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Abstract

1. Phytoplankton time-series enable the observation of recurrent seasonal patterns

on community composition, but drastic shifts in community structure are rarely
observed, unless linked to anthropogenic impacts (e.g. changes in nutrient inputs).
Here, we report a unique case of non-seasonal, multiannual regime shift of phyto-
plankton community structure in Lake Kivu, East Africa, and explore the possible

causes for such changes.

. We recorded phytoplankton biomass every 2 weeks over a period of 12 years

(from 2002 to 2015). Phytoplankton community previously dominated by cyano-
bacteria and diatoms changed considerably from 2012, with a conspicuous rise
in the biomass of green algae (from 3 to 33% lake-wide), and a decline of crypto-
phytes and cyanobacteria along with an increase in total chlorophyll a concentra-
tion. Concomitantly, we observed significant differences in the mixed layer depth
between the two periods, resulting from changes in the thermal gradient. The
euphotic zone depth was also reduced in 2012-2015, probably from the higher
phytoplankton biomass. Moreover, mean particulate nitrogen and phosphorus in-

creased as well as the particulate N:P ratio.

. Desmids (Cosmarium laeve) now dominate the mixolimnion, probably due to atelo-

mixis, observed in high-frequency temperature measurements. We believe that
decadal or multidecadal variability of climate on the Indian Ocean may be the
reason for this regime shift in thermal stratification, with a strong impact in phy-

toplankton community structure.

. In conclusion, our study demonstrates that tropical lakes may be subject to non-

seasonal fluctuations that generate multiannual regime shifts. These regime shifts
have probably never been reported previously because of the lack of long phyto-

plankton time-series in low latitudes.
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1 | INTRODUCTION

As phytoplankton can respond quickly to changes in tempera-
ture, light, nutrient loading, and water column physical structure,
the composition of the assemblage—both taxonomical and func-
tional—may reveal natural and man-induced changes in these factors
(Reynolds, 2006). There are well-documented examples of long-term
monitoring of phytoplankton in temperate lakes, particularly for as-
sessing effects of lake acidification (Ginn, Cumming, & Smol, 2007;
Vrba et al., 2003), eutrophication or oligotrophication (e.g. Anneville,
Ginot, Druart, & Angeli, 2002; Ruggiu, Morabito, Panzani, &
Pugnetti, 1998), or global warming (e.g. Sarmento, Amado, & Descy,
2013; Stenuite et al., 2007). The response at the level of individual
cell populations can be fast (days to weeks) and reflect environmen-
tal or seasonal variations, but changes in assemblage composition
resulting from a change in lake status (e.g. from a reduction of nutri-
ent loading) occur at longer time scales (Reynolds, 1992). Therefore,
years of continuous observations are necessary to tell apart changes
related to significant environmental trends from stochastic or sea-
sonal variations. Typically, decades of phytoplankton monitoring,
using the same methods, are needed to assess those trends.

In tropical lakes, few studies based on phytoplankton surveys
have been long enough to assess changes at a multi-annual scale.
Most of the time, long-term surveys were based on measurements
of chlorophyll a (Chla) concentration (i.e. an estimate of phytoplank-
ton biomass), as a proxy for pelagic primary production, and gaps are
often present in time series. For instance, records of Chla in Lake
Tanganyika (Bergamino et al., 2010; Horion et al., 2010) have shown
variations at seasonal and inter-annual scales, related to variations
of the mixed layer depending on meteorological and climatic con-
ditions, which determine water column processes in African Great
Lakes (Nicholson, 1996; O'Reilly, Alin, Plisnier, Cohen, & McKee,
2003; Maclntyre, 2012; Tierney et al., 2010; Tierney, Smerdon,
Anchukaitis, & Seager, 2013). However, the lack of continuity in
records (Plisnier, Nshombo, Mgana, & Ntakimazi, 2018) hampers
straightforward interpretation of changes involved and, too often,
methodological differences between past and recent surveys fur-
ther complicate data processing and interpretation. Therefore,
studies on tropical lakes have mostly relied on paleolimnological ap-
proaches based on various sediment archives, such as fossil diatoms
(Haberyan & Hecky, 1987) or phytoplankton pigments (Saulnier-
Talbot et al., 2014), with a time resolution of decades to centuries.

In deep tropical lakes, phytoplankton composition responds pri-
marily to the alternation of stratified conditions in the rainy season
with the deep mixing that occurs in the dry season: the seasonal
mixing event not only increases the supply of dissolved nutrients
to the euphotic zone, but also results in a higher mixed layer (Zm):
euphotic layer (Zeu) depth ratio (Sarmento, Isumbisho, & Descy,
2006). In these conditions, phytoplankton is subjected to potential
light limitation, leading to diatom dominance (Reynolds, 2006). By
contrast, in the shallow mixed layer of the rainy season, the lower
Zm:Zeu ratio selects for high-light-adapted phytoplankton such as
green algae and cyanobacteria. The trade-off between high light and

nutrient limitation in the rainy season and low light and high nutri-
ents during the dry season has been documented in classic studies
in African lakes (e.g. Hecky & Kling, 1987; Kilham, Kilham, & Hecky,
1986) and is a key to understanding shifts in phytoplankton compo-
sition in these lakes. Resource ratios may also play a role in determin-
ing which species may be the most successful in given conditions of
light and nutrient availability (Kilham et al., 1986).

Although it has not been used extensively so far, pigment-based
analysis of phytoplankton composition may provide an adequate
framework to relate community composition to environmental
changes. Phytoplankton marker pigments, determined by high-per-
formance liquid chromatography (HPLC) analysis, have been used for
assessing biomass at the class level, with many applications in marine,
estuarine, and freshwater environments (e.g. review in Sarmento &
Descy, 2008). Estimating algal abundance from marker pigment re-
lies on calculations using measured pigment concentrations and ra-
tios of those markers to Chla (e.g. with CHEMTAX, Mackey, Mackey,
Higgins, & Wright, 1996). As it is based on a fast, automatic and re-
liable analytical technique, the pigment approach has been largely
used in oceanographic studies and monitoring programmes (Jeffrey,
Mantoura, & Bjgrnland, 1997), as well as in large lake studies (Descy
et al,, 2005; Fietz & Nicklisch, 2004; Fietz, Sturm, & Nicklisch, 2005;
Sarmento et al., 2006). We carried out a long-term phytoplankton
monitoring of the water column of Lake Kivu using this approach.

Lake Kivu is a great and deep (maximum depth of 489 m)
meromictic lake of the East African Rift (Figure 1). It is located north
of Lake Tanganyika, at 1463 m above sea level. In this lake, the mixo-
limnion (i.e. the mixed layer of a meromictic lake) alternates between
periods of complete mixing down to maximum 65 m and periods of
stratification, during which nutrients become depleted in the eu-
photic zone (Figure 2; Sarmento et al., 2006; Schmid & Wiiest, 2012;
Thiery, Martynov, et al., 2014; Thiery, Stepanenko, et al., 2014). The
deepening of the mixed layer occurs during the dry season (June,
July, August) and is primarily driven by the substantial decrease in
atmospheric relative humidity during that period, which generates
evaporative-driven cooling of near-surface waters, and secondly
by the reduced incoming longwave radiation reaching the lake sur-
face owing to lower cloudiness (Thiery, Martynov, et al., 2014). The
strength of the stratification during the wet season varies from year
to year, with notably weak stratification periods during the 2008 and
2009 wet seasons. Overall, the recent years have been marked by a
slight reduction in stratification strength (Figure 2), possibly related
to the transition from a wet to a drier period.

Whereas moderate to severe P-limitation of phytoplankton pre-
vails in Lake Kivu during most of the year (Sarmento, Darchambeau,
& Descy, 2012; Sarmento et al., 2009), N-limitation may occur in
the stratified rainy season, as denitrification takes place within the
oxic-anoxic transition zone (Lliros et al., 2012; Roland et al., 2018).
Pelagic primary production in Lake Kivu exhibits substantial varia-
tion at the seasonal scale, but also between years (Sarmento et al.,
2012), as shown by the variable height of the dry season Chla peak
(Darchambeau, Sarmento, & Descy, 2014). Phytoplankton com-
position also varies seasonally in a predictable way, with diatoms
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FIGURE 1 Map of Lake Kivu and
location of the sampling sites. The inset
shows location of Lake Kivu in the
Western African Rift
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being more abundant in the dry season, and cyanobacteria better
developed in the rainy season (Sarmento et al., 2006, 2007). Given
the remarkably low taxonomic diversity of phytoplankton in Lake
Kivu, and the fact that there are few dominant species (Sarmento
et al., 2007), there is a good correspondence between resolution at
the class level based on marker pigments and resolution at genus/
species level, that can be obtained with microscopy. For instance,
variations of diatom biomass mostly reflect variation of abundance
of needle-like Nitzschia and Fragilaria, and variations of cyanobac-
teria type 2 biomass depends on abundance of Planktolyngbya and
Raphidiopsis. Similarly, green algae are essentially composed of pop-
ulations of Cosmarium laeve (Sarmento et al., 2007) and of Tetraédron
minimum (Stoyneva et al., 2012).

A phytoplankton biomass long-term monitoring (recorded over
a period of 12 years, from 2002 to 2015) at the class level in Lake
Kivu, allowed us to detect drastic changes in phytoplankton commu-
nity structure. The main shift occurred from 2012, with a conspicu-
ous rise in the biomass of green algae, paralleled by changes in the

abundance of the other phytoplankton groups. The objective of this
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study is to report these changes and to examine possible explana-
tions for them, based on the available environmental data and on the
ecological strategies of the dominant taxa. Our main hypothesis was
that phytoplankton responded primarily to changes in water column

mixing dynamics.

2 | METHODS

The study sites were located in the northern basin (off Gisenyi
1.07°S, 29.23°E) and the eastern basin (off Kibuye 2.10°S, 29.20°E)
of Lake Kivu, as well as in southern basin (at Ishungu) of (2.34°S,
28.98°E) (Figure 1). The Gisenyi and Kibuye sites are located in
the deepest basin, where the exploitation of the methane present
in large amounts in the deep waters has begun in the past years
(for more information, see https://www.contourglobal.com/asset/
kivuwatt). Part of the data were obtained in the framework of the
“Biological Baseline of Lake Kivu” (Descy & Guillard, 2014), setup

for monitoring the changes which may occur in the mixolimnion
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FIGURE 2 Depth-time diagram of temperature in the mixolimnion of Lake Kivu at Ishungu, southern basin, 2002-2014. White-out

portions: no data

as a result of the gas exploitation (see Wiiest, Jarc, Birgmann,
Pasche, & Schmid, 2012). In this paper, owing to the similarity of
the limnological conditions, the data from Gisenyi and Kibuye sites
were merged.

General physical and chemical characteristics of the lake
water are described elsewhere (e.g. Borges, Abril, Delille, Descy,
& Darchambeau, 2011; Descy et al., 2012; Sarmento et al., 2006;
Schmid, Halbwachs, Wehrli, & Wiiest, 2005). The lake is meromictic,
with a salinity gradient located between 60 and 90 m depth, sepa-
rating the top oxygenated layer—the mixolimnion or biozone from the
deep anoxic waters extending down to 485 m at the deepest point.
Limnological and planktological observations were made through-
out the mixoliminion twice a month from March 2002 to November
2009, and monthly afterwards. The longest time series is from the
Ishungu site (2002-2015), and that from the northern-eastern basin
is somewhat shorter (2005-mid 2015). Similar techniques were used
throughout the study period, with use of multiparameter probes
(Hydrolab DS4, Yellow Springs Instrument 6600 V2 probe and Sea
& Sun CTD M725 and 257 probes) for acquisition of vertical pro-
files of temperature, dissolved oxygen, pH, and conductivity in the
mixolimnion, with casts down to 70 m depth. There was no system-
atical cross-calibration, but every probe was calibrated on the day
of measurement, and sometimes two probes were used. The mixed
layer depth, Zm, was determined at each occasion as the depth with
the maximum downward temperature change per m, because salin-
ity has a marginal effect on density gradient in the top 65 m (Schmid
& Wiiest,2012). The depth of the euphotic zone (Zeu, the depth at
which light is attenuated at 1% of subsurface PAR) was estimated
from the vertical attenuation coefficient measured with Li-Cor sur-
face and submersible sensors, and from Secchi depth using conver-
sion coefficients, determined several times during the study period
from simultaneous measurements (see e.g. Darchambeau et al,
2014).

Water samples were collected using a Van Dorn or Niskin 6-L
bottle, at different depths, at 5 m intervals in the 0-20-m layer and
at 10-m intervals in the 20-60-m layer. For each sampling depth,
at least 3 L of water were filtered on Macherey-Nagel (Diren,
Germany) GF5 filters (average retention capacity of 0.4 pm) on
which pigment extraction was carried out in 90% HPLC-grade ac-
etone, following Sarmento et al. (2006). In addition, 2 L of a pooled

sample of the mixed layer were filtered on a pre-combusted GF5
filter for particulate carbon (C), nitrogen (N), and phosphorus (P)
analyses. Filters were left to dry and then kept frozen until analy-
sis. Those analyses of seston elemental composition were carried
out from 2002 to 2008 using a Carlo Erba NA1500 elemental anal-
yser for determining particulate C (POC) and particulate N (PON),
and particulate P (POP) was measured after persulphate digestion.
Molar C:N, C:P, and N:P ratios were used as indicators of phyto-
plankton nutrient status, as in Sarmento et al. (2009, 2012) and in
Darchambeau et al. (2014). From 2012 to 2015, only PON and POP
were measured, for the sites off Gisenyi and Kibuye, according to
Valderrama (1981), so that only N:P ratios were available for com-
parison with the 2002-2015 period. However, a few seston analyses
were performed by elemental analysis during the EAGLES project
(Descy et al., 2015), allowing to obtain some C:N seston ratios in the
lake off Gisenyi.
Phytoplankton biomass and composition were assessed
throughout the study by determination of Chla and marker pigments
by high-performance liquid chromatography. High-performance lig-
uid chromatography analysis of phytoplankton extracts was carried
out using the Wright et al. (1991) gradient elution method, with a
Waters system comprising a photodiode array detector and a fluo-
rescence detector. Calibration was made using commercial external
standards (DHI, Denmark). For estimating phytoplankton abundance
at the class level, pigment concentrations were processed with the
CHEMTAX software (Mackey et al., 1996). Lake Kivu data process-
ing followed a procedure similar to that of Descy et al. (2005), al-
lowing estimating Chla biomass of green algae, Chrysophytes,
diatoms, Cryptophytes, dinoflagellates, and cyanobacteria, taking
into account variations of pigment ratios with season and depth.
Phytoplankton biomass was expressed either as the mean over the
whole mixolimnion (0-60 m), per unit volume (mg Chla/m?3), or as
mg Chla/m?, by integrating the Chla measurements at the different
sampled depths. Based on previous knowledge of the phytoplank-
ton composition in Lake Kivu analysed using microscopy (Sarmento
et al., 2007), the following phytoplankton groups were considered:

e Diatoms and chrysophytes, which have chlorophylls c and share
fucoxanthin as main marker pigment; diatoms also have diadinox-

anthin and diatoxanthin; due to analytical problems of the HPLC
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technique (i.e. the incomplete separation of myxoxanthophyll and
violaxanthin or diadinoxanthin), diatoms were not confidently dis-
tinguished from chrysophytes: these two classes were regrouped
and treated as diatoms + chrysophytes.

e Green algae, which have chlorophyll b, lutein, neoxanthin, zeaxan-
thin, and violaxanthin

e Cyanobacteria type 1 (T1), which have zeaxanthin at high
concentration

e Cyanobacteria type 2 (T2), which have echinenone and
often aphanizophyll and/or myxoxanthophyll in addition to
zeaxanthin

e Cryptophytes, with chlorophyll ¢, alloxanthin, and a-carotene

e Dinoflagellates, with chlorophyll ¢, peridinin, and diadinoxanthin

On some occasions, a supplementary 50-ml sample was pre-
served immediately after collection with Lugol's solution and
neutral formaldehyde (2-4% final concentration) for microscopic
identification of main taxa, according to Sarmento et al. (2007).
In addition, a monthly survey was carried out off Kibuye from
November 2012 to April 2013, with collection of 1-L samples
from 3 depths (-5, =20, -40 m), corresponding to the layers usu-
ally observed in Lake Kivu during stratification periods. After
Lugol addition, these samples were left to settle for 24 hr and the
sedimented material was resuspended in 100 ml lake water, and
preserved with formaline and further microscope examination.
Microscope examination was carried out by the Bi-Eau consul-
tancy (Angers, France), using the Utermohl technique (AFNOR
2006) for determining phytoplankton abundance and biovolume
at the best achievable identification level. To estimate the bio-
volumes, each taxon was assigned to a stereometrical form (Rott,
1981). For the main species, we used cylinder (with rounded or
elliptical base), parallelepiped (with square or rectangular base),
and revolution ellipsoid. Single measurements were done at light
microscope with x1,000 magnification and using the Olympus
DPSoft program. Cell surface and volume were calculated using
average dimensions. The surface:volume ratio (S/V) and the
greatest axial linear dimension (m) were used for determination
of primary phytoplankton life strategies (C, S, R, and transitional
types - Grime (1979, 2001) and Reynolds (1988), summarised and
completed by Olrik (1994) and Reynolds (2006).

2.1 | Continuous measurements at high resolution
(lake logger data)

Mooring lines were installed on the two monitoring platforms located
off Gisenyi: these lake loggers (Precision Measurement Engineering,
USA) consisted of different sensors for continuous recording of tem-
perature (with eight thermistors attached every 10 m from O to 70
m). The lake loggers allowed acquisition of high temporal resolution
data (every 5 min) in the 2012-2014 period (Descy & Guillard, 2014)
and generated a file with raw data every 6 hr; the data were used
to assess the physical status of the top 70 m of the water column at
high temporal resolution.
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2.2 | Statistical analyses

Using the available limnological and planktological data, we con-
structed a data matrix containing 426 observations gathered at the
three sampling sites, by averaging all variables between 0 and 20 m,
i.e. approximately the euphotic zone. The limnological variables in-
cluded in the data matrix were mixed layer depth (Zm), maximum
temperature in the mixolimnion (Max_T), minimum temperature in
the mixolimnion (Min_T), average temperature in the mixolimnion
(T_avg), Delta_T (Max-T - Min_T), Schmidt stability index, Secchi
depth (Secchi), depth of the euphotic zone (Zeu), Zm : Zeu ratio;
when available, PON, POC, C:N molar ratio, POP, C:P molar ratio,
N:P molar ratio. The planktological data were Chla and the biomass
of main phytoplankton groups (expressed as pg Chla/L, as calculated
with CHEMTAX), i.e. green algae, cryptophytes, cyanobacteria T1,
cyanobacteria T2, dinoflagellates and diatoms (chrysophytes were
summed up with diatoms, as the distinction of the two classes based
on pigments was uncertain). We performed a one-way analysis of
variance (ANOVA) to test for significant differences between two
time periods (2002-2008 and 2012-2014) for the biotic variables
measured. Normality of data and residuals were analysed with a
Shapiro-Wilk test (Shapiro & Wilk, 1965).

Using the R-software (R 3.5 version, Development Core Team,
2010) and the ADE4 package (Chessel, Dufour, & Thioulouse,
2004), we carried out a factorial correspondence analysis on the
phytoplankton data in order to examine changes of phytoplank-
ton biomass and composition over the years. In addition, we de-
termined the trends in the variation of abiotic (limnological data)
and biotic parameters (planktological data) over the 2002-2014
period using generalised additive models (Fewster, Buckland,
Siriwardena, Baillie, & Wilson, 2000). Variables were standardised
by site for reducing potential spatial or methodological between-
sites bias and highlighting global tendencies at the scale of the
whole lake. Temporal trends were modelled as a smooth nonlinear
function of time. Autocorrelation error was reduced by adding a
residual autocorrelation structure, optimised by minimising the
Akaike information criterion over several combinations of autore-
gressive parameters (Zuur, leno, Walker, Saveliev, & Smith, 2009).
Finally, we carried a canonical correspondence analysis (CCA), a
well-known multivariate gradient analysis with constrained or-
dination (Ter Braak, 1986), on the data from the deep basin, for
which values of all variables were available, in order to identify
the key environmental variables driving the biomass of the phyto-

plankton classes.

3 | RESULTS

The total phytoplankton biomass in the northern and eastern ba-
sins ranged from 10 to 224 mg Chla/m? with a mean of 90 + 38.6 mg
Chla/m? between 2005 and 2014. In the southern basin, the bio-
mass ranged between 10 and 348.7 mg Chla/m? with a mean of
77.6 £ 38.9 mg Chla/m? between 2002 and 2014.
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Two periods can be distinguished based on Chla and phyto-
plankton composition in the lake (Figures 3 and 4): in the 2002-
2008 period, mean Chla concentration in the euphotic layer was
2.2 pg/L; cyanobacteria were the dominant group of phytoplank-
ton, with close to 50% of Chla on average, while diatoms repre-
sented 25%, closely followed by cryptophytes (22% of Chla); green
algae contributed a few percent. From 2012 to 2014, mean Chla
was 2.8 pg/L and the composition changed markedly: diatoms and
green algae increased, and cyanobacteria and cryptophytes de-
creased to <20% together, on average. Similar changes were ob-
served at Ishungu: a decrease of cyanobacteria and cryptophytes
was observed, paralleled by an increase in green algae, from 2%
in 2002-2008 up to 30% of Chla in 2012-2014. Despite the large
interannual variations of Chla concentration in Lake Kivu, a signifi-
cant increase in Chla concentration (p < 0.001) was observed at all
sites in the post-2012 data.

Microscopic analyses carried out on samples collected monthly
off Kibuye showed that the green algae were represented mainly by
the desmid Cosmarium laeve, which was the single highly dominant
taxon among the green algae, followed by the coccal Tetraédron min-
imum (normal and lemon-shaped; see Stoyneva et al., 2012). Figure 5
allows to compare the morphological parameters of the main phyto-
plankton taxa and to assess the ecological strategies. With their high
S/V and high m and mS/V, the diatoms (Nitzschia bacata and Fragilaria
danica) and the filamentous cyanobacteria (Raphidiopsis curvispora,
Planktolyngbya limnetica, and Planktolyngbya contorta), can be con-
sidered as S strategists, i.e. stress-tolerant taxa. By contrast, with
their medium-sized to small cells and their lower S/V, the different
forms of Cosmarium (C. laeve, small and large, and Cosmarium polygo-
natum) and of Tetraédron seem to exploit a transitional S-R (see dis-
cussion) life-strategy (Figure 5, right panel).

3.1 | Statistical analyses

The factorial correspondence analysis showed the interannual
variation of phytoplankton composition, with a temporal gradient,

discriminating the years dominated by cyanobacteria T2 (2002-
2008) from the years dominated by green algae (2013-2014), with a
transition period in 2012 (Figure 6).

Modelling phytoplankton group variations using generalised ad-
ditive model (Figure 7) helped to better understand the change in
abundance of the main phytoplankton groups. All groups exhibited
large variations over time, except for cyanobacteria T1, which re-
mained relatively constant, and of dinoflagellates, which were barely
developed most of the time. Two groups, cyanobacteria T2 and cryp-
tophytes, showed a decrease from 2011 to 2012 onward, whereas
diatoms (+chrysophytes) and particularly green algae increased in
this period (Figure 7). These changes were statistically significant
(Table 1).

A similar trend analysis, carried out on the available limnological
data (Figure 8), showed an increase of the depth of the mixed layer
from 2012, which resulted from a decrease of the thermal gradi-
ent (Delta T) within the mixolimnion. This weaker thermal gradient
mainly resulted from an increase in T_min (see Figure 8 and Table 2),
while T_max decreased. A slight increasing trend was observed for
Chla, with a corresponding decrease of the depth of the euphotic
layer.

Both PON and POP increased in Lake Kivu between the 2003~
2008 period and the 2012-2014 period (Figure 9). Despite greater
variability in 2012-2014, the differences were statistically signifi-
cant. Sestonic N:P ratios were also significantly different between
the two periods (Figure 9), with a higher average N:P ratio in 2012-
2014, suggesting greater P limitation, occurring essentially in the
rainy season, with N:P reaching 80, exceeding the range reported
by Sarmento et al. (2012). Deeper vertical mixing in the dry seasons
2013 and 2014 resulted in increased P availability, reflected in the
lower N:P ratio (down to 12, i.e. similar to Sarmento et al.'s data).
A few C:N seston ratios (n = 6) from 2012 to 2013 gave a mean of
10.1 £ 1.6, i.e. similar to that published by Sarmento et al. (2012),
based on the 2002-2008 data.

The CCA performed on the data from the northern and east-
ern basin (Figure 10) showed that environmental variables explained

O Chlorophytes B Cryptophytes m Cyanobacteria T1

ug Chlorophyll alL
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FIGURE 3 Phytoplankton biomass and composition from marker pigment analysis by high-performance liquid chromatography averaged
over the upper 60-m layer in Lake Kivu 2002-2015. Fewer data were acquired between September 2008 and February 2010. To represent
the longest time series, the data from the northern and the southern basin were merged
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56.1% of the variance of the biomass of the phytoplankton classes,
with Zm, Zm:Zeu, Delta_T, PON, and POP as main driving variables.
The analysis separated well the 2005-2008 period, with higher
water column stability (Schmidt stability index, Delta_T) favouring
high biomass of cyanobacteria T2 and cryptophytes, and the 2012-
2014 period, with higher mixed layer depth (Zm, Zm:Zeu), higher
particulate nutrients (PON, POP) and higher green algae, cyanobac-
teria T1 and diatom biomass.

1.0 10.0 s 6 =
S/V (u/m)

m*S/V

3.2 | Temperature data from the lake loggers

The examination of water column temperature time-series acquired
at high temporal resolution (at 10 m intervals) in 2012-2014, sug-
gests that mixing may have occurred on a daily basis down to 20
(-30) m depth, even in the rainy season. Figure 11 shows an exam-
ple extracted from the lake logger database: in the 2 first weeks of

January 2013, the top layers of the lake cooled at night, so that the
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temperature gradient disappeared down to 30 m, potentially allow-
ing vertical mixing to occur. During the day, water temperature went
up in the upper layers, generating a temporary stratification. Hence,
the lake mixolimnion may have experienced a partial mixing every

night, down to 20 or 30 m, depending on the cooling extent.

4 | DISCUSSION

Here, we report substantial changes on the phytoplankton assem-
blage of Lake Kivu related with non-seasonal multiannual changes
on environmental conditions. Cryptophytes and cyanobacteria de-
clined (from 25 to 7% lake-wide) in the period 2012-2014 in compar-
ison with 2002-2008, and there was a dramatic rise of green algae
(from 3 to 33% lake-wide), leading to an increase in Chla concen-
tration. In parallel, the two periods also differed in the mixed layer
depth, resulting from changes in the thermal gradient. The euphotic
zone depth was reduced in 2012-2014, probably from the higher
phytoplankton biomass. Moreover, the mean particulate N, P, and
N:P ratio were greater in 2012-2014 than in 2002-2008, suggesting
changes in nutrient supply resulting in greater P limitation.

The main objective of this study was to explain these long-term
changes, which occurred at the scale of the whole lake. The con-
trasting survival strategies of the main phytoplankton groups point

to a change in the lake's mixing dynamics of the mixolimnion, as

evidenced by the trends we identified in the environmental data.
Diatoms and non-motile green algae such as those present in Lake
Kivu require vertical mixing to remain in suspension (Reynolds,
2006). This is reflected, for instance, in the dry season peaks of dia-
toms reported from studies of phytoplankton in large, deep tropical
lakes (Descy et al., 2005; Hecky & Kling, 1987; Sarmento et al., 2006,
2007, 2012). Conversely, cyanobacteria T2 correspond in Lake Kivu
to filamentous forms, some with gas vesicles (Sarmento et al., 2012),
making them able to remain in suspension in the rainy season con-
ditions, when the mixolimnion is stratified. The fact that some of
them can, through N-fixation, withstand a reduced N supply re-
sulting from increased denitrification that occurs at the oxic-anoxic
interface in stratified conditions (Roland et al., 2018) may also have
contributed to their success in the period 2002-2008.

This reasoning leads to the hypothesis that the change in phy-
toplankton composition may have also been driven by a change in
nutrient cycling, as evidenced by the significant increase of PON,
POP, and the N:P ratio. The fact that both PON and POP increased
may be related to the increase in green algae and diatom biomass, as
suggested by the CCA results. Regarding changes in dissolved nutri-
ents concentration, few data are available, as SRP and DIN are often
below detection level in the euphotic zone of the lake. Sarmento
et al. (2006) reported mean SRP between 0.44 uM (rainy season) and
0.75 uM (dry season), and mean DIN between 2.42 (rainy season)
and 3.29 uM (dry season). A few recent data for 2012-2014 reported
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FIGURE 8 Seasonal and interannual trends of limnological variables in Lake Kivu (2002-2015), as modelled with generalised additive
model using data of all sites. The seasonal pattern is shown on the left panel (months numbered from 1 to 12) and the interannual pattern
on the right panel. The dotted lines correspond to the 95% confidence interval. Zm, depth of the mixed layer; Zeu, euphotic layer thickness;
Chla, chlorophyll a; Tmax, maximum temperature; Tmin, minimum temperature; DeltaT, Tmax - Tmin

column of the tropical, oligotrophic Lake Kivu. Accordingly, the According to the S/V and mS/V this desmid seems to exploit a
genus Cosmarium is considered, among the green algae, as tolerant transitional S-R (i.e. stress-tolerant vs. ruderals, see the review by
to chronically oligotrophic conditions (Reynolds, 2006, table 5.2). Olrik, 1994) life-strategy, which includes low sensitivity to grazing.
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TABLE 2 Trends of the generalised additive model tests applied
to physical parameters in Lake Kivu measured on three sites on the
2002-2014 period (\, decrease; 7, increase; -, no trend)

Temporal trend Adjusted R* p-value
Zm 2 0.56 <0.001
Zeu N 0.20 0.003
Chla 2 0.15 <0.001
Tmax N 0.50 <0.001
Tmin 2 0.28 <0.001
Delta T N 0.48 <0.001

Chla, chlorophyll a concentration; DeltaT, Tmax - Tmin; Tmax, maximal
temperature in the mixolimnion; Tmin, minimal temperature in the mix-
olimnion; Zeu, euphotic layer thickness; Zm, depth of the mixed layer.

Its low S/V ratio along with its thick cell wall implies high sinking
rates, which is why atelomixis is key to keep them in suspension in
the water column (Barbosa & Padisak, 2002), as discussed in detail
below. Since nutrient deficiency, and strong P-limitation in partic-
ular, supports the development of S-strategists (Olrik, 1994), the
overlapping S-R strategy of the species may explain its success in
the oligotrophic conditions of Lake Kivu. Thus, high light and low
nutrients, associated with frequent partial mixing of the water col-
umn and possibly low losses related with zooplankton grazing, may
be key to the success of Cosmarium laeve in Lake Kivu. Descy et al.
(2010) and Stoyneva, Descy, and Vyverman (2007), Stoyneva et al.
(2012) emphasised the importance of grazing on phytoplankton se-
lection in large tropical lakes, where metazooplankton is present all
year round. This selection favours large unicells, as Eremosphaera in
Lake Tanganyika, or coenobial and colonial forms, such as Lobocystis
and Nitzschia asterionelloides O. Miller in Lake Tanganyika again. It
is quite likely that the medium size of Cosmarium laeve (m 15-20 pm)
and thick cell wall provided some grazing resistance, contributing to
its survival in Lake Kivu mixolimnion.

The hypothesis proposed to explain the success of non-motile
phytoplankton taxa in Lake Kivu mixolimnion is supported by the
increasing trend the mixed layer depth, which obviously favoured
diatoms and non-motile green algae, at the expense of filamentous
cyanobacteria and cryptophytes, which showed a strong decline in

the recent years, probably as a result of the reduction of seasonal

I

og)
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stratification. However, there is necessarily a process operating at
the scale of algal population lifetime, i.e. days or weeks. Indeed,
for an algal population to maintain itself, it must have a growth
rate greater than the losses due to mortality, grazing and, above
all in a stratified lake, sedimentation. Settling losses depend on the
specific sinking rate of the algal cells (m/day) determined by their
size, shape and density, but depend also on the depth of the mixed
layer, that can be linked to the thermal gradient, and to the ver-
tical turbulent intensity (Reynolds, 2006). We have shown, from
the high-frequency temperature logger records in the mixolimnion
of Lake Kivu that a daily cooling of the water column may occur,
suppressing the thermal gradient in the 0-20 (30) m layer for a
few hours at night, allowing partial vertical mixing of the water
column. In this way, the mixolimnion can alternate between pe-
riods of stratification of the upper lake layer during the day and
periods of mixing at night. This is on some way analogous to the
behaviour of tropical shallow lakes, which are polymictic, such as
Lake George in Uganda (Talling & Lemoalle, 1998). However, here
the water column mixing occurs only partially, a phenomenon re-
ferred to as atelomixis. Barbosa and Padisak (2002) mentioned this
“forgotten lake stratification pattern”, rarely found in limnology
textbooks, in a study of two Brazilian lakes of moderate size and
depth, and used the term partial atelomixis as the diurnal vertical
mixing did not suppress the seasonal thermocline in these lakes.
So this mixing dynamics is definitely different from the complete
mixing observed in shallow tropical lakes, as far as nutrient cycling
is concerned: while the water column mixes partially, nutrients ac-
cumulated in the deeper layers do not reach the euphotic layer,
which can remain nutrient-limited, allowing only survival of the
algae with low nutrient requirement.

Atelomixis has been reported in a number of warm low-latitude
lakes (Becker, Cardoso, & Huszar, 2008; Bouvy et al., 2003; Fetahi,
Schagerl, & Mengistou, 2014; Gunkel & Casallas, 2002; Lopes, Bicudo,
& Ferragut, 2005; Souza, Barros, Barbosa, Hajnal, & Padisak, 2008),
and in some of those, desmids dominance has been attributed to this
mixing pattern. A new Reynolds’ functional group (Reynolds, Huszar,
Kruk, Naselli-Flores, & Melo, 2002) has been suggested: N, (atelo-
mixis-dependent desmids) for this particular phytoplankton assem-
blage (Souza et al., 2008). However, Lake Kivu is very different from

those lakes cited above, which were less deep, mixing completely
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FIGURE 9 Box-plots of natural logarithm of particulate N (PON), particulate P (POP), and N:P molar ratios in the seston observed in all
study sites, from 2003 to 2014. All data from the different basins have been merged. Dark lines represent the median and the middle boxes
encompass 50% of the observations from lower (25%) to upper (75%) quartiles. The upper and lower whiskers describe, respectively, the
extreme quartiles. Outliers are displayed as black circles. Stars indicate statistical significance at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***)

tested with an ANOVA
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2 for the 2012-2014 period. The first axis (F1) encompassed

88.5% of the projected inertia and the second axis (F2) 7.3%. The
environmental variables (see text for acronyms) explained 56.1% of
the variance of the biomass of the phytoplankton classes

seasonally and in most cases supporting much higher phytoplankton
diversity and biomass. Lake Kivu is probably a rare example of atelo-
meromictic lake. More interestingly, in many of those lakes the same
algal group was very abundant: desmids, despite their assumed high
specific sedimentation rate, remained in the plankton, due to the
partial mixing of the water column at night. Therefore, we reinforce
the hypothesis (see Barbosa & Padisak, 2002) that atelomixis may
be a key process in low latitude lakes, essential to understand phy-
toplankton dynamics, and largely overlooked because of the need of
high-frequency measurements to be detected.

The changes reported here overcome seasonal fluctuations in
phytoplankton composition. There was a pronounced non-sea-
sonal shift on core phytoplankton community structure that can
only be explained by a climate variability over East Africa that
operates at a decadal—multidecadal scale (Tierney et al., 2013).
Apparently, these multiannual regime shifts are stronger than
seasonal fluctuations of community structure, and it is likely that
green algae were at times abundant in Lake Kivu in the past. For
instance, Hecky and Kling (1987) reported several Cosmarium
amongst the most abundant species in samples from March 1972.
Additional evidence of variation of phytoplankton assemblage
structure in the past is provided by data on fossil pigments in
the sediment, where lutein, a carotenoid specific to green algae,
shows great variations over the depth of a sediment core (Descy
et al., 2015). Lutein concentration was low in surface sediments,
whereas it was quite high in deeper strata, where diatoms were

also more abundant.

Tropical lakes, given their usually weak thermal gradient, respond
quickly in changes in atmospheric conditions that may be driven by
climate variability (e.g. Nicholson, 1996). This may be particularly
true for Lake Kivu, given its location at relatively high altitude, which
determines a mean surface temperature of ¢. 24°C and a thermal
gradient in the mixolimnion in the rainy season of c. 2°C (Schmid &
Wiiest,2012). Hence, the intensity of vertical mixing shows a great
sensitivity to meteorological conditions, particularly in the dry sea-
son (Schmid & Wiiest,2012) but also to those of the preceding rainy
season (Darchambeau et al., 2013). This results in a great interannual
variability of the intensity of the dry season mixing, which drives
phytoplankton biomass and primary production (Darchambeau
et al., 2014). Climate variability occurring at a decadal-multidecadal
scale in East Africa (Tierney et al., 2013) is influenced by teleconnec-
tions with both Indian and Pacific Ocean sea surface temperatures.
Correspondingly, for Lake Kivu, Darchambeau et al. (2013) have ob-
served statistically highly significant correlations between intra- and
inter-annual variations of water column stability, phytoplankton bio-
mass and tropical ocean climate indexes, including western tropical
Indian Ocean sea surface temperature anomaly index, dipole mode
index, Southern Ocean Index, and El Nifio-Southern Oscillation. It is
very likely that the changes we report for Lake Kivu in mixed layer
depth, decrease of the temperature gradient and phytoplankton
assemblage structure are driven by the same large-scale variability.
The lack of high-quality meteorological data for the 2002-2008 pe-
riod makes it impossible to provide evidence for a change of weather
pattern in the Lake Kivu region. We can just speculate that drier,
clear sky conditions at night induced greater energy loss (longwave
radiative cooling), allowing deeper mixing. This would be consistent
with the slight reduction in stratification strength (Figure 2), possibly
related to the transition from a wet to a drier period.

Finally, only long-term surveys over many years can capture the
kind of variability, inducing regime shifts depending on large scale
climate variation, we observed in a tropical large lake. A study cover-
ing a few years would have shown that the pelagic zone of Lake Kivu
was dominated by cyanobacteria and diatoms, with very few green
algae (Sarmento et al., 2006), contrasting both with previous reports
(Hecky & Kling, 1987) and with the present situation. Moreover, a
survey based only on Chla measurements would have shown a mod-
est recent increase of phytoplankton biomass, which might have
been interpreted as the result of nutrient enrichment, possibly from
changes in fluxes from the deep waters to the mixolimnion, or from
increasing inputs from the watershed. Only more detailed data in-
cluding phytoplankton community structure allowed us to point out
the effects of a change in the water column mixing pattern. Similar
shifts in phytoplankton community structure might be expected
in other East African Great Lakes, but they can only be detected if
long-term limnological and planktological data (or paleoproxies) are
available. This study also allows to insist that high-quality limnologi-
cal, planktological, and meteorological data are needed for the mon-
itoring, conservation and management of the African inland waters
(Robarts & Zohary, 2018), which provide key resources for the local
populations.
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