Empirical Orthogonal Function; Africa; Quaternary 

Highlights (3-5) 

● We present a new database format to synthesize lake-status histories, conserving data 

uncertainty in both chronology and lake status. 
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● A combination of Monte Carlo iterative sampling and recursively-subtracted empirical 

orthogonal function analysis is employed to extract dominant patterns from uncertain lake-

status histories. 

● A proof-of-concept study highlights the dominant millennial-scale palaeoclimatic trends of 

eastern and southern Africa of the last 20,000 years.
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1. Introduction 1 

Understanding hydroclimate dynamics on timescales longer than a few decades depends largely on 2 

natural environmental archives that have recorded past climate changes. Changes in lake volume/area 3 

provide important information about past hydroclimates because they reflect changes in the balance 4 

of precipitation and evaporation over the lake and its catchment (Cheddadi et al., 1997; Harrison et 5 

al., 2002). The first efforts to reconstruct late-Quaternary palaeo-hydroclimate dynamics from lake 6 

data started in the late 1970’s (Street and Grove, 1979) and led to the creation of several regional 7 

compilations (e.g., Harrison, 1989; Fang, 1991; Harrison, 1993; Harrison et al., 1993; Tarasov et al., 8 

1994; Yu and Harrison, 1996; Harrison et al., 1996; Jolly et al., 1998). These regional databases were 9 

subsequently homogenised and integrated into the first Global Lake Status Database (GLSDB; Qin et 10 

al., 1998) that contained histories of ‘lake status’ (a term that covers all parameters of lake size, i.e. 11 

depth, level, area and volume) across the world spanning some or all of the last 30,000 radiocarbon 12 

years (~34,000 cal yr BP). Initially, the GLSDB records were categorised into three qualitative lake-13 

status classes – ‘low’, ‘intermediate’ and ‘high’ – at 1000 radiocarbon-year intervals. Later, this 14 

structure was adapted to provide continuous records and allow an assessment of dating quality and 15 

flexible definitions of status class. The GLSDB has been used to assess palaeoenvironmental changes 16 

since the Last Glacial Maximum (LGM) and to evaluate climate-model hindcasting performance for 17 

key time windows in the past (e.g., Qin et al., 1998; Kohfeld and Harrison, 2000; Coe and Harrison, 18 

2002; Tierney et al., 2011; Bartlein et al., 2017). 19 

Unfortunately, the GLSDB was last updated in the late 1990s and does not include the many new 20 

palaeolimnological studies published since then. An update of the chronologies of the records stored 21 

in the database is also necessary because all the chronologies were reported as uncalibrated 22 

radiocarbon dates, and because many other geochronological methods have since been applied to 23 

palaeolimnological archives (e.g., Kutterolf et al., 2016; Roberts et al., 2018; Chen et al., 2020; Hatfield 24 

et al., 2020). In parallel, awareness has grown regarding the necessity to account for uncertainties 25 

when interpreting paleoenvironmental records and their age models (e.g., Telford et al., 2004; 26 

Heegaard et al., 2005; Blaauw, 2010; Blaauw and Christen, 2011; Parnell et al., 2011; Breitenbach 27 

2012). In its original form, the GLSDB cannot account for such uncertainties. One particular 28 

consequence of such limited consideration of uncertainties is that all the records are treated as 29 

equivalent. Such an assumption is obviously problematic as some records are more informative than 30 

others, due to their better dating and/or to their more direct/simpler interpretations. 31 

This paper presents a new relational database structure that efficiently stores lake-status histories, 32 

including both chronological and status uncertainties, and demonstrates how such a uncertainty-33 
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focused database can enable more complex reconstructions of past environmental change. As a proof-34 

of-concept, we present a new compilation of 67 late-Quaternary lake-status histories from eastern 35 

and southern Africa (ESA), many of which are discrete and discontinuous. We employ a new 36 

probabilistic approach based on a Monte Carlo (MC) algorithm and empirical orthogonal functions 37 

(EOFs) to identify the dominant hydroclimate features across ESA during the last 20,000 years. Finally, 38 

based on the results of this concept study, we explore and discuss the relative strengths and 39 

weaknesses of our framework.  40 

2. Lake status as an indicator of past climate 41 

The balance between precipitation and evaporation (P-E) exerts a universal control on lacustrine 42 

systems by regulating lake volume, which itself depends on lake depth and surface area (Mason et al., 43 

1994; Cheddadi et al., 1996; Harrison et al., 2002). Responses of lake volume to climatic change are 44 

most striking in endorheic, or ‘closed’ lakes, i.e. lakes without an (above-ground) outflow where most 45 

or all water leaving the lake is lost through evaporation. Closed lakes are found most often in semi-46 

arid environments, where catchment evapotranspiration exceeds water input, thus constraining lake-47 

level equilibria below overflow level (Meybeck, 1995). While the response of exorheic, or ‘open’ lakes, 48 

to climatic change is often less dramatic, these also undergo lake-level changes if changes in the 49 

hydrologic budget are not compensated by inflow/outflow adjustments (Cheddadi et al., 1996). On 50 

longer time scales, many lakes can be classified as transitional, shifting between open and closed 51 

states as changing climate controls their water balance (Kalff, 2001).  52 

Past lake status is derived from two main lines of evidence. The first source is geomorphic features 53 

formed by marginal processes that reflect displacements of the past shore or near-shore environment 54 

(‘palaeoshorelines’). Palaeoshorelines above the present water level can be dated using radiometric 55 

or luminescence dating techniques to estimate the timing at which they were last active. Combined 56 

with elevation data and knowledge of basin morphometry – and if necessary corrected for post-57 

depositional deformation that might occur through tectonic vertical displacement (e.g., Garcin et al., 58 

2009) or isostatic adjustments of the lithosphere (e.g., Chen and Maloof, 2017) – they allow for a 59 

direct, quantitative reconstruction of water level and lake hydrology at their time of formation. 60 

Palaeoshorelines represent discrete, rather than continuous, recordings of lake-level history as they 61 

are often only deposited and preserved under specific hydrological conditions such as water-level 62 

stasis. As such, they only provide snapshots of past hydrological states. Palaeoshoreline records tend 63 

to dominate the palaeolimnological record in semi-arid to arid regions, where the climate regime 64 

necessary to maintain steady state lake-full conditions deviates most strongly from present-day 65 

climate conditions (Bowler, 1986; Burrough and Thomas, 2009). 66 
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The second source of evidence is derived from the lakebed, where the progressive deposition of 67 

sediments results in sequences representative of the character of the overlying water column through 68 

time. Such stratigraphies can be retrieved as sediment cores or as outcropping sections of sedimentary 69 

landforms above the modern water surface. Lakebed archives can be (but are not necessarily) 70 

uninterrupted deposits and thus provide a continuous time series of past lake status. Absolute 71 

reconstructions of water depth can be made from lake-bed records using sequences of cores to trace 72 

the limit of lacustrine deposition through time (e.g., Digerfeldt, 1965; Schneider Tobolski, 1985; 73 

Winkler et al., 1986; Almqvist-Jacobsen, 1995; Shuman et al., 2009) but the procedure is time-74 

consuming. Generally lake-bed records only provide indirect information of relative changes in lake 75 

status approximated through sensors of water depth such as sedimentological characteristics or floral 76 

and faunal community composition. For these reasons, lake-level reconstructions derived from 77 

lakebed archives tend to be continuous but qualitative in nature. 78 

Reconstructing lake status and associated climatic change from sedimentology and geomorphology 79 

can be challenging for several reasons (e.g., Gasse, 2000; Holmes and Hoelzmann, 2017): 80 

1. Like all natural palaeoenvironmental archives, the chronological control on lake records is 81 

dependent on the dating method applied. Apart from lakes containing annually varved 82 

sediments, dating of lacustrine deposits relies mostly on radiometric techniques with varying 83 

precision.  84 

2. Lake-status archives can be incomplete and low stands are often underrepresented. In 85 

sedimentological records, low water levels or dry stands can inhibit deposition and even 86 

remove previously deposited sediments, thus creating stratigraphic hiatuses or 87 

unconformities. Similarly, palaeoshorelines above a lakebed only reflect instances where 88 

water level was higher than today, and prolonged high stands can erode previously formed 89 

shoreline structures thereby eliminating evidence for older episodes of lower water level 90 

(Burrough and Thomas, 2009). 91 

3. The information about lake-status changes tends to decrease further back in time, which can 92 

be partly explained by practical fieldwork constraints (i.e., coring older deposits is technically 93 

challenging and costly) but also reflects difficulties of obtaining records after lake desiccation 94 

because of compaction, pedogenesis and/or mineralisation of the lakebed (e.g., Stager et al., 95 

2002; Bessems et al., 2008; De Cort et al., 2018). Lake coring is therefore often restricted to 96 

the time window following the most recent dry stand. The result is that lake-status data is 97 

often skewed towards recent periods of higher water level, which have a higher probability of 98 

being recorded than periods of greater age and/or lower lake status. 99 
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4. The sensitivity of lake level to climate is site-specific, as factors such as physical and ecological 100 

catchment characteristics and groundwater inflow or outflow can affect the amplitude and 101 

timing of lake response to variability in P-E (Vassiljev et al. 1998). Different archives also show 102 

different levels of sensitivity to lake-status changes, which may differ between indicators but 103 

also be non-stationary through both space and time for the same indicator (Juggins, 2013). 104 

5. Lake-status changes can also be driven by non-climatic factors, such as gradual basin infilling, 105 

basin deformation (e.g. by tectonism or volcanism) or sea-level change. These processes can 106 

mask or modify the climate signal preserved in sedimentary or geomorphic archives. 107 

Lakes vary widely in their climate sensitivity. Most lakes act as low-pass filters that mainly respond to 108 

lower-frequency climate variability (Mason et al., 1994; Liu and Schwartz, 2014). Catchment size and 109 

morphometry, as well as relative groundwater flux, are major factors in determining the sensitivity of 110 

lake level to climate change (Vassiljev et al. 1998; Burrough and Thomas, 2009; Olaka et al., 2010). The 111 

time needed for a lake to return to equilibrium creates a lagged response which usually varies from 112 

months to a few years (Yi and Zhang, 2015) but can take multiple millennia in extremely large 113 

catchments (Singarayer et al., 2019).  114 

3. The new relational lake-status database  115 

This section describes the principles behind the construction of the new database, as applied to the 116 

ESA sites used in our case study (see section 5). 117 

3.1 Data selection 118 

Studies containing data on past lake-status change were included in the database if they fulfilled the 119 

following criteria: 120 

1. Data and publications were peer-reviewed; 121 

2. Chronological data was available to anchor past lake variability in time (e.g., radiometric 122 

dating, reliable historical accounts or instrumental records); 123 

3. Evidence indicates that lake-level changes were primarily driven by climate and were 124 

interpreted as such in the original literature. Sites or sections of individual records where 125 

changes in lake level were demonstrably non-climatic in origin (e.g., direct influence of sea-126 

level changes, volcanism, basin infilling or anthropogenic activities) were excluded to avoid 127 

mixing environmental signals; 128 

4. The palaeoenvironmental evidence reflected changes in lake level, depth, volume and/or area 129 

rather than other hydrological variables such as precipitation, runoff, or moisture source. 130 
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Interpretations from the original literature were followed in this matter, unless competing 131 

evidence (e.g., from contradictory studies) demanded otherwise. 132 

3.2 Compilation and revision of chronological information 133 

A wide range of approaches for age-model construction were used in the original literature, so we 134 

built standardised chronologies for all records. Radiocarbon dates were recalibrated using IntCal13 for 135 

Northern Hemisphere sites (Reimer et al., 2013) and SHCal13 for Southern Hemisphere sites (Hogg et 136 

al., 2013). Age-depth models for sediment profiles were reconstructed using the Bayesian age-depth 137 

modelling software Bacon in R (Blaauw and Christen, 2011; R Core Team, 2020). Core-top ages were 138 

included in the age model when intact recovery of the surface sediment was reported, in which case 139 

the core top was assumed to correspond to the time of sampling. The specifics of all the age-depth 140 

models, such as the exclusion of anomalous outlying dates, the excision of event deposits, the 141 

inclusion of sediment hiatuses, and the settings of the Bacon run were adjusted on an ad-hoc basis for 142 

each individual sequence to ensure the most reliable results and with the objective of staying as close 143 

as possible to interpretations in the original literature.  144 

The discrete nature of palaeoshorelines means that calibrated ages obtained from them were used 145 

directly as a shoreline age, except in the case where multiple shoreline dates overlapped within their 146 

uncertainty ranges to such a degree that they could be interpreted as representing a single continuous 147 

time interval for a specific lake status. 148 

New chronologies were not created for sites where i) the original chronological data was (partly) 149 

unavailable but the site was considered fundamental for regional reconstruction, or ii) where the 150 

published age model was already created using Bacon with the appropriate calibration curve. Original 151 

14C measurements and associated information, as well as data from other geochronological 152 

techniques, were retained in the database to enable future updates. 153 

3.3 Construction of consensus lake-status histories 154 

Many lines of evidence only provide indirect evidence of past lake status. Thus, assumptions on the 155 

relationship between such proxies and lake level are often required to reconstruct lake status. Our 156 

standard approach was to combine all available sources of information on the assumption that if 157 

several lines of evidence point to a change in water depth or area, this consensus is real (Harrison et 158 

al., 1991; Harrison and Digerfeldt, 1993). For every site, the information on past changes in lake status 159 

was combined with the revised chronologies to produce sequences of lake-status episodes. Each 160 

episode is defined by i) a best-estimate of the start and end age, each with their associated 2-σ credible 161 

intervals, taken from the reconstructed age-depth models of sediment cores (Fig. 1a) or 162 
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individual/clustered ages from discontinuous archives (Fig. 1b); and ii) a relative qualitative lake-status 163 

class represented by a positive integer, in which a higher status (higher number) signifies a higher 164 

relative lake level, volume or surface area (1 being the lowest status documented and not necessarily 165 

meaning drystand; Fig. 1). The weighted mean of the probability distribution produced by the Bacon 166 

model, or in the case of palaeoshorelines, of the single defining chronological point, was taken as the 167 

best estimate of the ‘true’ age. 168 

There is no upper limit to the number of different lake-status classes assigned to a lake, as this depends 169 

on the available lines of evidence and their sensitivity to lake-status change, the resolution of the 170 

available information and the total time span of the archive. The ranking is specific to each lake and 171 

status classes cannot be directly compared between lakes. In general, the original authors’ 172 

interpretation was followed unless there were contrasting conclusions published in the literature. 173 

When the status at a particular time relative to other periods in a lake’s history was ambiguous, lower 174 

and upper limits on the possible lake status class were defined. This occurred when status was based 175 

on ambiguous data interpretation, or when several archives were used that do not overlap sufficiently 176 

in time or type of evidence so that comparison of status in different periods of a lake’s history was not 177 

straightforward.  178 

Assignment of lake-status classes to lakebed sediments and palaeoshorelines was challenging in 179 

different ways. The density of palaeoshoreline dates was often insufficient to create continuous 180 

reconstructions. Additional assumptions were often required concerning the duration of events 181 

represented by features dated by only one or a few ages. The same was true for other discontinuous 182 

records such as non-shoreline geomorphological features or archaeological artefacts. With such 183 

‘snapshot’ information, event duration had to be estimated conservatively, informed by the nature of 184 

the deposit and the sensitivity of the basin to hydrological changes. For example, raised beaches may 185 

be assigned shorter durations (on the order of years) than thick carbonate deposits that accumulated 186 

in the littoral zone over multiple decades or centuries. Similarly, some lake basins are well buffered 187 

against short-term water-level fluctuations whereas others exhibit significant variability on (sub-188 

)annual time scales, depending on basin characteristics such as morphometry, hydrography and 189 

vegetation.  190 

3.4 Database structure and content  191 

Data on site characteristics, chronology and lake-status history was assembled into 9 tables, which 192 

were combined into a relational database and exported as a SQLite3 file (Fig. 2, SI).  193 
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Lakes – This table contains a unique site identifier, site name, coordinates and basic information on 194 

present hydrology and morphometry. 195 

Contributors – This table includes the name and ORCID of the researcher who contributed the site 196 

history to the database, and the date (month/year) when the data were included in the 197 

database. 198 

Alternative Names – This table links the site identifier with alternative site names used in the 199 

literature. 200 

Refs – This table contains all the references used to compile the database. 201 

Dating – This table contains the original individual dates as well as the outcome of their reanalysis as 202 

part of the newly generated chronologies.      203 

Coding Basis – This table contains the site-specific definitions of all status classes.  204 

Coding Source – This table lists which lake-status indicators were available in the consulted literature, 205 

and which of these were used in the consensus lake-status reconstruction.  206 

Lake Size – This table provides information on absolute water depth or lake-level elevation as recorded 207 

by geomorphological features. Best estimates of the mean, lower and upper still-water bound 208 

of each shoreline, and corresponding estimates and uncertainties of lake surface area and lake 209 

volume, are given if available from the original literature. 210 

Coding – This table contains the lake-status histories. For each site, a sequence of episodes is defined. 211 

Each of these episodes is defined by a best-estimate start and end age, together with their 212 

associated 2σ uncertainties, and by a best estimate, a minimum and a maximum value for lake 213 

status. The Coding table also links lake-status episodes to corresponding quantitative 214 

information, if available in the Lake Size table. 215 

A number of additional tables is used to store lists of accepted values for specific fields or to link the 216 

different data tables together (Fig. 2, SI). 217 

4. Analytical approach 218 

Integrating temporal and lake-status uncertainties allows for the extraction of robust spatiotemporal 219 

palaeoclimatic trends from data (e.g., Breitenbach et al. 2012; Anchukaitis and Tierney, 2013; 220 

Chevalier and Chase 2015). Here, we designed a specific Monte-Carlo (MC) framework to iteratively 221 

sample the lake-status histories, taking account of their uncertainties in chronology and lake status, 222 

to produce a large number of possible historical scenarios (section 4.1). These randomised iterations 223 
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were subsequently used to extract the principal spatiotemporal modes of variability (section 4.2). A 224 

flowchart of this analytical approach is shown in Fig. 3. 225 

4.1 Monte-Carlo sampling of time- and status-uncertain lake histories 226 

Our MC algorithm iteratively sampled the Coding table to produce a large number of variants of each 227 

lake’s status history; in our application (see section 5), we used 10,000 iterations. In each iteration, 228 

uncertainty ranges of start and end ages of subsequent status episodes were sampled unidirectionally 229 

through time to conserve the chronological sequence of defined episodes. The outcome of the 230 

sampling of a given time point (i.e. the start or end of a certain status episode) was thus constrained 231 

by the uncertainty defined for that point and by the result of the priorly sampled point. To avoid 232 

biasing the sampled records either towards younger or towards older ages – which can happen 233 

especially for sequences of relatively short episodes with highly overlapping temporal uncertainty 234 

ranges – the sampling was randomly performed by either moving forward or backward in time. This 235 

means that for any lake, roughly half of the iterations sampled the coding table in an old-to-young 236 

sequence and the other half the iterations sampled the coding table starting at the youngest and 237 

ending at the oldest episode. Similar to the sampling of the start and end dates of each episode, the 238 

status class was also sampled from its uncertainty range but without being constrained by the priorly 239 

sampled point, since we assumed that status class is independent between episodes. 240 

Although the distribution of estimated ages produced by radiocarbon calibration or Bayesian age-241 

depth modelling are generally not symmetric or even unimodal, only the model weighted means and 242 

upper and lower 95% confidence intervals are used to define the sequence of episodes that make up 243 

a lake’s history in the database. Similarly, probability distributions of status classes are also not 244 

normally distributed and may be highly asymmetrical (see Fig. 1c). To cope with the asymmetrical 245 

nature of age uncertainties, the MC algorithm samples start and end ages of status episodes following 246 

a probability density function defined by a split-normal distribution, also known as a two-piece normal 247 

distribution. The mode of the split-normal distribution is equal to the best estimate of that age (Fig. 248 

1c) and the left and right standard deviations (1σ) of the distribution are derived from the lower and 249 

upper limit of the 2σ range as defined in the coding table. Uncertain status classes were set to follow 250 

a triangular probability density function, peaking at best-estimate values and linearly decreasing 251 

towards 0 at values of minimum-1 and maximum+1, which precludes obtaining values outside of the 252 

defined minimum-to-maximum range (Fig. 1c). The split-normal (for ages) and triangular (for status 253 

class) distributions are scaled to ensure that their cumulated probabilities sum to 1. 254 
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4.2 Recursively-Subtracted Empirical Orthogonal Function analysis 255 

To extract regional palaeoclimatic trends, MC-sampled lake-history variants were generated for a set 256 

of lakes of interest. These histories were then analysed using Empirical Orthogonal Functions (EOFs), 257 

which decompose data of high spatiotemporal dimensionality into its dominant spatiotemporal 258 

features of variability. Recursively-Subtracted Empirical Orthogonal Function (RSEOF) analysis is a 259 

specific case of EOF analysis that is able to deal with data sets with high proportions of missing values 260 

(Taylor et al., 2013), as can be the case with lake-status data. All MC-produced lake histories were 261 

interpolated to a common time scale with regular spacing. In our proof-of-concept study using African 262 

lakes (see Section 5), a time step of 5 years was employed. Time series were centred and scaled to a 263 

mean of 0 and a standard deviation of 1 prior to the analysis. A reference RSEOF was also calculated 264 

for the scenario where all ages and statuses of included sites were assumed at their best-estimate 265 

value. The result was an ensemble of 10,000 (MC-generated) + 1 (best-estimate) sets of principal 266 

components (PCs), each summarizing the dominant spatiotemporal modes of variability in their 267 

corresponding set of lake-status histories. By construction, the sign of each eigenvector is arbitrary 268 

(Legendre & Legendre, 2012). To homogenise the sign of corresponding eigenvectors across all RSEOF 269 

iterations, each PC was multiplied by -1 if this resulted in a reduction of its distance to the 270 

corresponding PC of the set of best-estimate lake-status histories, i.e. the sign and direction of each 271 

eigenvector was aligned with the sign and direction of the eigenvector of the reference RSEOF. For 272 

each RSEOF iteration, unicity of EOF modes was assessed using North’s Rule of Thumb, which 273 

determines which eigenvectors are distinct from their nearest neighbour (North, 1982). RSEOF 274 

analyses were carried out using the R package sinkr (Taylor, 2017; R Core Team, 2020). 275 

5. Case study: lake-status history in eastern and southern Africa 276 

5.1 Regional setting 277 

Our study area – eastern and southern Africa (ESA) – is delimited by the Sahel to the north and by the 278 

Congo Basin and the Angolan highlands to the west (Fig. 4) and encompasses different climatic zones 279 

(Gasse et al., 2008; Burrough and Thomas, 2013). Tropical East Africa and Madagascar mainly receive 280 

monsoonal rainfall from the Indian Ocean associated with the yearly migration of the tropical rain 281 

belt, although Atlantic moisture can also significantly contribute in western areas (Nicholson, 2017; 282 

2018). In southern Africa, the strength of the monsoon decreases with distance from the Indian Ocean, 283 

grading from the subtropical grasslands and savannas in the east into the arid Kalahari over the 284 

southern African plateau and finally into the hyper-arid Namib Desert along the west coast. This 285 

pattern is additionally influenced by the cold Benguela current in the Atlantic, further depriving the 286 
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Namib of rain. The southern and southwestern coasts of South Africa are dominated by a 287 

Mediterranean climate, where winter rains prevail (Tyson and Preston-White 2000). 288 

Lake sediments are the dominant source of palaeoenvironmental and palaeoclimatic reconstructions 289 

for East Africa (Verschuren, 2003). Tectonic activity and faulting associated with the East-African Rift 290 

System (EARS) have produced a string of basins which are arranged in two distinct rift branches 291 

(Chorowicz, 2005). The western branch, or Albertine Rift, holds several large and deep freshwater 292 

lakes (Tiercelin and Lezzar, 2002). Lakes of the eastern branch, or Gregory Rift, are typically smaller, 293 

shallower and more saline (Schagerl and Renaut, 2016). Additionally, volcanic activity associated with 294 

the EARS created a number of explosion craters, many of which hold small but sometimes relatively 295 

deep lakes. High densities of these crater lakes are found for example in the Rungwe Volcanic Province 296 

of southern Tanzania (Delalande et al., 2008) and the maar crater lake districts of southwestern 297 

Uganda (Melack, 1978). Locally concentrated small lakes of glacial origin are found in the alpine zones 298 

of the highest peaks and mountain ranges of East Africa (e.g., Mahaney, 2004; Eggermont and 299 

Verschuren, 2007; Eggermont et al., 2007; Tiercelin et al., 2008).   300 

Because of southern Africa’s dry conditions; a deep covering of sand related to its cratonic origins 301 

(Haddon and McCarthy, 2005); and the restricted influence of rifting, the southern African interior has 302 

less potential for deep lakes than East Africa. Today, most lakes and wetlands are found along the 303 

coast of South Africa, where they are often under significant marine influence (Hill, 1975; Whitfield et 304 

al., 2017). Nevertheless, the subcontinental interior holds many endorheic basins of various sizes, 305 

most of which are perennially dry or hold seasonally filled playas today, but where geomorphological 306 

features provide evidence for long-lived standing water in the past.  307 

5.2 The ESA lake-status database 308 

We identified a total of 67 lakes in ESA that met the criteria defined in Sect. 3.1 (Fig. 4, Table 1). Sites 309 

from the original GLSDB were only incorporated here if they met these criteria, and their GLSDB 310 

histories were critically re-evaluated in the process. Data for these sites was sourced from 244 311 

publications (see Supplementary Material). Their catchments were delineated using the HydroSHEDS 312 

database (Lehner et al., 2008) or, for the smallest drainage basins, by manual delineation using Google 313 

satellite imagery and Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) 314 

Global Digital Elevation Model (GDEM) v2 data (ASTER GDEM is a product of METI and NASA). The ESA 315 

database is available online, along with supplementary documentation for each individual site (see 316 

Data availability). 317 
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The current nature of the lakes in these basins reflects regional climate. Most basins are 318 

topographically closed today (54/67). Seasonally or perennially dry basins are disproportionately 319 

common in the interior and western portions of southern Africa, while 10 of the 13 currently 320 

overflowing lakes are located within 12° of the Equator. Slightly more than half the sites (39/67) occur 321 

below 1000 m a.s.l., while 4/67 of sites lie above 2000 m asl. Most lakes have a surface area smaller 322 

than 100 km² (50/67) while 9/67 are currently larger than 1000 km². Catchment area ranges from < 1 323 

km² for the smallest crater lakes to 1,205,959 km² for the Makgadikgadi basin (Fig. 5a). The most 324 

common sources of evidence for lake status (Table 1) are stratigraphy (used in 36/67 of all sites) and 325 

sedimentological composition of deposits (34/67), diatoms (32/67), non-shoreline geomorphology 326 

(27/67) and palaeoshorelines (21/67). Historical and/or instrumental gauge data was used for 12/67 327 

and 8/67 of lakes, respectively. The number of defined status classes per site ranged from 2 to 15.  328 

The chronological data is summarised in Fig 5. The database contains 1856 published chronological 329 

points, of which 72% are radiocarbon dates. A significant portion of radiocarbon dates (29%) had not 330 

been calibrated in the original publication. Optically stimulated luminescence (14% of the total), U/Th 331 

(1%) and thermoluminescence (1%) dates were almost exclusively obtained from non-core 332 

geomorphic features. Only 1460 chronological points (79% of the total) were used to establish the 333 

updated chronologies. Excluded dates either were demonstrated or suspected to be erroneous, or 334 

were from archives that were not used in the final consensus lake-status history. Chronologies were 335 

reconstructed for all except 2 sites where chronological data were unavailable and 4 sites where the 336 

published age model was already created using Bacon with appropriate radiocarbon calibration. Only 337 

3 sites have lake-status information at 50,000 cal yr BP. This number increases to 16 at 20,000 cal yr 338 

BP, 27 at 10,000 cal yr BP, and 36 at 1000 cal yr BP. The average resolution of revised chronologies 339 

over the last 20,000 years, here defined as the number of used dates divided by the total duration of 340 

the record, is 4.1 (min 0.03, max 38.4) dates per 1000 years. For sites that go back to at least 20,000 341 

cal yr BP, average dating resolution over the period 20,000 cal yr BP to 2020 CE is 1.3 (min 0.0, max 342 

8.3, n = 26) dates per 1000 years. Similarly, over the period 1000 cal yr BP to CE 2020 it is 5.3 (min 0.0, 343 

max 57, n = 58) dates per 1000 years. 344 

The number of informative sites decreases with age (Figs. 5b, 6, cf. Section 2). The varying availability 345 

of palaeolimnological records through time in ESA is partly the result of the lake-level changes these 346 

records document. For example, the steep decrease in the number of sites with lake-status 347 

information before ca. 2000 cal yr BP (Fig. 7) can be traced at least in part to the many relatively small 348 

and shallow lakes in East Africa that desiccate relatively regularly and therefore do not contain 349 

archives older than a couple of millennia (Verschuren, 2003). This bias in archive development by local 350 

climate is inherent to palaeolimnology in arid to semi-arid climate zones. 351 
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Although long histories are available from catchments of all sizes, there is a positive correlation 352 

between catchment size and the age of the oldest available information on lake status (Fig. 5a). Large 353 

catchments are generally associated with a higher variety in depositional environments, producing a 354 

diversity in palaeolimnological evidence that is more likely to survive for extended periods of time. 355 

Larger basins may also get more attention from the scientific community, resulting in a higher 356 

likelihood of deep-drilling campaigns or intensive geomorphological surveys. The largest catchments 357 

in the database are of such dimensions that their water levels are no longer driven solely by local 358 

climate but follow an integrated response to distinct climate patterns within several climate zones 359 

(e.g., Burrough et al., 2009). On average more status classes were defined for long histories from large 360 

catchments (Fig. 5a). This might reflect a higher sensitivity to moisture-balance change that comes 361 

with large, climatologically and ecologically diverse catchments and higher catchment to lake area 362 

ratios (Street, 1980; Olaka et al., 2010), but it is also likely that longer records contain evidence of 363 

higher-amplitude climate variability justifying more status classes. Shorter records typically have more 364 

status classes defined per unit of time (not shown) and the number of defined status episodes 365 

increases closer to the present (Fig. 5b), reflecting the different resolutions typically employed when 366 

studying archives of different length. 367 

5.3 Application of joint MC-RSEOF analysis 368 

We applied our joint MC-RSEOF framework (Fig. 3) to extract the dominant histories of the studied 369 

lakes across ESA during the past 20,000 years. Very few sites completely cover this time window: some 370 

sites have continuous histories but do not extend back to 20,000 years, others’ histories are 371 

fragmentary across that time window. The RSEOF method allows for incomplete datasets, but the 372 

meaning of the PCs is directly related to the amount of information available in the system. Temporal 373 

coverage determines how complete a certain lake-status history is over the studied period, while the 374 

number of status classes reflects the sensitivity of a lake to undergo significant change and to record 375 

that change. The number of included lakes is also likely to have an influence on the PCs. 376 

To determine to what extent the outcomes of our analyses are affected by temporal coverage, 377 

sensitivity to environmental change, data resolution and the number of the included lake-status 378 

records, we investigated different combinations of these site-selection criteria. Temporal coverage of 379 

the 20,000-0 cal yr BP window was set to range between 10 and 100% and the minimum required 380 

number of status episodes covering (part of) that window was set to 2 or 4, which resulted in the 381 

number of sites meeting these criteria, and thus being retained for subsequent RSEOF analyses, 382 

varying between 7 and 45 (Fig. 8a). 383 

5.4 Millennial-scale lake-status variability in ESA over the last 20,000 years 384 
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The number of non-overlapping (i.e., distinct from neighbouring) EOFs and the amount of variance 385 

explained by the first EOF modes varied as different criteria for site inclusion were employed (Fig. 8a). 386 

Within this range of experiments, best-estimate scenarios result in 0 to 2 distinct (non-overlapping 387 

with their nearest neighbour) EOFs, which increases up to 4 in a minority of MC-produced scenarios. 388 

Distinct EOFs emerge when the coverage threshold is intermediate, as low temporal coverage 389 

produces too sparsely populated covariance matrices and results in gamma amplification due to lack 390 

of information (Taylor et al., 2013), while high temporal coverage excludes too many sites from the 391 

analysis. This may also explain why the amount of variance explained by EOF1 does not change 392 

significantly when the time-coverage criterion is changed between 33 and 100 %, i.e. the advantage 393 

of using more complete records is balanced by the reduction in their number. The time series of EOF1 394 

is relatively consistent across tested subsets, despite the EOFs being based on a variable number of 395 

lake sites (Fig. 8b). This supports the notion that EOF1 reflects lake-status behaviour that is relatively 396 

consistent across the study region. 397 

Fig. 9 highlights the RSEOF results for the subset of sites that cover at least 33% of 20,000-0 cal BP and 398 

for which at least 4 status episodes were defined during this time window. The scree plot (Fig. 9b) 399 

shows eigenvalues levelling from EOF3 onward, and North’s rule of thumb identifies only the first 2 400 

EOFs as non-overlapping. The first EOF explains 40.3 ± 3.8% of the variability in lake status across the 401 

MC ensemble of 10,000 simulations, or 43.6% in the best-estimates scenario. When interpreted as a 402 

trajectory of lake status, sites that score positively on this EOF tend to have low lake status at 20,000 403 

cal yr BP, culminating in a minimum around c. 17,500-16,500 cal yr BP (Fig. 9c, d). Afterwards, lake 404 

status increases towards the start of the Holocene, although with a temporary reversal of this trend 405 

between c. 13,000-12,000 cal yr BP. A prolonged maximum in lake status is registered between c. 406 

11,000-5,000 cal yr BP. After c. 4,000 cal yr BP, levels are intermediate between those of the start of 407 

the record and those of the early Holocene. All the sites that correlate positively to EOF1 are located 408 

in the EARS and Madagascar (Fig. 9a, c). Sites negatively correlated to EOF1 (i.e. showing opposite 409 

trends in lake status) are confined to interior and western southern Africa, with the exception of Lake 410 

Masoko in the southern Rift. The EOF biplot also shows the distinction between interior southern 411 

Africa and East Africa along the first axis, while homogeneous distribution among negatively scoring 412 

subregions reveals little to no spatial pattern within the EARS (Fig. 9a). The consistency of EOF1 across 413 

experiments with differential site selection (Fig. 8b), as well as the relatively narrow 95-% uncertainty 414 

envelope that is similar to EOF1 of the best-estimate lake histories (Fig. 9d), suggest that the dominant 415 

millennial-scale lake-status patterns in ESA over the last 20,000 years are widely represented and 416 

robust against the combined influence of chronological and status uncertainties. The first EOF shows 417 
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that lake status variability over the last 20,000 years is dominated by a coherent pattern of regionally 418 

opposed behaviour between the EARS and interior southern Africa. 419 

The late-Glacial portion of EOF1 is remarkably similar to the climatic trend of the deglaciation in Africa 420 

according to transient palaeoclimate model simulations (Otto-Bliesner et al., 2014) and important 421 

palaeoclimate records from Africa (e.g., deMenocal 2000; Weldeab et al., 2007; Tierney and 422 

deMenocal 2013). Heinrich Stadial 1, which has been described as an extreme climatic event for the 423 

Afro-Asian monsoon region (Stager et al., 2011), is associated with minimum lake status across the 424 

EARS and high lake status in interior southern Africa between ca. 18,000-16,000 cal yr BP. From ca. 425 

15,000 cal yr BP, lake-status EOF1 shows the increase of monsoonal precipitation over East Africa as 426 

a possible response to rising greenhouse-gas concentrations (Otto-Bliesner et al., 2014). This evolution 427 

is temporarily interrupted during the Younger Dryas (YD), a global event that is also captured in our 428 

EOF1 (Rasmussen et al., 2006; Carlson, 2013). With their almost uniformly positive loading on EOF1, 429 

lakes within the EARS had a high status during the early to mid-Holocene, concurrent with the 430 

widespread African Humid Period (Jolly et al., 1998; deMenocal et al., 2000; Shanahan et al., 2015). In 431 

contrast to northern Africa, where a similar early- to mid-Holocene humidity maximum was induced 432 

by the precessional expansion of the West-African monsoon (Kutzbach and Otto-Bliesner, 1982; Otto-433 

Bliesner et al., 2014), the causes for tropical East Africa’s similar moisture-balance behaviour during 434 

this episode remain unclear (Tierney et al., 2011; Liu et al., 2017; Reid et al., 2019; Wang et al., 2019). 435 

The number of informative sites through time reflects the trends reconstructed by EOF1 (Fig. 7). The 436 

maximum of informative Kalahari sites is observed between 18,500-15,500 cal yr BP, as well as 437 

prolonged recording in the Namib between 17,000-11,000 cal yr BP, meaning that shorelines formed 438 

across the region during these times due to increased lake status. Afterwards, Holocene 439 

palaeoshorelines are less common across the interior of southern Africa, except for a short-lived 440 

increase in Kalahari sites around 6000-5500 cal yr BP. The aridification of southern-African drylands, 441 

mostly reflected in our database through absence of lake-status evidence, has been reconstructed 442 

from other data sources (Goudie and Thomas, 1986; Telfer and Thomas, 2006; Thomas, 2016, Chase 443 

et al. 2019). In contrast, the number of records from the EARS increases as lakes recovered from 444 

widespread lowstands or desiccation during HS1 (Stager et al., 2011). High numbers of sites reflect 445 

maximum positive moisture balance during the early Holocene, before a slight decrease during the 446 

mid Holocene and a final rise towards maximum numbers from ca. 4000 cal yr BP to the present. 447 

More caution is necessary when interpreting higher-order EOFs of uncertain time series (e.g., 448 

Anchukaitis and Tierney, 2013). While significantly different from its nearest neighbours, EOF2 has 449 

large uncertainties and a low explanatory power (Fig. 9f), explaining 19.8 ± 1.9% of the total variance 450 
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across all MC iterations, and 18.7% in the case when only best-estimate lake-status histories are used. 451 

The main difference between EOF2 and EOF1 time series is the Holocene section, where EOF2 values 452 

for the early to mid-Holocene are similar to those of the preceding millennia, and the last 4,000 years 453 

show the most negative values of the entire period (Fig. 9f). The uncertainty range of EOF2 is 454 

considerably wider than the uncertainty range of EOF1. While sites south of 10°S load positively on 455 

EOF2, there is no evident spatial pattern for the EARS (Fig. 9a, e). We were not able to identify a 456 

mechanism for this trend with such a scatter of positive and negative loadings across the EARS. 457 

However, its general trend and consistent correlation to sites across the Kalahari could support the 458 

general evolution towards drier conditions over the last 20,000 years. 459 

The trends and events identified in ESA have been described in earlier studies based either on 460 

individual records or from syntheses of selected palaeoclimate records (e.g., Chase et al., 2010; Stager 461 

et al., 2011; Stone, 2014; Singarayer and Burrough, 2015). While this paper does not aim at exploring 462 

the causal climatological processes behind them, the coherence of our results with well-established 463 

climatic events as evident in independent records demonstrates that robust palaeoclimate trends can 464 

be identified from qualitative and discontinuous lake-status data when age-model and interpretation 465 

uncertainties are taken into account. 466 

6. Discussion and recommendations 467 

Any collection of palaeoenvironmental data is confronted with what can be called a ‘synthesis 468 

dilemma’: the choice between targeting a low number of high-quality records at the expense of spatial 469 

and/or temporal coverage, or including as much data as possible, thereby increasing the internal noise 470 

of the data compilation due to lower average data quality. For the former, the curation of records 471 

often requires subjective interpretations of what is considered ‘high-quality’, which is not without its 472 

own limitations. The lake-status synthesis method presented in this paper adopts a more conservative 473 

approach and includes as many lakes as possible. Lake-status histories are often fragmentary and of 474 

variable temporal resolution, making them challenging to incorporate in palaeoenvironmental 475 

syntheses that often focus on selected archives or records of higher continuity and/or resolution (e.g., 476 

Tierney et al., 2013; McKay and Kaufman, 2014; Steiger et al., 2018; Atsawawaranunt et al., 2019). 477 

Our ESA case study nevertheless demonstrates that robust palaeoclimate patterns can still be 478 

extracted when the proxy and dating uncertainties are taken into account, even from collections of 479 

lake-status histories containing highly discontinuous and uncertain time series. Most interestingly, our 480 

final product derived from our MC-RSEOF approach has relatively narrow uncertainties – compared 481 

to the uncertainties of the composing records (see Fig. 1), thus highlighting its capacity to extract 482 

reliable signals, even from noisy data. 483 
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Uncertainty in relative lake status can have different causes, such as poorly documented 484 

sedimentation processes, uncertain translation of biological indicators to environmental change, and 485 

uncertainties comparing environmental indicators, especially when different indicators are used for 486 

different parts of a record. Consideration of uncertainty in the interpretation of a record is rarely taken 487 

into account in palaeoclimate-data syntheses, but can be important (e.g., Lohmann et al., 2013). The 488 

definition of minimum and maximum possible lake status, which together with the best estimate 489 

describe a triangular probability density function, is a practical solution to such challenges.  490 

The incorporation of temporal uncertainty is crucial to assess past environmental variability (McKay 491 

and Kaufman, 2014). For example, Comas-Bru et al. (2019) explored the influence of chronological 492 

uncertainty in matching speleothem isotope data to climate model simulations over time windows of 493 

variable length. According to Anchukaitis and Tierney (2013), the instability introduced by temporal 494 

uncertainty is one of the main limits to recovering higher-order modes of variability from MC-sampled 495 

uncertain time series. When using our algorithm to study a fixed-boundary time window, 496 

chronological uncertainty not only affects the temporal data distribution but also the number of sites 497 

providing those data. In practice, the number of sites meeting a certain temporal-coverage criterion 498 

varies considerably between the 10,000 iterations of our last-20k experiments (Fig. 8a). While EOF1 499 

exhibits clear similarities with the well-known succession of events that characterise the last 20,000 500 

years, the meaning of EOF2 was less clear, and may support the results of Anchukaitis and Tierney 501 

(2013). Because our MC-RSEOF approach simultaneously integrates chronological and lake-status 502 

uncertainty, the uncertainty of its product is influenced by both factors. Since the lake-status 503 

classification system of the database is qualitative, all derived products should be treated as 504 

qualitative as well. However, quantitative information is available for a subset of the lakes of our 505 

database (Table 1) for more specific studies on climate-driven water budget. 506 

In addition to the proposed methodology, our database format also offers major improvements in 507 

terms of uniformity and precision of lake-status chronologies over the GLSDB. The preservation of 508 

relevant information in a relational database format enables exploring and selecting sites based on 509 

sensitivity or temporal coverage, or other characteristics such as catchment size or type of 510 

chronological data. While we primarily focused on the past 20,000 years, different site selection based 511 

on density or other aspects of dating control could be advisable when studying shorter time scales or 512 

time windows. Similarly, caution is advised when studying poorly represented time windows or 513 

regions, where inclusion or exclusion of individual sites may significantly alter the resulting EOFs. 514 

Our database format offers major improvements in terms of uniformity and precision of lake-status 515 

chronologies over the GLSDB. Almost one third of all reported radiocarbon dates were not calibrated 516 
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upon original publication (Fig. 6). Our updated chronologies commonly resulted in significant changes 517 

in comparison to their original counterparts. An important factor in radiocarbon-based chronologies 518 

is the dated material and, correspondingly, old-carbon effects. While our data compilation conserves 519 

information on reported carbon-reservoir effects, these effects are often not investigated in the 520 

original studies, which may cast additional uncertainty even on relatively high-resolution 521 

chronologies.  522 

Our new database approach offers a new perspective on the use of lake-status data for comparative 523 

studies between reconstructions based on natural archives and palaeoclimate model simulations. 524 

Data-model comparisons have become an integral part of evaluating model performance (Kohfeld and 525 

Harrison, 2000; Harrison et al., 2014) but their effectiveness requires standardised quantification of 526 

data uncertainty (Harrison et al., 2016). Our new database significantly improves the incorporation of 527 

such uncertainties in assessing model simulations using lake-status data and provides significant 528 

improvements over previous lake-status syntheses, such as the widely used GLSDB.  529 

The utility of our analytical framework combining MC sampling of uncertainties and RSEOF 530 

identification of dominant modes of variability extends beyond lake-status data. Indeed, it can be 531 

applied to any palaeoenvironmental data set that comes in the form of time series with chronological, 532 

analytical and/or interpretational uncertainties. This opens new possibilities for more inclusive 533 

syntheses, employing a standardised methodology across all archive types, data sources and 534 

palaeoenvironmental variables. 535 

However, to enable the development of such large-scale studies, adequate reporting of data is crucial. 536 

Most of the challenges involved in assembling the ESA lake-status database were related to 537 

incomplete reporting of data. While we fully acknowledge that reporting data for purposes beyond 538 

the original goal of a paper can be complex and time-consuming, the following points emphasise key 539 

elements to consider in order to foster the best use of palaeolimnological data by independent groups: 540 

● Raw data (e.g., lake-level curves, stratigraphic profiles, time series of key indicators) were not 541 

always accessible. Where the information was not available from the data producers, we had 542 

to digitise the data from figures, which at best led to a loss of data quality, and possibly to a 543 

distortion of some signals. 544 

● Stratigraphic data series were often only expressed against the calculated age and not versus 545 

original core or section depth. The inclusion of depth information, either in the original 546 

publication or in archived data sets, is essential for future updates of the chronologies (e.g., 547 

when the radiocarbon calibration curves are updated).  548 
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● In some cases chronological data was only presented graphically. Dating information 549 

presented in tabular form allow for both a quick assessment of the raw measurements and 550 

their errors, and contribute to a better reuse of the data (e.g., Millard, 2014; Courtney 551 

Mustaphi et al., 2019). 552 

● The details of the construction of the published chronology were sometimes incomplete. 553 

More details on the radiocarbon calibration curve used and/or the method of interpolation 554 

between multiple age points would contribute to a more accurate reproduction of the data. 555 

● We encourage a clear definition and discussion of which environmental variables are 556 

reconstructed based on the available evidence. 557 

 558 

7. Conclusion 559 

Lake-status histories are important sources of information on past climate change, but their synthesis 560 

and translation to palaeoclimate change is challenging. We present a new relational lake-status 561 

database that combines updated chronologies with the incorporation of uncertainties. We have 562 

shown that the combination of MC sampling to integrate the full range of data uncertainty and RSEOF 563 

to extract the dominant modes of variability allows the identification of dominant historical trends, 564 

and an assessment of their robustness. The application of this approach to ESA identified the dominant 565 

millennial-scale palaeoclimate features of the last 20,000 years, consistent with the current 566 

understanding of environmental change in the region, including a tendency towards anti-phased lake-567 

status behaviour between the EARS and interior and eastern southern Africa. These results highlight 568 

the potential contributions lake-status data can make to large-scale palaeoclimate syntheses, despite 569 

their often discontinuous and qualitative nature. The data and methods presented here serve as a 570 

proof-of-concept study for future large-scale syntheses of lake status in other regions of the world. 571 

Data availability 572 

The following materials are available on the open data repository Zenodo 573 

(https://doi.org/10.5281/zenodo.4494804). 574 

- The ESA lake-status database, in both SQLite and spreadsheet format. 575 

- Supplementary description and constraints of all database fields. 576 

- Supplementary documentation for all sites included in the database. This includes relevant 577 

background information of the site, presentation of original literature from which lake-status 578 

information was sourced, and discussion of consensus lake-status history. 579 

- Catchment shapefiles of all included sites. 580 

- R code for MC-RSEOF analysis on our database format. 581 
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Figure captions 605 

Fig. 1 Examples of lake-status histories over the last 25,000 years as incorporated in the database. a) 606 

The palaeoshoreline-based reconstruction of Etosha, Namibia. b) The (mostly) sediment-core based 607 

record of Lake Naivasha, Kenya. Horizontal error bars indicate the outer limits of 2-σ age uncertainty 608 

of each episodes’ start and end as determined by reworked chronologies. Relative status class (y-axis) 609 

is qualitative, but episodes in orange are linked to quantitative information in the form of absolute 610 

water-level elevations from shorelines or other geomorphological evidence. In contrast, grey boxes 611 

depict episodes where such a link does not exist. Uncertainty in relative lake status is depicted by 612 

lighter-colored areas outlined by a dash-dotted line. c) The MC sampling process illustrated on part of 613 

Lake Naivasha’s lake-status history. Start and end of subsequent lake-status episodes are sampled 614 

from split-normal distributions defined by the 95% credible intervals provided in the database, which 615 

themselves are derived from Bayesian age-depth modelling or, in the case of palaeoshorelines, from 616 

individual geochronological data points. For each episode, status class is sampled from a triangular 617 

distribution defined by best-estimate and minimum and maximum possible status classes defined in 618 

the database. Figure size: 1-column width. 619 

Fig. 2 Schematic overview of the structure of the SQLite database. In addition to the 9 main tables 620 

(blue), the database contains additional tables that are either used to define lists of accepted values 621 

for specific fields (black) or to link the different data tables together (orange). The black tables help to 622 

homogenise the information that is entered in the database (e.g., basin type) and facilitate querying 623 

the data. The orange tables account for the multiple relationships that can exist between tables. For 624 

example, the LakeRefs table connects the Lakes and Refs tables because there is no one-to-one 625 

connection between the two tables: one reference can be associated with several lakes and one lake 626 

can be associated with several references. For a detailed overview of these tables, see SI. Figure size: 627 

1.5-column width. 628 

Fig. 3 Flowchart of analytical approach employed in this study. Figure size: 1.5-column width. 629 

Fig. 4 Location of sites in our ESA database against a) elevation and b) aridity index, which is defined 630 

as the ratio of mean annual precipitation over mean annual evapotranspiration (MAP/MAE; Trabucco 631 

en Zomer, 2009). Map a shows whether or not the sites were incorporated in the GLSDB, while map b 632 

shows the current hydrology of the sites, with symbol colour differentiating between (seasonally) dry, 633 

closed, and open basins. Black lines delineate catchment boundaries. Site numbers refer to Table 1. 634 

Figure size: 2-column width. 635 
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Fig. 5 a) Lake sites in the database plotted according to catchment size, best-estimate age of the 636 

earliest status-class information, best-estimate temporal coverage, and number of defined status 637 

classes. b) Number of lake-status episodes of each site’s best-estimate history falling (partly) within 638 

500-year bins over the last 25,000 years. Figure size: 1-column width. 639 

Fig. 6 a) Spatial distribution of the amount and type of chronological data points used in reworked 640 

chronologies. b) Site-specific temporal distribution of chronological data points used in reworked 641 

chronologies (coloured circles depict best-estimate age) and lake-status information (covered parts of 642 

history are denoted by a full black line). Site numbers refer to Table 1. c) Database-wide counts of 643 

chronological data points used in reworked chronologies, in 1,000-year bins according to type. Figure 644 

size: 2-column width.  645 

Fig. 7 Number of sites with lake-status information through time over the last 20,000 years, for the 646 

entire database and per subregion discussed in the text, across 10,000 MC-generated historical 647 

scenarios. Full lines depict the best-estimate scenario for all sites, dark and light shading depicts the 648 

1-σ and 2-σ MC uncertainty envelope. Figure size: 1-column width. 649 

Fig. 8 a) Overview of MC-RSEOF experiments over 20,000-0 cal yr BP on MC-generated and best-650 

estimate lake-status histories. Results are plotted according to the site-selection criteria that were 651 

used to retain for RSEOF analysis only those sites that met minima of temporal coverage (varying 652 

between experiments between 10 and 100 %) and lake-status episodes (2 or 4). The top row of plots 653 

shows the frequency of the number of incorporated sites across each experiment’s 10,000 MC 654 

iterations. The bin also containing the number of sites in the scenario where all uncertainties are set 655 

to their best estimate, is shown by the darker shade of purple. The middle row shows the frequency 656 

of resulting non-overlapping EOFs from each experiment’s 10,000 RSEOF runs, with the darker shade 657 

again depicting the value that was also obtained for the best-estimate run. The bottom row of plots 658 

shows the distribution of the variance explained by the first two EOFs across each experiment’s 10,000 659 

RSEOF runs. Values for the best-estimate scenario are depicted by a darker-shaded point. b) Time 660 

series of EOF1 from RSEOF analyses over 20,000-0 cal yr BP on MC-generated ensemble of lake-status 661 

histories. Site-selection criteria of minimum temporal coverage and defined status episodes vary 662 

between 10-100% and 2-4, respectively. Black line depicts the median across iterations, dark grey and 663 

light grey shading depicts the 1-σ and 2-σ MC uncertainty envelope. Figure size: entire page in 664 

landscape format.    665 

Fig. 9 Results of RSEOF analysis over 20,000-0 cal yr BP. Selection criteria for sites were a minimum of 666 

4 defined status episodes within this time window and a temporal coverage of at least 33%. Best-667 

estimate histories as well as MC-sampled histories (10,000 iterations) are considered. a) Biplot of EOF1 668 
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and 2, depicting loadings of best-estimate scenario (thick-bordered circles) and means of MC-669 

generated scenarios with 1-σ error bars (thin-bordered circles). Point size is proportional to the 670 

record’s temporal coverage. Only sites for which the best-estimate history met the selection criteria 671 

are depicted. b) Lambda scores of EOFs for MC-generated (vertical columns and error bars show MC 672 

mean ± 1σ) and best-estimate (points) histories. The percentage of MC iterations in which a particular 673 

EOF is represented is shown above each column. c) EOF1 loadings of best-estimate (upper half-circles) 674 

and MC-sampled histories (lower half-circles). Half-circle size is proportional to the record’s temporal 675 

coverage. Only sites for which the best-estimate history met the selection criteria are depicted. d) 676 

Time series of EOF1. The thick black line represents EOF1 of the best-estimate scenario for each site, 677 

the thin line represents the median EOF1 across MC iterations. Dark grey and light grey shading depicts 678 

the 1-σ and 2-σ MC uncertainty envelope.  e) Same as c, but for EOF2.f) Same as d, but for EOF2. Figure 679 

size: entire page in landscape format. 680 

 681 

Tables 682 

Table 1 Summary of sites incorporated in our ESA lake-status database and sources of evidence for 683 

constructing their lake-status history. For full references, see Supplementary Material.684 
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1 Lake Chilwa 35.5 -15.5 closed x                         x   x Owen and Crossley (1990); Thomas et al. (2009) 

2 
Lake 
Tritrivakely 

46.92 -19.78 closed         x x x                   
Gasse et al. (1994); Williamson et al. (1998); Gasse and 
van Campo (1998); Gasse and van Campo (2001) 

3 Lake Lungué 33.6358 -24.7619 closed             x                   Sitoe et al. (2017) 

4 Lake Cheshi 29.75 -9.08333 closed             x                   Stager (1988) 

5 Ishiba Ngandu 31.741 -11.235 open     x       x                   Livingstone (1971); Haberyan (2018) 

6 
Lake 
Nhauhache 

35.2947 -21.9807 closed             x                   Holmgren et al. (2012) 

7 Lake Mapimbi 31.28 -22.4025 closed             x                   Gillson and Ekblom (2009); Ekblom et al. (2012) 

8 Lake Sibaya 32.6121 -27.3441 closed             x                   Neumann et al. (2008); Stager et al. (2013) 

9 Princess Vlei 18.483 -34.047 

open, 
significant 
groundwater 
influence 

            x                   Kirsten and Meadows (2016) 

10 Lake Chilau 34.9486 -23.9644 open             x                   Norstrom et al. (2018) 

11 Lake Nhaucati 35.3120 -22.0377 closed             x                   Ekblom and Stabell (2008); Norstrom et al. (2018b) 

12 Verlorenvlei 18.433 -32.35 open             x                   Kirsten et al. (2020) 

13 Lake Naivasha 36.3548 -0.7636 

closed, 
significant 
groundwater 
influence 

x x x x x   x x     x         x 

Richardson and Richardson (1972); Washbourne-Kamau 
(1975); Richardson and Dussinger (1986); Verschuren et 
al. (2000); Verschuren (2001); Bergner et al. (2003); 
Bergner and Trauth (2004); Van der Meeren et al. (2019) 

14 Lake Ashenge 39.5013 12.5795 closed   x x x x   x         x         Marshall et al. (2009) 

15 Lake Nabugabo 31.8995 -0.3639 

open, 
significant 
groundwater 
influence 

x     x x                       Stuiver et al. (1960); Stager et al. (2005) 

16 Lake Chibwera 30.1419 -0.1546 closed     x x x                       Bessems et al. (2008) 

17 Lake Emakat 35.8409 -2.9125 closed     x x   x x x     x           
Muzuka et al. (2004); Ryner et al. (2007); Ryner et al. 
(2008) 

18 Lake Victoria 33 -1 
open, 
artifically 
controlled 

x   x       x                 x 

Stuiver et al. (1960); Kendall (1969); Stager (1984); 
Stager et al. (1986); Sene and Plinston (1994); Johnson 
et al. (1996); Stager et al. (1997); Johnson et al. (1998); 
Johnson et al. (2000); Beuning et al. (2002); Stager et al. 
(2002); Stager et al. (2003); Stager et al. (2005); Stager 
et al. (2005b); 

19 Suguta 36.5 2.05 
closed, 
seasonally 
filled 

x x x x           x           x 
Truckle (1976); Garcin et al. (2009); Junginger et al. 
(2014) 



20 Lake Challa 37.7 -3.317 closed   x x x                         
Payne (1970); Verschuren et al. (2009); Moernaut et al. 
(2010); Wolff et al. (2011); Blaauw et al. (2011) 

21 
Nakuru-
Elmenteita 

36.17 -0.4 closed x x   x     x x             x x 
Washbourn-Kamau (1971); Butzer et al. (1972); Vareschi 
(1982); Cohen et al. (1983); Richardson and Dussinger 
(1986); Dühnforth et al. (2006); De Cort et al. (2013) 

22 Kitagata 29.9755 -0.0637 closed     x x x                       Russell et al. (2007) 

23 Kibengo 30.1783 -0.0817 open     x x x                       Russell et al. (2007) 

24 Lake Hayq 39.7167 11.35 closed x x x                     x   x 
Lamb et al. (2007); Ghinassi et al. (2012); Ghinassi et al. 
(2015) 

25 Lake Kasenda 30.29 0.4322 closed     x x x             x         
Ssemmanda et al. (2005); Bessems (2007); Ryves et al. 
(2011); Mills and Ryves (2012) 

26 
Lake 
Nyamogusingiri 

30.013 -0.2846 closed     x       x                   Mills et al. (2014) 

27 
Lake 
Kyasanduka 

30.0502 -0.2898 closed     x       x                   Mills et al. (2014) 

28 Lake Tana 37.25 12 open     x x     x                   
Lamb et al. (2baringo007b); Marshall et al. (2011); Costa 
et al. (2014) 

29 Lake Abhe 41.8 11.2 closed x x x x x   x                 x Gasse (1977); Gasse and Street (1978) 

30 
Lake Abiyata 
(Ziway-Shala) 

38.6 7.6 closed x x x x x   x               x x 
Gasse and Street (1978); Gillespie et al. (1983); Chalié 
and Gasse (2002); Legesse et al. (2002) 

31 Lake Duluti 36.7833 -3.3833 closed             x                   Öberg et al. (2012); Öberg et al. (2013) 

32 Lake Tilo 38.0958 7.0625 closed     x x x   x         x         
Telford and Lamb (1999); Lamb et al. (2000); Lamb et al. 
(2004); Lamb et al. (2005) 

33 Lake Sonachi 36.262 -0.782 closed     x x x                       
Damnati and Taieb (1996); Verschuren (1999); 
Verschuren et al. (1999) 

34 Lake Albert 31 1.5 open     x x x x x   x               
Hecky and Degens (1973); Harvey (1976); Stoffers and 
Singer (1979); Beuning et al. (1997); Lehman (1998) 

35 Lake Turkana 36 3.5 closed x x x x x         x       x x   

Butzer (1971); Butzer et al. (1972); Robbins (1972); 
Phillipson (1977); Owen et al. (1982); Halfman and 
Johnson (1989); Johnson et al. (1991); Halfman et al. 
(1992); Halfman et al. (1994); Ricketts and Johnson 
(1996); Mohammed et al. (1996); Nicholson (1998); 
Brown and Fuller (2008); Avery (2010); Velpuri et al. 
(2012); Garcin et al. (2012); Forman et al. (2014); 
Morrissey and Scholz (2014); Bloszies et al. (2015); 
Bloszies and Forman (2015) 

36 Magadi-Natron 36.04 -2.12 
closed, 
seasonally 
filled 

      x x   x             x   x 

Butzer et al. (1972); Hillaire-Marcel et al. (1986); 
Hillaire-Marcel and Casanova (1987); Barker et al. 
(1990); Taieb et al. (1991); Roberts et al. (1993); 
Williamson et al. (1993); Damnati and Taieb (1995); 
Hughes (2008) 

37 Lake Edward 29.5833 -0.4167 open     x x x                       

Bishop (1969); Brooks and Smith (1987); Musisi (1991); 
de Heinzelin and Verniers (1996); Laerdal et al. (2002); 
Russell et al. (2003); Russell and Johnson (2005); Russell 
and Johnson (2007) 

38 Lake Hora 41.95 9.43 closed x                             x Williams et al. (1977) 

39 Lake Besaka 39.87 8.86 

closed, 
significant 
groundwater 
influence 

  x x                           Williams et al. (1977); Williams et al. (1981) 

40 Loboi Swamp 36.05 0.3667 open, bog     x x x   x         x         Ashley et al. (2004); Driese et al. (2004) 

41 Lake Rukwa 32.717 -8.417 closed x   x x x   x             x x x 
Clark et al. (1970); Haberyan (1987); Talbot and 
Livingstone (1989); Delvaux et al. (1998); Nicholson 



(1999); Thevenon et al. (2002); Barker et al. (2002); 
Vincens et al. (2005) 

42 Sacred Lake 37.5333 0.05 

closed, 
significant 
groundwater 
influence 

    x                           
Coetzee (1964); Coetzee (1967); Huang et al. (1999); 
Olago et al. (1999); Olago et al. (2000); Olago et al. 
(2001); Loomis et al. (2012); Konecky et al. (2014) 

43 Lake Baringo 36.0833 0.5333 closed x   x                     x x x 
Williams and Johnson (1976); Tiercelin et al. (1987); 
Renaut et al. (2000); Bessems et al. (2008); Kiage and Liu 
(2009); Kiage and Liu (2009b); Obando et al. (2016) 

44 Lake George 30.3 0 open     x                           Greenwood (1976); Viner (1977); Laerdal et al. (2002) 

45 
Lake 
Tanganyika 

29.5 -6 open x x x x     x x           x x   

Stoffers and Hecky (1978); Livingstone (1965); Haberyan 
and Hecky (1987); Gasse et al. (1989); Casanova and 
Hillaire-Marcel (1992); Cohen et al. (1997); Nicholson 
(1999); Alin and Cohen (2003); Scholz et al. (2003); 
Cohen et al. (2005); Felton et al. (2007); Stager et al. 
(2009); Tierney et al. (2010) 

46 Lake Manyara 35.82 -3.62 closed   x                       x     

Greenway and Vesey-Fitzgerald (1969); Holdship (1976); 
Casanova and Hillaire-Marcel (1992); Casanova and 
Hillaire-Marcel (1992b); Barker (1992); Barker and Gasse 
(2003) 

47 Lake Masoko 33.755 -9.3333 closed         x                       

Williamson et al. (1999); Barker et al. (2000); Gibert et 
al. (2002); Barker et al. (2003); Barker and Gasse (2003); 
Delalande et al. (2005); Garcin et al. (2006a); Garcin et 
al. (2006b); Garcin et al. (2007a); Garcin et al. (2007b) 

48 Lake Bogoria 36.1 0.25 closed     x x x                 x x   

Young and Renaut (1979); Tiercelin et al. (1981); 
Carbonel et al. (1983); Vincens et al. (1986); Vincens et 
al. (1986b); Tiercelin et al. (1987); Hickley et al. (2003); 
Onyando et al. (2005); McCall (2010); De Cort et al. 
(2013); De Cort et al. (2018) 

49 Chew Bahir 37 4.75 
closed, 
seasonally 
filled 

  x                       x     Grove et al. (1975); Foerster et al. (2012) 

50 Lake Afrera 40.9 13.27 

closed, 
significant 
groundwater 
influence 

  x x       x                   
Bannert et al. (1970); Gasse et al. (1974); Delibrias et al. 
(1974); Bonatti et al. (2017) 

51 Dobi 42 11.5 

closed, 
significant 
groundwater 
influence 

  x x                           Gasse et al. (1974) 

52 Lake Malawi 34.5 -12 open   x x       x           x x x   

Beadle (1981); Scholz and Rosendahl (1988); Specht and 
Rosendahl (1989); Owen et al. (1990); Finney and 
Johnson (1991); Scholz and Finney (1994); Ricketts and 
Johnson (1996); Wüest et al. (1996); Johnson et al. 
(2001); Barry et al. (2002); Gasse et al. (2002); Filippi 
and Talbot (2005); Johnson and McCave (2008); Scholz 
et al. (2011); Van Bockxlaer et al. (2012)  

53 Lake Nkuruba 30.3031 0.5169 closed     x x                         Chapman et al. (1998); Saulnier-Talbot et al. (2018) 

54 Urwi Pan 20.3658 -23.3419 closed, dry x                             x Lancaster (1979) 

55 Tsodilo Hills 21.7349 -18.7846 closed, dry x     x     x     x           x Brook et al. (1992); Thomas et al. (2003) 

56 #Gi 21.0080 -19.6242 closed, dry     x x                         Helgren and Brooks (1983); Brooks et al. (1990) 

57 
Alexanders-
fontein 

24.7854 -28.8369 closed, dry x x   x                       x Butzer et al. (1973) 



58 Ngami 22.7315 -20.4983 
closed, 
seasonally 
filled 

x x               x       x   x 
Shaw (1985); Shaw et al. (2003); Huntsman-Mapila et al. 
(2006); Burrough et al. (2007) 

59 Makgadikgadi 25.4883 -20.7430 closed, dry x x         x     x           x 
Cooke and Verstappen (1984); Shaw et al. (1997); 
Ringrose et al. (2005); Burrough et al. (2009); Schmidt et 
al. (2017) 

60 Mababe 24.1585 -18.8482 closed, dry x x               x           x 
Shaw (1985); Shaw and Cooke (1986); Shaw and Thomas 
(1988); Shaw and Thomas (1993); Burrough and Thomas 
(2008) 

61 Etosha 16.3016 -18.8056 closed, dry x x                           x 
Buch and Zoller (1992); Brook et al. (2007); Brook et al. 
(2011); Brook et al. (2013); Hipondoka et al. (2014) 

62 Tsondab 15.1606 -23.8850 closed, dry   x x x                         
Vogel and Visser (1981); Teller and Lancaster (1986); 
Teller et al. (1990); Stone et al. (2010) 

63 
Branddam-East 
Pan 

18.8419 -26.3594 closed, dry   x   x x                       Schüller et al. (2018) 

64 Omongwa Pan 19.3704 -23.7064 closed, dry   x   x x                       Schüller et al. (2018) 

65 Kathu Pan 23.0083 -27.6619 closed, dry   x   x                         Beaumont et al. (1984) 

66 Lebatse Pan 23.8386 -23.8830 closed, dry   x   x                         Holmgren and Shaw (1997) 

67 Witpan 20.15 -26.6666 closed, dry   x   x                         Holmgren and Shaw (1997); Telfer et al. (2009) 
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