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Aquatic ecosystems in tropical regions remain understudied and their long-term

dynamics poorly understood. In East Africa, a better understanding of how natural

communities of primary producers in small freshwater ecosystems respond to climatic

variability is needed to improve management and conservation of aquatic resources. This

study explored the response of algae and bacteria communities to marked hydrological

variation over the past 1,500 years in a small western Ugandan crater lake, Lake Nkuruba.

We analyzed sedimentary algal and bacterial pigments to evaluate the magnitude

and direction of change in the autotrophic community in response to severe climatic

perturbations in the region. The lithology of the Lake Nkuruba sediment core indicated

that external forcing in the form of a major drought, associated with the Medieval Climate

Anomaly, caused a heavy, short-lived detrital pulse to the basin that led to a brief but

substantial disruption of the lake system in the second half of the Thirteenth century. The

system appears to have recovered rapidly, and then transitioned to a more productive

state than the one preceding the drought. The considerable variation observed in the

sedimentary pigment biomarkers is likely linked with climatically-induced changes in

the water column structure of this small crater lake. Our results highlight the challenge

of defining appropriate baselines or reference conditions in climatically-sensitive East

African aquatic ecosystems and disentangling long-term anthropogenic impacts from

the strong regional hydrological flux at the decadal to centennial scale.

Keywords: Africa, drought, lake levels, paleolimnology, sedimentary pigments

INTRODUCTION

Small lakes can be hotspots of biodiversity (Strayer and Dudgeon, 2010) and are critical to
ecosystem service delivery; however, they remain some of the least investigated freshwater systems
globally and are largely excluded frommanagement planning (Biggs et al., 2017). This is particularly
true in tropical regions, where small lakes are abundant on the landscape and are of critical
importance to local human populations (Lewis, 2000), yet we still know very little about how they
function and respond to global change, making it difficult to manage them responsibly. In western
Uganda, one of the world’s fastest growing and most vulnerable populations (Hartter et al., 2012)
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rely on small crater lakes to provide essential ecosystem
services including water for domestic use and livestock and
nourishment (source of protein) in the form of fish. Saulnier-
Talbot et al. (2014) showed that these small tropical crater lakes
can be very sensitive to climatic changes at the annual and
decadal scale and provided a perspective of Twentieth century
variability in crater Lake Nkuruba. For example, they found
that temperature-driven increases in water column stability can
have detrimental consequences for primary production, such as
the expansion of the anoxic zone, which may limit the ability
of lakes to support adequate fish populations and increase the
proliferation and blooms of cyanobacteria (Saulnier-Talbot et al.,
2014). To improve management, restoration, and conservation
of these vital ecosystems, a more in-depth understanding
of their dynamics on longer timescales is necessary, with a
particular focus on identifying the timing and magnitude of the
principal drivers of regional environmental change (Gelorini and
Verschuren, 2013).

Ecosystem sustainability requires that evolutionary and
historical ecological processes inherent to the given system are
maintained. Therefore, it is vital to understand these processes
and to define the most appropriate baselines for evaluating the
magnitude and direction of current ecological changes. The
study of lake sediment archives provides a vital perspective that
contributes to making informed predictions on how ecosystems
will respond to current and future environmental change based
on extrapolations of how they reacted to disturbances in the
past (e.g., Saulnier-Talbot, 2016). Previous studies conducted
on sediment cores from western Ugandan crater lakes have
shown that the paleolimnological approach is key to determining
the magnitude and direction of ecological shifts in these lakes
and their catchments relative to environmental change and
human pressures (e.g., Ssemmanda et al., 2005, Ryves et al.,
2011, Gelorini and Verschuren, 2013, Mills et al., 2014, Kiage
et al., 2017). Here, we follow this approach and combine the
analysis of lithological attributes with our study of sedimentary
algal and bacterial pigments, to reconstruct long-term variation
in the phototrophic community structure of a small crater
lake located in the vicinity of Kibale National Park, western
Uganda.

Sedimentary pigments, whenwell-preserved, are a particularly
informative proxy of the response of lake production and primary
producer composition to disturbances linked to climatic change,
including water column stratification, and water depth and
chemistry (e.g., McGowan et al., 2005). Several studies have
shown that sedimentary pigments represent entirely plausible
and reliable indicators of past environmental change at decadal
to millennial scales in African lakes (e.g., Verschuren et al., 1999;
Barker et al., 2000, Meyer et al., 2018). Because of its substantial
depth, low transparency, strongly stratified water column, and
thick anoxic hypolimnion (Chapman et al., 1998, Saulnier-Talbot
et al., 2014), pigments should be well-preserved in the sediments
of Lake Nkuruba. As such, the objective of this study was to use
the long-term archive of algal and bacterial pigments to assess
the response of the lacustrine autotrophic community to known,
marked regional climatic perturbations over the past ∼1,500
years.

MATERIALS AND METHODS

Lake Nkuruba (0◦31’00.85“N 30◦18’11.06”E) is a small (3 ha),
moderately deep (max z = 38m, mean z = 16m), slightly
alkaline (pH = 8), freshwater lake (mean surface conductivity
= 360 µS cm−1). It is sheltered from the wind by high forested
walls that average 48m above current water level. The lake has
no known surface inflow or outflow and is likely fed solely
by rain. It is therefore sensitive to hydrological variations. The
presence of fissures within the lake’s basin and exchange with
groundwater cannot be excluded but is yet to be confirmed,
although the region is known to be seismically active. Aquatic
macrophytes are rare in the lake because the steep crater walls do
not allow for much shallow littoral area. Extended monitoring
of the lake (1992–2011) revealed a generally strongly stratified
water column, albeit with occasional atelomixis, and even some
rare complete turnover events allowing for the redistribution
of nutrients into the system (Chapman et al., 1998, Saulnier-
Talbot et al., 2014). Surface water temperature is relatively stable
and averages around 23◦C (Saulnier-Talbot et al., 2014), whereas
surface dissolved oxygen concentrations are highly variable,
ranging between 6 and 180% saturation (mean = 6.3mg L−1;
Efitre et al., 2016). The lake’s small catchment is currently forested
with mature trees thanks to conservation efforts deployed since
the early 1990s. A nature reserve and community ecotourism
campsite are established in the catchment. As such, this lake is
of distinct ecological and human value for the region.

Nkuruba is located at an altitude of 1,520m and is part
of a group of around 90 crater lakes with highly variable
conductivities that dot the landscape in southwestern Uganda.
These volcanic explosion craters are thought to be of Late
Pleistocene age and are associated with tectonic activity in the
western branch of the East African rift system (Ssemmanda et al.,
2005; Russell et al., 2007). The region sits on the Toro belt, which
is a complex geological mosaic consisting of gneisses interlayered
with micaeous schists, amphibolites, quartzites, and calcsilicates
and partly covered with rift sediments (Link et al., 2010). The
regional climate is tropical sub-humid and is under the influence
of the Intertropical Convergence Zone (ITCZ) (Nicholson, 1996).
It displays a seasonally bimodal rainfall pattern consisting of
two rainy seasons (March-May and October-December) and two
dry seasons (June-September and January-February) (Chapman
et al., 2010). Air temperatures average around 20◦C throughout
the year.

Two sediment cores were retrieved from the middle area of
the lake (Figure 1): in January 2008, a 27 cm short core was
retrieved using a gravity corer (see results in Saulnier-Talbot
et al., 2014); and in January 2009, a 150 cm-long core was
retrieved using a percussion corer. The water-sediment interface
was intact in both cores and even if slight degassing occurred,
it did not affect the stratigraphical integrity of the sequences (as
observed through the clear plastic tubes used for coring). The
cores were examined visually, and their lithology was described
before they were extracted vertically on site into 1 cm increments.
At all times during sediment processing, care was taken not
to expose the sediments to direct sunlight (which could risk
degrading sedimentary pigments). Samples were kept in the dark
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FIGURE 1 | Location of the study lake within Uganda, position in relation to other nearby crater lakes (in black) and bathymetry of lake Nkuruba with location of the

coring site (marked by X). Modified from (Saulnier-Talbot et al., 2014).

and frozen until analyzed at McGill University’s Department
of Biology (Montréal, Canada) in the 2–3 months following
fieldwork.

We combined the chronology of a previously-dated short core
(Saulnier-Talbot et al., 2014) with the longer sediment record
from Lake Nkuruba. The short core chronology was based on
the measurement of 210Pb, 214Pb, and 214Bi in 16 core intervals
using gamma spectrometry, and the constant rate of supply
(CRS)model was applied to establish age-depth relationships (see
Saulnier-Talbot et al., 2014 for results). Wiggle-matching of the
LOI data from both cores suggested that 18 cm depth in the long
core corresponded to 1910 CE, so we use this as an additional
chronological marker. Three wood fragments retrieved from
the long core were prepared at the Centre d’études nordiques’
Radiochronology Lab (Université Laval, Canada) and dated using
AMS 14C at the KECK Carbon Cycle (University of California,

Irvine, USA). All 14C dates (Table 1) were calibrated using Calib
Rev 7.0.4. (©Stuiver et al., 1986-2014) and are presented in the
text as common era (CE) ages. We used the Bacon method in
R (Blaauw and Christen, 2011) to construct an environmentally-
realistic Bayesian age-depth model with a limited number of data
points.

In the months following fieldwork, sediment samples
were weighed, lyophilized, and weighed again to measure
their water content. The organic and minerogenic content
was determined using the loss on ignition technique (Heiri
et al., 2003). Sedimentary pigment analysis was conducted at
2 cm intervals throughout the long core in April 2009 (for
a total of 75 samples), following the method described in
Saulnier-Talbot et al. (2014). Briefly, pigments were extracted
in 100% acetone from pre-weighed samples of freeze-dried
sediment, pre-processed by sonication in an ice bath for heat
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TABLE 1 | Radiocarbon dates of terrestrial remains (wood fragments) from Nkuruba sediments.

Sample ID Core depth (cm) D14C (‰) age (14C) cal age BP*/yr CE

UCIAMS-84615/ULA-1909 68–69 −82, 8 ± 2,1 695 ± 20 665 ± 7/1285

UCIAMS-84616/ULA-1910 125–126 −92, 6 ± 2,1 780 ± 20 703 ± 26/1247

UCIAMS-84617/ULA-1911 147–148 −169, 5 ± 1,8 1490 ± 20 1370 ± 20/580

*Calibration carried out using Calib Rev 7.0.4. (©Stuiver et al., 1986-2014).

dissipation, purged of oxygen/air, and placed in an atmosphere
of argon for 24 h at −20◦C. Aliquots were analyzed using
high-performance liquid chromatography (Zapata et al., 2000)
(Waters HPLC, model no 600/626 with a Waters Photodiode
Array 2996, a Waters 2475 Multi λ Fluorescence detector and
a refrigerated Waters autosampler 717). Individual pigments
were identified and quantified using external standards, and
sedimentary pigment concentrations were calibrated relative
to organic matter content (OM) of the sediment. Downcore
sedimentary pigment preservation was conservatively evaluated
by calculating the ratio Chl-a: total pheopigments (Leavitt
and Hodgson, 2001). Most pigment data (except diatoxanthin,
echinenone, and lutein) were square-root-transformed to
normalize variance.

Stratigraphically constrained cluster analysis using
unweighted pair-group average clustering (UPGMA;
Legendre and Birks, 2012) and Chord similarity measure
was implemented with the software Past (Hammer et al., 2001)
on the pigment data to determine zonation through time.
The core section corresponding to the high sedimentation
event (114–74 cm depth) was lumped into one zone (P-3),
which included the highest cophenetic distances (>0.3; see
Supplementary Material). Other separations were also grouped
(zones P-1, P-4, and P-5) at depths corresponding to concurrent
changes in both pigment assemblages and lithological changes
(see below). Stratigraphical diagrams were plotted using the
software C2 (Juggins, 2011).

RESULTS

The age-depth relationship determined for the Nkuruba long
core was generated with the Baconmethod (Blaauw andChristen,
2011) (Figure 2). The date obtained from the bottom of the long
core indicates that it covers the last ∼1,500 years, going back
to the Sixth century CE. The two other 14C dates bracketed the
beginning and the end of the dry sediment interval (Figure 3),
placing it in the second half of the Thirteenth century. The
oldest section of the core (L-1) had the slowest sedimentation
rate (0.03 cm/yr), whereas the subsequent section (L 2-3) had an
estimated high sedimentation rate of 1.5 cm/yr. Following this
anomaly, sedimentation rates returned to a slower rate of 0.09
cm/yr (L 4-5). The topmost section of the core (L-6), representing
the last ∼100 years had an estimated accumulation rate of 0.18
cm/yr.

Sedimentary characteristics revealed a series of heterogeneous
facies (distinctive units of material) differing substantially in
water, organic, and carbonate content. Zonation of the long core
based on observations of compositional changes in the sediment,
resulted in 6 distinct lithological units (Figure 3). Units L-1, L-5,

and L-6 contained the highest moisture and organic matter (OM)
content, whereas units L-2, L-3, and L-4 were generally very dry
and minerogenic. Unit L-3 was further divided into three sub-
zones because of some notable variations in water content and
lithology. The water content in the sediments varied between 10
and 80%, and OM varied between 3 and 40%. Comparatively,
carbonate content varied less (between 1 and 6%) but was
highest at the top of Unit L-1 and in L-4. Table 2 presents the
stratigraphical position and approximate duration for each of the
zones.

Results from the constrained cluster analysis on the pigment
data showed that the greatest dissimilarities between downcore
sediment pigment assemblages were located in the zone
of rapid sediment accumulation, in the interval 1250–1285
CE (Figure 4 and Supplementary Materials), corresponding
to Zones P-2 and P-3. Other transition periods identified
through this analysis were located around 1420 and 1800
CE. The ratio of Chl-a: total pheopigments was highly
stable throughout the sequence, except for a few punctuated
deviations at the beginning of P-3 and in P-6 (Figure 4 and
Supplementary Figure 2).

Zone P-1 (520–1250 CE) shows variable levels of pigments,
with a general peak around 830 CE, which in not synchronous
with a peak in OM values that occurred around 770 CE. In
zone P-2 (1250–1255 CE), there is a rapid increase in all
pigment concentrations, which could indicate higher overall
production in the lake in this short period of time. Zones
P-2 and P-3 correspond to the dry sediment interval (L2
and L-3) that occurred between ∼1250–1280 CE. Zone P-3 is
marked by the highest variability for all pigments, except for
Pheophytin (see Table 3) and some strong declines in numerous
pigments, which could be the result of the important increase in
sediment accumulation during this period. In zone P-4 (1280–
1420 CE), most pigments showed a recovery with an increasing
trend. Zone P-5 (1420–1800 CE) contained higher than average
concentrations of pigments, especially those associated with
cyanobacteria (with respect to the 1,500 year record). Zone P-
6 (1800 CE-present) showed stable values for most pigments
followed by a general increase in the topmost section of the core.
However, pigments in the core top, which were more recently
deposited and had not undergone the same degree of diagenesis
as in the rest of the sequence when it was extracted from the lake,
are deemed less representative of relative change (Guilizzoni and
Lami, 2002).

DISCUSSION

The lithology and biomarker components of the Nkuruba
sediment archive indicated clear environmental variability over
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FIGURE 2 | Age-depth Bayesian model of the Nkuruba long core generated with Bacon software in R.

the past 1,500 years. In particular, there was a two-fold change
in sediment water content accompanied by a temporary shift
from organic mud to a matrix comprised of sand and pebbles
during the second half of the Thirteenth century CE. Changes in
the algal and bacterial community followed a similar trajectory,
with substantial variations in pigment concentrations and the
loss of labile indicators at that point in time. Our interpretation
of this record, set in a regional context, is one of an ecosystem
strongly driven by regional hydrological changes: the occurrence
of an intense late medieval drought that disrupted the system
considerably.

Analyzing Nkuruba’s pigment record is complex because
variations in pigment abundances are influenced bymany factors,
including pigment preservation, changes in sedimentation rate,
and the compression of sediments with time; all of which must
be interpreted carefully. Our coarse age-depthmodel for this core
precludes the calculation of reliable pigment fluxes. However,
our results suggest a three-fold increase in sedimentation rate
(from 0.03 to 0.09 cm/year) between the pre- and post-
Thirteenth century periods. Roughly, this would translate into
even greater differences in pigment concentrations between pre-
13th and post- Thirteenth century levels, with indications of the

system being much more productive post- Thirteenth century.
Anthropic disturbances could also potentially explain some of the
variation in this lake’s past dynamics (Mills et al., 2016), as human
impacts in the region are perceptible as far back as 4,000 years ago
(see Kiage et al., 2017). Although there is no available information
on direct historical anthropogenic impacts at our study site
beyond the early Twentieth century (Saulnier-Talbot et al., 2014),
charcoal and pollen content of a sediment core from nearby
(<10 km away) Lake Kifuruka suggest that fires became more
frequent, and vegetation changes reflected increased human
disturbance in the catchment of that lake over the past 2,000 years
(Kiage et al., 2017). Moreover, Russell et al. (2009) found that
nearby Lake Wandakara (<15 km away) was more sensitive to
human disturbances in its catchment than to climatic change over
the past 2,000 years, with considerable biogeochemical changes
that even led to increased eutrophication. It is therefore likely
that a similar scenario played-out in the vicinity of Nkuruba
and in its basin, but the timing and magnitude of anthropic
perturbations remain unknown, and we cannot currently link
any human factors to the long-term past dynamics of Nkuruba.
It is reasonable to suspect that deforestation in the lake’s
catchment could have exacerbated the effects of drought. We
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FIGURE 3 | Sedimentary characteristics of the Nkuruba sediments used to determine the physical stratigraphical units of the core.

can use the Twentieth century record to support this argument
as we know that during this time period the watershed was
deforested, and pig farming was present, and yet we do not
see changes in the lithology over the past 100 years that
are nearly as dramatic as what was observed between 1250-
-1285 CE.

In its current state, Lake Nkuruba has low light penetration
(Secchi depth ≈2m) and a thick anoxic layer, that usually
extends over about two thirds of the water column (Saulnier-
Talbot et al., 2014); these factors contribute to the preservation
of algal and bacterial pigments as they are deposited at the
water-sediment interface and are eventually buried (see Leavitt,
1993, for review). Thus, despite high water temperatures (around
22◦C), the relatively deep basin of Nkuruba renders it more
resistant to drought than other, shallower crater lakes in the
region and makes it a good candidate for the investigation of
sedimentary pigment records. In fact, even pigments considered
to be very labile, such as chlorophylls, fucoxanthin, and
pheophorbide, appear to be well-preserved throughout this core,
even into the oldest (>1,000 years) sediments. However, the
major changes observed in the core sedimentology suggest that
ideal conditions for the preservation of pigments were not always
present throughout the sequence. The water and organic matter

contents in zones L-2 and L-3 suggest some disturbance in the
system that could potentially have affected pigment preservation
temporarily in the corresponding zones P-2 and P-3 (1250–
1280 CE).

The very base of the Nkuruba core likely corresponds to
the period known in Europe and Asia as the Late Antique
Little Ice Age (LALIA; Büntgen et al., 2016), which straddles
the end of Antiquity and the beginning of the Middle Ages
(500–650 CE). Understanding of climate change during this
∼200 year period in Africa is still limited, and it is not
currently known if temperatures cooled at that time, as in
Europe and Asia. Except for an absence of the very labile
pigment fucoxanthin, there is little indication in the Nkuruba
sedimentary pigment record that could potentially reflect the
effects of the LALIA, such as decreased lake levels reported from
lakes Edward, Challa, and Tanganyika around that time (Nash
et al., 2016).

Sedimentological markers indicated relatively stable water and
OM content of the sediment throughout zone L-1. Chlorophylls
and their derivatives also remained relatively stable in zone P-
1, but many pigments showed a peak around 140 cm depth
(corresponding to c. 830 CE), suggesting that primary production
was higher during that interval. This time-period corresponds
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TABLE 2 | Stratigraphical position (cm) and approximate duration (years CE) of

lithological units (determined visually based on sedimentological characteristics)

and pigment zones (determined using cluster analysis and matched with

lithological zones) identified in the Nkuruba long core.

Unit/Zone Depth (cm) Age (years CE)

6 0–25 2009–1800

5 25–56 1800–1420

4 56–74 1420–1280

3 74–114 1280–1255

2 114–122 1255–1250

1 122–150 1250–520

to a well-documented episode of higher than average rainfall
in East Africa, inferred from diverse proxies in several lakes,
including lakes Edward (c. 900–1000 CE), Tanganyika (c. 800–
850 CE), and Naivasha (c. 900 CE) (reviewed in Nash et al.,
2016). It is therefore conceivable that the thickness of the
oxygenated epilimnion during the period preceding theMedieval
Climate Anomaly (MCA) could have varied due to higher
rainfall and that occasional turnover events allowing for the
resuspension of nutrients were a likely occurrence that would
have stimulated growth. Conditions prevalent in this oldest
section of the record seem to have been especially profitable
to the phototrophic algae, and particularly the siliceous and
green algae.

A recent review of continent-wide Holocene climate in Africa
(Nash et al., 2016) highlights that the Middle Ages were a
period of increasing aridity in Eastern Africa, culminating in
the climax drought of the end of the MCA. Lake Edward, to
the southwest of Nkuruba, was at its lowest level around 1050–
1200 CE (Russell and Johnson, 2005); whereas in Lake Victoria,
to the southeast of Nkuruba, dryer-than-average (Holocene)
conditions peaked during a 100 year episode centered on 1200
CE (Stager et al., 2005). In other, shallower Ugandan crater
lakes, located south of Nkuruba, drought appears to have peaked
during the second half of the Twentieth century CE (Russell
et al., 2007, 2009, Ryves et al., 2011; Mills et al., 2014). Nkuruba,
as a rain-fed lake, is sensitive to hydrological variations and
would still be sensitive to an intense drought despite its relatively
deep basin. Sedimentological indicators from our study core
indicate that in the Nkuruba catchment, the drought appears to
have culminated in the second half of the Thirteenth century,
slightly later than in the previously-investigated lakes in the
region (Figure 5). This peak coincides remarkably well with
the 1257 AD eruption of the Samalas volcano (Indonesia),
considered to be one of the strongest of the past 2500 years
(Swingedouw et al., 2017) and linked to short, but global climatic
disturbances (Guillet et al., 2017). Given the much greater depth
of Nkuruba, compared with the other investigated crater lakes
in the region (Figure 5), it is possible that it only recorded
the end of the drought, perhaps exacerbated by the Samalas
eruption. Better chronological control of sediment cores from
the region, in general, would improve our understanding of the
apparent regional differences in the timing of maximum drought
intensity.

Around 1250 CE, there was a major perturbation in Nkuruba’s
environment shown by a drastic and sudden decrease in
the core’s water and OM content (unit L-2). This section
of the sediment archive was unique in its composition as it
contained abundant remains of snail shells, which were absent
or rare from the other sections (although snails are currently
present in the lake, especially in the shallow littoral area),
indicating that peak favorable conditions for these organisms
were only attained during this short interval. For snails to
inhabit Nkuruba’s system in such numbers, the water level
would have presumably been low at the time, exposing a
wider littoral zone in the shallower, southeastern region of
the lake’s basin (Figure 1) and providing adequate habitat
for the snails. In turn, a shallow lake would have been less
conducive to the preservation of pigments, possibly resulting in
the generally lower and erratic pigment concentrations seen in
zone P-3.

Following unit L-2, the massive dry facies of unit L-3 was
deposited into the lake, likely originating from the parched
soils and vegetation-depleted walls of the crater. Although
the accumulation in this zone of the Nkuruba core was
very rapid, a single slumping event is unlikely because of
the presence of a well-delimited lithological sub-zonation in
this section (a similar zonation occurs with the pigments, as
can be seen in Supplementary Figure 2). A similar decrease
in water and organic matter content values to extremely
low levels was reported by Kiage et al. (2017) in a core
extruded in 2014 from Lake Kifuruka (mean z = 5m), located
<10 km away from Nkuruba. However, the dry period in the
Lake Kifuruka core, based on 14C dating of leaf fragments,
was about 1,200 years older than the dry period captured
in the Lake Nkuruba core. This earlier timing of intense
drought in Kifuruka would coincide with what is considered
likely to be the driest period of the middle-late Holocene,
at the start of the common era (Nash et al., 2016). The
sediment archives of other nearby crater lakes should be
investigated to see if these dry facies have been recorded
throughout the region and if they correspond to one or more
droughts.

After the end of the MCA, there is evidence that there was
a return to moister hydroclimatic conditions in the region, with
humidity reaching its maximum between 1200 and 1500 CE
(Nash et al., 2016). In unit L-4 and zone P-4 (1280–1420 CE) the
water and OM content of the sediment and the algal and bacterial
assemblage reverted to pre-thirteenth-century conditions within
about 100–150 years. These results illustrate the high resilience
of the primary trophic level in Nkuruba’s ecosystem following an
extreme climatic event.

Drier conditions returned to parts of East Africa after 1500
CE, with evidence from the Lake Edward record suggesting
that the climate reverted to conditions comparable to those of
the peak MCA drought (Russell and Johnson, 2007). A trend
toward declining rainfall during the LIA was also observed in
other Ugandan crater lakes (Bessems et al., 2008). However,
lithological characteristics in the Nkuruba record do not point
to low humidity in unit L-5 (1420–1800 CE). Organic matter
content even reached some of its highest values of the last
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TABLE 3 | Coefficient of variation estimates (standard deviation/mean*100) for each pigment in each zone.

Zone Pheophorbide-a CHL-a β-carotene Pheophytin Fucoxanthin Diatoxanthin Alloxanthin Chl-b Lutein Zeaxanthin Echinenon

6 29.70 7.62 10.80 40.03 63.83 32.65 19.79 11.25 24.67 9.76 25.67

5 16.60 4.86 6.58 16.60 52.81 26.47 13.77 12.17 25.31 9.73 13.70

4 88.45 5.62 16.22 12.65 95.26 31.38 19.08 7.15 33.19 23.18 29.48

3 205.66 13.10 26.64 32.11 236.14 100.04 88.39 16.37 102.41 45.49 70.24

2 64.18 3.91 13.75 5.96 110.21 18.03 14.52 5.30 59.13 24.85 21.11

1 31.20 5.90 31.20 14.56 76.79 31.77 22.70 6.51 51.18 22.52 39.04

FIGURE 5 | General timing of inferred drought events (plain gray shading) from various paleoenvironmental indicators in the sediments of western Ugandan crater

lakes over the past 2000 years. Indicator abbreviations are as follows: LOI, loss on ignition; MS, magnetic susceptibility; OM, organic matter; IM, inorganic matter;

C/N, carbon to nitrogen ratio. Exponents refer to the published literature: (1) (Bessems et al., 2008), (2) (Mills et al., 2014), (3) (Russell et al., 2007), (4) (Russell et al.,

2009), (5) (Ryves et al., 2011), (6) (Ssemmanda et al., 2005), (7) this study. Lakes Kanyamukali, Wandakara, Kasenda, and Nkuruba are part of the Kasenda cluster

and their locations are indicated in Figure 1. The other lakes are located in the Katwe-Kikorongo and Bunyaruguru clusters, about 60–70 km south-west of the

Kasenda cluster, between lakes Edward and George. This southern region is drier, and those lakes have higher conductivities.

1,500 years in this zone, reflecting high autochthonous (and
also potentially allochthonous) production. The highly variable
pigment record in zone P-5 (1420–1800 CE) does not point
unambiguously toward either drier or wetter conditions. The
dominant cyanobacterial component of the assemblage could
suggest higher temperatures, lower lake levels and especially
increased stratification of the water column. In fact, many
cyanobacteria taxa achieve maximum growth rates at elevated
temperatures (e.g., Paerl et al., 2011), which explains why they
are a major component of the biota in tropical lakes. They also

out-perform other phototrophs in highly stable water columns
because many taxa can effectively regulate buoyancy. However,
our previous findings about the recent dynamics of the study
lake (Saulnier-Talbot et al., 2014) established that the algal and
bacterial community in Lake Nkuruba, including cyanobacteria,
is currently very sensitive to increasing temperature and the
associated stability metrics of the water column (and also to
extreme rainfall events, changes in land-use in the catchment,
and possibly to fish population fluctuations). Currently, in
Lake Nkuruba, primary production (with a signal strongly
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linked to concentrations of pigments such as β-carotene, lutein,
alloxanthin, and echinenone) is highly positively correlated
with depth to anoxia. This translates into higher sedimentary
pigment concentrations when the thickness of the mixed
surface layer is greater (i.e., deeper mixing). Therefore, the
more productive zones P-5 and P-6 of the long core could
correspond to periods of generally greater depth to anoxia in
the past. A thicker oxygenated epilimnion in a crater lake that
is protected from the wind by high walls can be the result of
various environmental factors, including cooler temperatures
and cloudier conditions, which favor turbulent mixing. The
inferred enhanced primary production could also be the result
of cultural eutrophication, as was reported by Russell et al. (2009)
for nearby Lake Wandakara. We consider it likely that zone P-
5 corresponds to the Little Ice Age, which has been dated to
around 1500–1800 CE in westernmost East Africa (Russell et al.,
2007).

Zone P-6 is a period of high primary production of
phototrophic algae, along with decreased concentrations of
cyanobacterial pigments relative to the main-phase LIA. The
more highly resolved record of the sedimentary pigments of
this period, analyzed from the short core taken in Nkuruba
(Saulnier-Talbot et al., 2014) indicated that primary production
over the last century had been highly variable within the
context of that timeframe (about 100 years). It was found
that the Twentieth century changes were linked to human-
induced disturbances in the lake and its catchment, including the
introduction of fish, along with deforestation, and pig farming
in the catchment. The hindsight provided by the 1,500 year
record from the long core now enables the contextualization
of the recent variability in the lake’s dynamics. Placed in a
longer historical context, the recent decadal-scale changes in the
Nkuruba pigment concentrations are dwarfed by the higher-
amplitude changes during the past 1,500 years. However, the
most recent accumulation in the Nkuruba core does show some
of the highest pigment concentrations of the past 1,500 years,
even without considering values from the surface sediment
(which could be misleading due to differential degradation).

CONCLUSION

By providing insight into the past magnitude and direction of
changes in lake primary producers, sediment archives improve
our capacity to evaluate community response and resilience to
severe climatic perturbations. Based on a ∼1,500 year sediment
archive of Lake Nkuruba, we have demonstrated that this
Ugandan crater lake underwent high-amplitude hydrological
changes but that primary producers appear to have recovered
rapidly. However, it remains unclear how ecosystem resilience
will be affected by the combined pressures of climatic variability
and increasing human pressures in the future. A further point
illustrated by this study is the complexity of determining baseline
conditions for lakes in East Africa, where climate over the

past ∼1,500 years has been highly variable and clearly had
strong repercussions on climate-sensitive aquatic ecosystem
dynamics.
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Supplementary Figure 1 | Stratigraphically constrained cluster analysis of

pigment data using unweighted pair-group average clustering (UPGMA; Legendre

and Birks, 2012) with Chord similarity measure. The dark rectangle indicates the

zones corresponding to the highest sedimentation rate in the core.

Supplementary Figure 2 | Downcore pigment data presented on the depth (cm)

scale showing splits corresponding to UPGMA clustering (>0.16 chord distance in

Supplementary Figure 1).
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