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Abstract
In situ observations of biophysical interactions in natural waters typically focus on physical mechanisms

influencing biological activity. Yet, biological activity can also drive physical processes in aquatic environments.
A community of photoautotrophic, motile and heavy bacteria—Chromatium okenii, which requires light, sulfide,
and anoxic conditions to perform anoxygenic photosynthesis, accumulates below the chemocline of the
meromictic Lake Cadagno (Switzerland). Upward vertical migration drives bioconvection, which modifies the
physical environment of the bacteria-populated water to create a deep and homogeneous mixed layer of up to
1 m thickness. Continuous convection within the mixed layer and diapycnal diffusivity from its adjacent strati-
fied surroundings determine ecologically relevant gradients. The daytime vertical migration that induce convec-
tive instabilities is well-established. It consists in bacteria swimming upward towards light and accumulating at
the upper part of the anoxic layer, leading to a locally-unstable density excess. However, nocturnal activity has
not yet been analyzed. An intensive 48-h survey was conducted in August 2018 using standard and microstruc-
ture profilers, as well as a moored high-resolution current meter coupled with temperature and turbidity sensors
deployed across the mixed layer depth. This survey revealed a persistent mixed layer also during nighttime
hours. Using a mixed layer shape model, vertical velocity observations and turbulent dissipation estimates, we
conclude that photoautotrophic bacteria continue their vertical migration at night. This nocturnal activity
thereby drives “dark bioconvection” and maintains the subsurface mixed bacterial layer in Lake Cadagno
throughout the diel cycle.

The long-standing description of natural waters assumes
that the physical environment influences biogeochemical pro-
cesses to generate specific ecological niches. Hydrodynami-
cally driven enhancement of primary production (Weiss
et al. 1991; Oschlies and Garçon 1998; Dufois et al. 2016) and
formation of plankton spatial structures (Abraham 1998; Ng
et al. 2011; Lévy et al. 2018), such as thin layers (Steinbuck
et al. 2009a; Durham and Stocker 2012), are typical examples
of physical mechanisms that drive biological processes.

Nonetheless, biological activity can also influence and drive
physical processes in aquatic systems. Examples of biophysical
interactions affecting water characteristics at large spatial
scales include planktonic modification of light absorption
(Lorenzen 1972; Schanz 1985), which can lead to differential

heating (Sathyendranath et al. 1991; Strutton and
Chavez 2004) and biogenic stratification (Weimer and
Lee 1973; Culver 1977; Viaroli et al. 2018). At smaller scales,
biologically-induced turbulence (Kunze et al. 2006; Lorke and
Probsta 2010; Simoncelli et al. 2018) is expected to drive water
transport and mass exchange. The specific capacity of plank-
ton to drive mixing has been demonstrated by laboratory
experiments (Noss and Lorke 2014; Houghton et al. 2018).
However, it still lacks conclusive in situ observations
(Kunze 2019).

Bioconvection represents an intriguing example of bio-
induced physical forcing (Hill and Pedley 2005; Bees 2020), in
which heavy and motile microorganisms drive hydrodynamic
changes in their immediate aquatic surroundings. This bio-
physical interaction has been extensively documented in labo-
ratory settings using unicellular microorganisms (Bees and
Hill 1997; Jánosi et al. 1998; Bearon and Grünbaum 2006). A
recent study by Sommer et al. (2017) demonstrated that it also
occurs in stratified natural waters.

Such biological phenomena leave specific, yet subtle physi-
cal traces in the aquatic environment. If those traces are
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sufficiently prominent, we attain the possibility to observe
and investigate the original biological process by following its
physical effects. This study documents bacteria-driven bio-
convection in a lake by connecting several physical effects
caused by motile, photoautotrophic sulfur Chromatium okenii
communities. Lake Cadagno, a small alpine and meromictic
lake in the Swiss Alps, provides an ideal natural laboratory. It
hosts abundant photoautotrophic bacteria that create a homo-
geneous mixed layer (ML; Fig. 1). The goal of this study is to
infer bacterial migration activity based on the bio-induced
convective mixing characteristics of the water layer they
inhabit. Specifically, using physical measurements, we sought
to elucidate whether these bacteria remain active at night
(Sepúlveda Steiner et al. 2019).

In this paper, we analyzed the persistent development
of a bioconvective ML in Lake Cadagno during daytime
and nighttime hours using an intensive 48-h field cam-
paign. Specifically, we used (1) vertical microstructure pro-
files to evaluate the competing effects of bacteria-induced
convection and turbulent diffusion adjacent to the bacte-
rial layer and (2) temperature and velocity at different spa-
tial and temporal scales to explain maintenance and
persistence of the ML below the chemocline of Lake Cad-
agno throughout the diel cycle. Ultimately, this study

should motivate the use of physical observations to infer
biological processes.

Bioconvection in Lake Cadagno
Study site

The study site, Lake Cadagno (Fig. 2; 46�3303.1300N,
8�42041.5100E) is located in the Swiss Alps at 1920 m asl. This
small alpine lake has a maximum depth of 21 m and a surface
area of 0.26 km2. Deep, ion-rich, subaquatic inflows (Del Don
et al. 2001) lead to permanent stratification and qualify Lake
Cadagno as a crenogenically meromictic lake (Boehrer and
Schultze 2008). The stratified water column exhibits a chemo-
cline separating the oxygen-rich upper layer (top �10 m) from
the anoxic and sulfide-rich deep-water (deepest �10 m).

Lake Cadagno freezes approximately from end-October to
mid-May (with a thick snow cover) and remains stratified
(thermally and by salinity) during this period. After the ice
melts, diverse phototrophic sulfur bacteria form a layer at the
oxic–anoxic transition, which gradually expands (Danza
et al. 2018). This layer is composed by a community of purple-
sulfur and green-sulfur bacteria (Schanz et al. 1998; Tonolla
et al. 1999), of which C. okenii is the largest, the most abun-
dant in biomass and, most importantly, the sole motile. Dur-
ing early summer and when C. okenii concentrations are

Fig 1. Comparison of day–night profiles. Night profile: 15 August 2018 21:00 (thin lines), and day profile: 16 August 2018 13:00 (thick lines). (a) Profile
of water density (green) and temperature (blue; measured with a VMP-500 microstructure profiler). (b and c) Enlargement of profiles between dotted
black lines in (a) that exhibit the mixed layer (ML). Additionally, (b) shows profiles of conductivity normalized to 20�C (κ20; gray). (d) Profile of turbidity
(purple) and dissolved oxygen (DO; black) measured with a Sea & Sun CTD profiler. Dotted black lines, as in (a), show the turbidity peak associated with
bacteria at the depth of the ML as highlighted in (b) and (c).
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sufficient, a ML forms within the bacterial layer depth range
and remains, depending on the weather, until mid-September.
The sulfur bacteria layer, although weakened, remains until
the lake surface freeze.

Bioconvection in natural environments
Bioconvection induced by unicellular organisms develops

when the density of motile cells exceeds that of ambient water
and their local concentration reaches critical levels for deter-
mining the density of the water column they populate. These
conditions create locally unstable density gradients. In order
to sustainably maintain a consistent generation of convective
plumes, cells must accumulate in a confined layer and perform
net upward motion. Conditions limiting vertical migration of
cells above the layer of accumulation are also necessary for its
confinement (Sommer et al. 2017).

The photoautotrophic sulfur bacteria C. okenii, inhabits
mainly the zone below the chemocline of Lake Cadagno. These
microorganisms are denser than water (ρB ≈ 1150 kg m−3) and
capable of upward motility. Hydrological, morphological and
geochemical characteristics of Lake Cadagno are favorable to
meet the above-described conditions for bioconvection, partic-
ularly, those of the chemocline. During summer, C. okenii find
ideal conditions of sunlight and H2S below the chemocline
(Schanz et al. 1998), where they can grow and accumulate at
high concentrations (105–106 cells mL−1 = 1011–1012 cells m−3)
in the oxic–anoxic transition (Danza et al. 2017; Sommer

et al. 2017). Their vertical distribution in the layer they
inhabit is well correlated (R2 = 0.96) with turbidity values (Fig.
S1 in the Supporting Information). This correlation allows for
vertical localization of bacteria. Light at the oxic-anoxic inter-
face is more intense than at the bottom of the bacterial layer
(Fischer et al. 1996), which motivates their continuous upward
migration. Yet, above the chemocline, the presence of oxygen
(Fig. 1d) limits their habitat, since anoxygenic photosynthesis
requires anoxic conditions (Tonolla et al. 1999; Danza
et al. 2017).

The upward migration of C. okenii towards the chemocline
generates unstable density profiles of the water–bacteria mix-
ture. This initiates convective mixing that generates a
ML. Once established, convection allows the bacterial commu-
nity to access sunlight from above and sulfide from below
(Fig. 1c). The formation mechanism of MLs, starting with a
stratified water column early in the season, is depicted in
Fig. 3. Development of such MLs has been previously
described using direct numerical simulations (DNS; Sommer
et al. 2017). Once the ML is formed, the continuous bacterial
upward migration sustain convection-diffusion competition
(Sepúlveda Steiner et al. 2019) between the ML and its adja-
cent stratified waters above and below. This determines the
ML vertical structure (Fig. 3c). Additionally, convection
sharpens the gradient of H2S through the base of the ML,
which enhances its upward flux, thus contributing to the
maintenance of bacteria.

Fig 2. Study site location. (a) Map of the European Alps. The star
denotes the location of Lake Cadagno. (b) Lake Cadagno bathymetry
(depth isolines in m) with location of the platform (profiles), moorings
and weather station.

Fig 3. Bioconvective mixed layer (ML) formational stages: (a) initial, (b)
intermediate, and (c) fully developed ML. Presence of high bacterial con-
centration CBac (m

−3), well-correlated with turbidity (Tu; Fig. S1), increases
the density of the water–bacteria mixture, exceeding the water density
(ρw; function of temperature and salinity). The water density plus the bac-
terial density contribution (water–bacteria mixture) is represented as
ρw + ρoξCBac, with ξ (m3) representing the C. okenii density coefficient and
ρo the reference density. Upward migrating bacteria accumulate at the
oxic-anoxic interface and thereby cause unstable density profiles, which
drive convective plumes (red mushroom-shaped feature).
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Up to this point, bioconvection in Lake Cadagno has been
attributed to upward migration of C. okenii seeking light below
the chemocline in order to optimize anoxygenic photosynthesis.
This process explains the presence of a ML during daytime hours.
Nevertheless, Sepúlveda Steiner et al. (2019) describe MLs that
also occur at night. Three distinct hypotheses might explain the
persistence of such a “dark ML”. First, background hydrodynamic
processes in the lake may create or sustain the ML. Second, the
decay timescale of the diurnal bioconvection may exceed the
nighttime duration. Third, active upward migration of bacteria
may also occur in the absence of light. By analyzing the ML evo-
lution through two diel cycles, we evaluate these hypotheses and
suggest that the third one is by far the most plausible.

Measurements and methods
Field measurements

The persistence of the bioconvective-induced ML in Lake
Cadagno was intensively investigated during a 48-h survey
in August 2018. To characterize the ML, microstructure and
CTD profiles were performed from a platform situated in the
open waters. In addition, an array of thermistors (T-chain)
and a moored high-resolution (HR) current meter coupled
with temperature sensors were installed at the ML depth
(HR-mooring). Locations of the sampling platform and
moorings are detailed in Fig. 2. Hydrodynamic measure-
ments were complemented with meteorological observations
obtained from a weather station (Vaisala instruments with a
CR-6 Campbell Scientific data logger) installed on the south
shore of the lake (Fig. 2). Weather conditions during the
field campaign were warm with mild winds not exceeding
5 m s−1. However, the observed ML was less prominent com-
pared to previous years (Sommer et al. 2017; Sepúlveda
Steiner et al. 2019).

Microstructure and CTD profiles
To resolve the ML and estimate turbulent parameters in the

water column, we measured temperature and conductivity at
high vertical resolution using a free-falling Vertical Microstruc-
ture Profiler VMP-500 (Rockland Scientific International,
Canada). The profiler is equipped with two fast FP07 thermistors
(nominal time response of �7 ms) and two fast SBE-7 conduc-
tivity microsensors mounted at the nose of the instrument and
sampling at 512 Hz. Sommer et al. (2013) provides detailed
description of the VMP-500 and its sensors. Profiles were mea-
sured at a sinking speed of 0.10–0.20 m s−1 every 20 min during
the 48-h survey. Slow falling speeds are required to resolve the
temperature microstructure fluctuations that are later used to
estimate turbulent dissipations. These measurements were com-
plemented with profiles performed every hour using a Sea &
Sun 75M CTD sampling at 8 Hz. In addition to the common
CTD sensors, this profiler was equipped with pH, chlorophyll a,
dissolved oxygen and turbidity sensors.

T-chain
A mooring equipped with an array of thermistors was

installed close to the center of the lake (Fig. 2) to evaluate the
temporal evolution of water column stratification. Table 1 lists
thermistors characteristics and deployment depths.

HR-mooring
Hydrodynamic fluctuations in and around the ML were

monitored with a high resolution mooring deployed below
the chemocline (�12 m depth). This equipment included a
Nortek Aquadopp HR profiler (2 MHz) that faced upwards and
measured current velocities (between 11.9 and 14.0 m depth;
0.02 m bins) at 0.5 Hz. The mooring devices also measured
temperature, turbidity and dissolved oxygen using sensors
installed at different depths above the Aquadopp. Table 1 lists

Table 1. Details for sensors deployed on T-chain and HR-mooring (Fig. 1).

Station Instrument Accuracy
Time

response (s)
Sampling

frequency (Hz) Depths (m)

T-chain RBRsolo T ±0.002�C �1 0.1 0.25, 0.5

RBR TR-150 ±0.002�C �1 0.1 0.75, 1.0

RBRconcerto3 Tx ±0.005�C �30 0.2 0.25, 0.5, 0.75, 1,0, 1.25, 1.5, 2.0, 2.5, 3.0 4.9,

5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0, 13.0,

14.0, 15.0, 16.0 17.0 [mab]

HR-mooring Nortek Aquadopp

HR profiler (2 MHz)

±1% of measured

values ± 5 mm s−1 – 0.5
Installation: 14.5

Measurements: 11.9 to 14.0 m; 0.02 m bins

RBRsolo T ±0.002�C �1 2 12.0, 12.7, 12.9, 13.1, 13.8

RBRsolo Tu/Seapoint

Turbidity sensor – 0.1 0.1 12.0*, 12.9, 13.8

PME MiniDOT ± 0.3 mg L−1 30 0.02 12.0, 12.9, 13.8

Abbreviation: mab, meters above the bottom.
*Sensor did not record.
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detailed settings, sensitivities and other information for sen-
sors. Turbidity is used as a proxy to identify the location of
the bacterial layer (e.g. Egli et al. 2004). Although we success-
fully collected data within the bacterial layer, inaccurate obser-
vations of the lake bottom depth caused the mooring to be
deployed 0.6 m higher than intended. HR-mooring measure-
ments below the bacterial layer are therefore not available.

Convection-diffusion competition
Convectively driven MLs developing in a stably stratified

section of the water column are subject to background shear-
turbulence that smooth them via diapycnal mixing with the
stratified surroundings. In this paper, this limiting effect is
referred to as convection-diffusion competition. We used the
symmetric diffusive-shape model of Sepúlveda Steiner et al.
(2019) to interpret convection-diffusion competition within the
measured ML temperature profiles. The model (ΦT) was deducted
from the 1D vertical diffusion equation and reads as follows:

ΦT zð Þ=ΔT erf
h
2− z−zoð Þ

δ

 !
−erf

h
2 + z−zoð Þ

δ

 !" #
+To−GT z−zoð Þ

ð1Þ

where z is the depth coordinate (positive downwards) and zo
represents the center of the ML. The model assumes an initial
step-function of height h (m), temperature To, and symmetric
step ΔT. The diffusive length δ=

ffiffiffiffiffiffiffiffiffi
4Kτ

p
(m) defines the extent of

the ML boundaries affected by the vertical background
diffusivityK (m2 s−1), which forces a smooth transition to
background stratification over a diffusive timescale τ = δ2/4K
(s). The additional term GT describes the slope of the ML and
has a fitting purpose only (Sepúlveda Steiner et al. 2019). The
ML thickness hmix is then given by:

hmix =h−4δ ð2Þ

Lower δ values relate to sharp transitions from ML to sur-
rounding water and therefore to strong convective ML activity
relative to turbulent background diffusivity. Higher δ values indi-
cate weak convection relative to background turbulent diffusion.

A bounded nonlinear fitting method was used to estimate
ML model (ΦT) parameters from temperature microstructure pro-
files. After fitting, only ΦT with a coefficient of determination
R2 > 0.75 and a ML thickness hmix > 0.2 m were considered for
further analysis. Initial values and boundary conditions were the
same as those provided in Sepúlveda Steiner et al. (2019). An
equivalent procedure for analysis of turbidity profiles is given in
the Supporting Information (Text S1 and Fig. S2).

Data analysis
Density calculations and water column stability

For this particular study, accurate estimates of water density
(ρw) are required. We calculated ρw following Wüest et al.

(1996) and using the ionic water composition of Lake Cad-
agno. Expressed as a function of temperature (T) and salinity
(S), ρw can be represented as:

ρw T ,Sð Þ= ρw0 Tð Þ+ βS ð3Þ

where ρw0 (T) = 999.84 + 6.55 × 10−2 T − 8.56 × 10−3 T2 +
5.94 ×10−5T3 is the T-dependent water density and β= 0.96 ×
10−3 kg g−1 is the haline contraction coefficient for Lake Cad-
agno water. Salinity is obtained using the expression S = ακ20,
where α= 0.72 ×10−3 kg m−3 (μS cm−1)−1 is Lake Cadagno’s ion-
specific conductivity to salinity factor (Uhde 1992) and κ20
(μS cm−1) is conductivity normalized to 20�C. A temperature-
salinity diagram (Fig. S3), which constrains bacterial ML loca-
tion, was used to estimate water density based on temperature
only given HR-mooring data (ρw =− 0.026T + 1000.3; for 3.8 �
T � 4.5). The term ρw(T, S) represents the density of water only,
without bacteria. The water–bacteria mixture density can be
represented as:

ρ= ρw + ρoξCBac ð4Þ

where CBac is the bacterial concentration (m−3),
ξ= 3.7×10−17 m3 is an estimated C. okenii density coefficient
(Sommer et al. 2017) and ρo= 1000 kg m−3 is the reference
density. This expression is used to evaluate profiles of water–
bacteria mixture (Fig. S4) and to discuss general results of the
48-h survey.

The water column stability, is accounted through the buoy-
ancy frequency N2 = gρ−1

o ∂ρw=∂z (s−2), where g=9.81ms−2 and
z is the depth coordinate (positive downwards). The density
gradient, ∂ρw/∂z, is obtained through linear fitting of ρw in the
vertical segment of interest.

Turbulent quantities and diffusivity
Temperature microstructure profiles were used to estimate

rates of turbulent kinetic energy dissipation, ε, the Thorpe
scale of overturns (Thorpe 1977) and turbulent diffusivities.
These were estimated for the whole water column and within
the ML and its adjacent waters (ML background).

Turbulent dissipation estimates, ε (W kg−1), were obtained
by fitting the Batchelor (1959) spectrum to the measured spec-
tra of temperature gradient fluctuations. This procedure used a
maximum likelihood spectral fitting method (Ruddick
et al. 2000) and a correction by Steinbuck et al. (2009b) to cal-
culate the smoothing rate of temperature variance, χθ
(�C2 s−1). Dissipation estimates obtained from poorly resolved
spectra and those which did not comply with Bachelor fitting,
were discarded according to likelihood and mean absolute
deviation criteria proposed by Ruddick et al. (2000). For tem-
perature microstructure, the detection floor of ε is in the range
of 10−12 to 10−11 W kg−1 (Luketina and Imberger 2001;
Steinbuck et al. 2009b). Following Sepúlveda Steiner et al.
(2019), turbulent dissipation estimates in the ML (εML) were
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obtained using the microstructure segment defined by hmix

that results from ΦT-fitting.
Mixing is quantified following the diapycnal diffusivity

model given in Osborn and Cox (1972). This model uses χθ
estimates by applying:

KOC =
χθ

2 ∂�T
∂z

� �2 ð5Þ

where ∂ �T=∂z is the slope obtained through linear regression of
T in the vertical segment of interest. This provides diffusivity
estimates for the whole water column since χθ can be directly
estimated by integrating the temperature microstructure spec-
tra. In particular, diffusivity estimates in the ML background
(hereafter KB) were derived from segments 1.5m above and
below hmix.

We chose the Osborn and Cox (1972) model because,
unlike Osborn’s (1980) model, it does not require the usage of
a diapycnal mixing coefficient, Γ. However, by comparing
both models in the ML background depth range, we obtained
Γ = 0.15 (Fig. S5). This is in agreement with diffusivities
obtained by means of energy budget and dye tracer experi-
ments for the interior of small- to medium-sized stratified
lakes (Wüest et al. 2000).

Turbulent quantities and diffusivity often exhibit lognor-
mal character. Statistical analyses therefore used a maximum
likelihood estimator (mle) for a lognormal distribution (Baker
and Gibson 1987). This reduced the influence of extreme
values and provided ad-hoc estimates of statistical variability
through the intermittency factor σ2mle

� �
, which is denoted by

pointy brackets, h�i, throughout the article.

Buoyancy flux and convective velocity
The buoyancy flux within the ML, a key parameter for

characterizing convection, was calculated following Sepúlveda
Steiner et al. (2019) as:

JML
b = ηbC � εML ð6Þ

where εML is the ML dissipation and ηbC = 0.55 is the bio-
convective mixing efficiency used in Sepúlveda Steiner et al.
(2019) as deducted from DNS results reported by Sommer
et al. (2017). Convective mixing efficiencies have been theo-
retically demonstrated to lie in the range of 0.5–1 (Davies
Wykes et al. 2015). The vertical convective velocity (w*) can
then be characterized by Deardorff (1970) as:

w� = JML
b hmix

� �1=3 ð7Þ

where hmix is the ML thickness. Finally, the convective time-
scale is given by τ� = h2mix=J

ML
b

� �1=3
.

Flow stability
The gradient Richardson number Rig (Turner 1973) was

used to account for flow stability. This dimensionless number
is defined as:

Rig =
N2

S2
ð8Þ

where S2 = (∂u/∂z)2 + (∂v/∂z)2 is the square of the vertical cur-
rent shear with u and v representing horizontal velocities. For
shear flows wherein Rig >Ricg =0:25, buoyancy suppresses ver-
tical dislocations to maintain stable hydrodynamic conditions.
For Rig <Ricg, stratified shear flow can initiate instabilities and
enhance vertical mixing (Ivey et al. 2008). Time series for Rig
were obtained from the Aquadopp HR profiler data averaged
over 5min and vertically smoothed using a running mean
among four vertical bins.

Results
Water column structure

This study sought to determine whether hydrodynamic fac-
tors create or sustain MLs as observed in Lake Cadagno. In
summer, the Lake Cadagno water column consists of three dis-
tinct hydrodynamic zones (Figs. 1, 4a, S6). A 5-m thick surface
layer (yellow zone in Fig. 4a), an extremely stable interior
(5–12 m depth; orange to purple) and a weakly stratified deep
layer (dark purple). In the interior, the T-chain measurements
(Fig. 4a) indicated a temperature gradient of 1.4 ± 0.1�C m−1

and the CTD profile recorded a strong median stability of
N2 ≈ 1.1 × 10−3 s−2. This suggests that the strongly stratified
interior isolates the bacterial layer at �14 m depth from the
surface layer. Therefore, this surface layer is not considered
further. The weakly-stratified deep waters below the bacterial
layer exhibited a temperature gradient of 0.08 ± 0.03�C m−1

with a low stability of N2 ≈ 3.8 × 10−5 s−2. Taking the density
profile presented in Fig. 1a into account and assuming a three-
layer representation (Münnich et al. 1992) with a wind-fetch
length of 900 m, the first and second internal seiche mode
periods yield approximately 2 and 7 h, respectively.

The strong stratification suppressed overturns and verti-
cal mixing in the interior. The Thorpe scale (Fig. S6c) fell
below the cm range indicating an extremely well sorted
thermocline without overturns. Consequently, diapycnal
diffusivity (Fig. S6d) was close to molecular, with a mle-
mean of 1.5 × 10−7 m2 s−1 h3.4i. By contrast, the water col-
umn showed enhanced mixing below 12 m depth. The
average Thorpe scale was LT= 0.04 ± 0.05 m and diffusivity
gave a mle-mean of 6.3 × 10−5 m2 s−1 h9.5i with strong
intermittency.

The bacterial layer developed below the oxic–anoxic inter-
face and was tracked using turbidity profiles (Figs. 1, S1). Time
series of turbidity profiles (Fig. 4b) revealed a consistent peak
in turbidity at �14 m depth. We observed that the position
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and thickness (expansion/contraction) of the turbidity layer
oscillated vertically by �1 m as a result of isothermal move-
ments, which exhibited periodicities of 4.0, 1.7, and 0.6 h
(Fig. S7a).

Mixed layer characteristics and evolution
During the August 2018 field campaign, we collected

142 temperature microstructure profiles using duplicated sam-
pling (284 in total). Figure 5a provides an example of the tem-
poral evolution of a typical ML temperature profile as collected
on 15 August 2018. This is accompanied by a mid-day profile
subjected to fitting to the ML-shape model (ΦT; Fig. 5b). From
the total of 284 samples, 136 met the ΦT-fitting procedure
criteria. These allowed for direct deduction of hmix and δ, repre-
sented as arithmetic means of 0.50 ± 0.22 m and 0.18 ± 0.09 m,
respectively. Time series results of ΦT (Fig. 5c) show mixed layer
position (zo) and hmix throughout the 48-h sampling. The bar-
oclinic displacements presented above seem to affect zo and
hmix, however, for the analysis of bioconvective ML presented
here, the role of internal waves is secondary.

Fig 4. Water column conditions during the field campaign. (a) Tempera-
ture profiles continuously measured by the T-chain mooring. (b) Turbidity
profiles measured with the Sea & Sun CTD at the sampling platform.
White lines in (a) correspond to isotherms 4.5 (bottom), 4.75, 5.0, 5.25,
and 5.5�C (top). The dark color band in (b) indicates the bacterial layer at
14 m depth.

Fig 5. Time series of measured mixed layer (ML) profiles and ML-shape model (ΦT) analysis. (a) Waterfall plot of measured MLs during 15 August 2018.
An offset of 1�C h−1 was applied to separate the profiles. (b) Example of the ML-shape model showing a temperature profile (blue; ∗-marked profile in
(a)) with its respective fitting (orange; R2= 0.97), initial step-like ML (green) and the definition of hmix and δ following Sepúlveda Steiner et al. (2019). (c)
Time series of ΦT results. Orange and blue bars represent hmix and 2δ as defined in (b). Only profiles that meet the ΦT-fitting criteria are considered. Bars
represent averages of ΦT results from the two fast thermistors mounted on the VMP. Profiles with only one sample meeting the criteria are also displayed.
For reference, zo (orange dotted circles) of discarded profiles are included. Gray areas represent nighttime for the 48-h measurement period. The gray line
depicts the 4.4�C isotherm obtained from the HR-mooring. The dashed box corresponds to the measurements displayed in (a).
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Mixed layers were observed during both daytime and
nighttime hours. Table 2 and Fig. 6a,b show a statistical
comparison of ML characteristics between these two
periods. While hmix was 13% larger during daytime, δ was
19% larger during nighttime. This finding indicates more
vigorous convection during daytime coupled with more
effective diffusion-driven smoothing (enhanced δ) at night
(Sepúlveda Steiner et al. 2019). Analysis of the variability in
the vertical profiles performed by stretching/compressing
the MLs to a normalized scale (Fig. 7a,b), however, showed
only subtle shape differences between daytime and night-
time. Consistent with these results, ML stability estimates
(N2

ML; Table 2) showed only minor variation. This suggests
that the differences between daytime and nighttime esti-
mates are not statistically significant.

Microstructure data within the MLs and their adjacent
regions were analyzed according to the methods presented
above (Fig. 6). Here we focus on distributions of dissipation
rates (εML) in the ML, convective velocity scale (w*) and
background diffusivity (KB). The histograms in Fig. 6 also
distinguish daytime and nighttime values. Table 2 summa-
rizes the statistics from this analysis and highlights the
overall low energy level in the ML (mle-mean
εML= 4.3 × 10−10 W kg−1 h2.7i). In general, daytime profiles
exhibited enhanced convection compared to that observed
in nighttime profiles. Quantitatively, εML and w* differed by
factors of 4.9 and 1.6, respectively. Regions of the water col-
umn adjacent to the ML consistently showed an average
diffusivity of KB = 3.4×10−6 h1.9im2 s−1, or one order of mag-
nitude higher than thermal molecular diffusion. This value is
in reasonable agreement with the diapycnal diffusivity esti-
mate of KW94= 1.6×10−6m2 s−1 reported from a tracer release
experiment at the same depth in Lake Cadagno (Wüest 1994).
Diffusivity was slightly more intense during the daytime evi-
dent from a factor 1.1 difference between daytime and night-
time measurements (Table 2).

Day–night comparison of turbidity profiles
Additional analysis of turbidity profiles was used to investi-

gate physical signatures of bioconvection (Fig. 7c,d). Measured
turbidity profiles (43 in total) are separated for daytime and
nighttime periods (25 and 18 profiles, respectively). The bacte-
rial layer appears as a consistent peak (>10 FTU) at around
14 m depth (ranging from 13 to 15 m) with a maximum not
exceeding 30 FTU. The upper boundary of the layer appears as
a slightly sharper transition than its lower boundary. This fea-
ture represents the oxic-anoxic transition since dissolved oxy-
gen prevent further vertical migration of the bacteria, which
leads to a sharper upper boundary. The more gradual lower
transition likely arises from higher turbulent diffusion (Fig.
S6d) and because bacteria can sink beyond the ML zone. Verti-
cal displacements affect the turbidity peak position (Fig. 4b),
however Fig. 7c,d show that these remained in a more stable
position during nighttime.

Isopycnal-averaged profiles were used to analyze turbidity
peaks without the influence of baroclinic displacements
(Fig. 7c,d; thick black lines). This analysis reveals subtle shape
differences between daytime and nighttime mean turbidity
profiles and offers no indication of bacteria sinking at night.
Additionally, turbidity profiles were further analyzed by using
a turbidity shape model (Tu-model; Text S1 and Fig. S2).
Although this analysis resulted in hmix estimates �2-times
smaller than those generated by the ML-shape model (expla-
nation in Text S1), the Tu-model daytime and nighttime
parameters do not show significant statistical differences
(Table S1). Taken together, turbidity profile analyses suggest a
net energy input to maintain the peak characteristics. We
interpret this input to represent bacterial upward migration in
the water column during both, daytime and nighttime.

HR-mooring measurements
Fluctuations in velocity measured by the HR-mooring

equipment provide further confirmation of bacteria-induced

Table 2. Characteristics of the observed convective ML in Lake Cadagno during August 2018. Results are shown separately for daytime
and nighttime periods. Data from this field campaign was also presented in Sepúlveda Steiner et al. (2019) and results are similar except
for KB, which is estimated following Osborn and Cox (1972).

Parameter measured Units All Daytime Nighttime

Thickness of mixed layer (hmix)
† m 0.50±0.22 0.53±0.24 0.46±0.18

Diffusive boundary length-scale (δ)† m 0.18±0.09 0.17±0.09 0.21±0.08

Mixed layer stability (N2
ML)

† 10−5 s−2 0.54±1.38 0.56±1.59 0.52±1.01

Background stability (N2
B)

† 10−5 s−2 7.9±1.5 7.9±1.6 7.8±1.4

Dissipation rate in the mixed layer (εML)
‡ 10−10 W kg−1 4.3 h2.7i 6.9 h2.7i 1.4 h1.9i

Convective plume velocity (w*)† mm s−1 0.37±0.25 0.43±0.27 0.27±0.17

Convective timescale (τ*)† min 30±19 27±20 35±17

Background diffusivity (KB)
‡ 10−6 m2 s−1 3.4 h1.9i 3.6 h1.9i 3.3 h2.0i

†Results are reported as arithmetic mean ± standard deviation.
‡Statistics of the rate of dissipation and diffusivity are reported following Baker and Gibson (1987) given by mle-mean for lognormal distribution and
intermittency factor (σ2mle) inside hi brackets.
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convection. Detailed time series of wind, dissolved oxygen
and currents are presented in Fig. S8. Here, we focus on turbid-
ity, vertical velocities and estimates of the gradient Richardson
number Rig (Fig. 8).

Measured vertical velocities ranged between −1.5 and
+1.5 mm s−1 (Fig. 8b; positive upwards). Continuous changes
of the sign of velocity values (from red to blue and vice versa)
below the 4.4�C isoline indicate convective activity. Spectral
analysis of vertical velocity (Fig. S7b) also detected marked
oscillations with periods of 25–30 min. As these periodicities
are considerably smaller than the seiche periods but compara-
ble to convective timescale values, τ* (Eq. 7), of 30 ± 19 min
(Table 2), we interpret them as a signature of convection.

Turbidity sensors mounted on the HR mooring provided
estimates of the ML position that were subsequently used to
analyze convective velocity fluctuations. Turbidity time series
(Fig. 8a) show strong variability (coefficient of variation of
0.87 for the central sensor) indicating fluctuations in the verti-
cal position of the bacterial ML. This result agrees with the T-
chain and profiling results. The turbidity sensor installed at

13.8 m depth was configured in auto-range mode. Unfortu-
nately, the sensor sampled only within the 0–25 FTU range
and failed to record higher values (Fig. 8a). The data were still
adequate for identifying periods when the bacterial ML
appeared at �13.8 m depth with turbidities exceeding 10 FTU
(Fig. 7c,d).

A statistical analysis of measured vertical velocities was per-
formed to further validate microstructure-based estimates (w*;
see Fig. 6d). To select vertical velocity data, which were reliably
within the ML, we discarded data above the 4.4�C isotherm
and beneath the lowermost turbidity sensor (13.8 m depth)
for turbidities below 10 FTU (thick black line between
Fig. 8c,d).

Figure 9a shows distributions of depth-averaged vertical
velocity. This analysis was performed by detrending the
depth-averaged velocity time series and separating them into
upward and downward components This process gave results
strongly resembling half-normal distributions with arithmetic
averages of 0.33 ± 0.25 mm s−1 and 0.35 ± 0.28 mm s−1 for
upward and downward components, respectively. Downward
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Fig 6. Statistical distribution of mixed layer (ML) characteristics. (a) ML thickness hmix, (b) diffusive length scale δ related to ML boundaries, (c) dissipa-
tion εML in the mixed layer, (d) convective velocity scale w* within the ML, and (e) background diapycnal diffusivity KB (gray bars) following Osborn and
Cox (1972). Histograms are presented for the whole 48-h sampling (gray bars) and also for separate daytime (orange bars) and nighttime (blue bars)
periods. Vertical lines at the top of each panel correspond to the arithmetic mean in (a), (b), and (d) and to the mle-mean (Baker and Gibson 1987) in
(c) and (e).
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plumes exhibited slightly higher velocities, whereas upward
plumes were more frequent (by 6%), particularly in the range
0.15–0.55 mm s−1. This directional asymmetry balances the
mass flux budget (Jonas et al. 2003). Moreover, average veloci-
ties showed good agreement with microstructure-based esti-
mates of w* (0.37 ± 0.25 mm s−1). This represents further
evidence of the convective nature of the ML observed in Lake
Cadagno.

The same analysis is performed separately for daytime and
nighttime periods (Fig. 9b,c). These periods show similar
upward and downwards averages and asymmetric directional
features. The distributions do not show considerable differ-
ence between daytime and nighttime values. Although w* var-
ies by 59% between daytime and nighttime hours (Table 2),
the HR current measurements show only minor differ-
ences (<5%).

The Aquadopp HR current profiler recorded lateral current
magnitudes of up to 10 mm s−1 (Figs. S8e,f). This information
was used to account for flow stability by estimating Rig. The
magnitudes of Rig suggest that shear is not capable of generat-
ing instabilities above the bacterial ML (Fig. 8c). However,
values of Rig< 0.25 appeared primarily within the bacterial ML
(below 4.4�C isotherm). This indicates that the reduced strati-
fication due to the convective activity could sporadically favor
shear-driven instabilities.

Discussion
The study focused on quantifying the physical characteris-

tics of the bioconvective ML in Lake Cadagno over a 48-h
period. It provides physical evidence of ML persistence
throughout the daily cycle likely driven by bacterial activity.

Day–night cycle persistency. The bacteria layer remained
mixed over the entire observation period regardless of light
conditions (Figs. 5 and 7a,b). Small-scale analysis detected a
noticeable decrease in turbulent dissipation at night
(εnightML =εdayML ≈0.2) indicating a decrease in convection. However,
ML characteristics did not change significantly as demon-
strated by hmix≈0.50± 0.22m, a parameter that differs by only
15% between daytime and nighttime observations. The diffu-
sive boundary transition of δ≈0.18 ±0.09m, as driven by adja-
cent diapycnal diffusivity (KB = 3.4×10−6 h1.9im2 s−1),
differed by �19% between daytime and nighttime periods.
Turbidity peak shape (Fig. 7c,d) and convective velocities
(Fig. 9) also indicate that ML characteristics remained virtually
unchanged throughout the day–night cycle.

Dissipation decay. To further elucidate whether bacteria
actively migrate upward at nights, we analyzed the temporal
evolution of turbulent dissipation in the ML (εML; Fig. 10a).
We compared the observed decay in convective activity to the
e-folding decay (Caldwell et al. 1997) expected to result from a
sudden cessation of convection triggered by a drop in photo-
trophic activity. In our case, the e-folding decay is character-
ized by the convective timescale �τ�=30±19min (Table 2). This
implies a 95% reduction of εML (Fig. 10a) over a �1.5h period
(3τ*). However, the measured dissipation exhibited much
slower decay than the e-folding predictions. Although the
measured dissipation declines during nighttime, time series
indicate a continuation of the bacteria-induced convection at
night to maintain the ML.

Mixed layer thickness decay. Similarly, the temporal evolu-
tion of hmix also records nighttime bacterial activity. A
completely inactive ML would smooth out unhindered due
to the action of eddy diffusivity in the adjacent water col-
umn. Figure 10b shows this scenario assuming a ML-model
for two different levels of constant diffusivity (measured and
molecular). Field estimates of diffusivity suggest smoothing
of the �0.5 m thick ML takes �20 min. Molecular diffusion

Fig 7. Comparison of temperature mixed layers and turbidity profiles
measured during daytime and nighttime hours. (a, b) Stretched/com-
pressed MLs separated for daytime and nighttime hours, respectively.
Only profiles that meet the ΦT-fitting criteria are considered. The thick
and thin black lines represent arithmetic mean and standard deviation,
respectively. (c, d) Measured turbidity profiles accompanied by their
isopycnal-averages (black thick line) and standard deviations (thin
black lines).
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suggest it could take 10 and 7 h for each of the two moni-
tored nighttime periods. Comparison of measured hmix with
ML-model predictions also suggests that ML maintenance
during nighttime hours requires active, upward bacterial
migration to maintain the layer.

Role of stratification. Stratification plays a key role in ML
maintenance. The lake interior exhibits a strong stratification
(N2 ≈ 1.1 × 10−3 s−2; Fig. S6a). Thorpe scales of overturn are
extremely low (<1 cm; Fig. S6c) and diffusivities approach
molecular rates (1.5 × 10−7 m2 s−1 h3.4i; Fig. S6d). Strong strat-
ification counteracts background turbulence and its smooth-
ing effects. The importance of this interplay becomes most
evident when analyzing bacterial accumulation at the top of
the ML (Fig. 3). A series of turbidity profiles measured in July
2017 (Fig. S9a,b) provide a compelling example of this feature.
Using a numerical scheme to account for 1D vertical diffusion
(Fig. S9c), we show that the background diffusivity would
smooth out the turbidity profiles and disrupt the ML in

absence of active upward migration of bacteria. By compari-
son, a more energetic environment (Kocean ≈ 10−5 m2 s−1; Fig.
S9d) would more rapidly vanish the bacterial layer due to
strong background smoothing. Therefore, the mild back-
ground diffusivities in Lake Cadagno, which result from a
resistance to diapycnal mixing imposed by the strong stratifi-
cation, enable bacterial accumulation that in turn drives con-
vection. Analysis of ML shapes showing gradient Richardson
numbers below the critical value (Ricg≈0.25) supports this
interpretation (Fig. 8d,e,f). In these cases, buoyancy can no
longer suppress vertical dislocations. Diffusivity and shear tur-
bulence can then influence the ML shape, inducing enhanced
smoothing and/or adjacent sheared layers.

Dark bioconvection. To perform upward migration and
drive bioconvection during nighttime, C. okenii requires an
energy source different from anoxygenic photosynthesis.
Recently, Berg et al. (2019) reported on C. okenii’s ability to
carry out aerobic sulfide respiration, independent of light, in

Fig 8. HR-mooring observations and gradient Richardson number (Rig) estimates. (a) Turbidity. (b) Vertical velocity component (w), measured with the
Aquadopp HR profiler. Thick black line between panels (a) and (b) corresponds to measurement of turbidity at 13.8 m exceeding 10 NTU
(i.e., measurement performed within the bacterial layer). (c) Gradient Richardson number (Rig) normalized by the critical value 0.25. The black lines in (b)
and (c) correspond to the 4.4�C isotherm obtained from the HR-mooring. (d, e, and f) Three examples of temperature microstructure profiles for the ML
and adjacent regions during periods of Rig ≤ Ricg≈ 0.25. Thick blue lines correspond to profiles performed at intervals indicated by blue arrows in (c), same
order. Profiles performed 20min before (light gray; −0.05�C offset) and after (dark gray; +0.05�C offset) the Rig ≤ Ricg event are provided to account for
discrepancies between profiles and HR measurements. HR measurements were performed at �50m distance from the profiling platform.
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the presence of nano-scale oxygen concentrations. Luedin
et al. (2019) provided genetic evidence for dark chemo-
lithotrophic oxidation of sulfur compounds by C. okenii. These
metabolic pathways along with the presence of intracellular
sulfur globules and energy storage molecules such as poly-
hydroxybutyrate (PHB; Luedin et al. 2019) or glycogen (Berg
et al. 2019) in C. okenii, indicate the existence of a nighttime
energy source crucial for bacterial motility. Chemotaxis, nega-
tive for oxygen and positive towards H2S, is well described in
C. okenii (Luedin et al. 2019). During nighttime, the weaken-
ing of convection and diffusivity-driven smoothing of the ML

may re-establish H2S and oxygen gradients enabling bacteria
chemotactic behavior. This provides a credible orientation
mechanism for bacterial accumulation below the chemocline
and subsequent generation of bioconvection despite the
absence of light. Bioconvection may in turn improve the
opportunities for microorganisms to access the trace amounts
of oxygen needed to maintain a dark metabolism. Further
research is needed to better characterize C. okenii’s range of
metabolic processes and orientation behavior involved during
the observed dark bacterial activity. The physical analysis pres-
ented in this paper does not resolve metabolic processes, but
highlights several constraints regarding upward migration dur-
ing nighttime hours.

Mixed layer formation timescale. Solely phototactic migra-
tion would imply that the ML forms every morning after sun-
rise. This would be due to the omnipresent effect of shear-
induced eddy diffusion that smooths out the ML during
nighttime (Fig. 10; Sepúlveda Steiner et al. 2019). If convective
plumes within the ML represent a favorable environment for
C. okenii, the time needed for their formation is critical given
the �12 h maximum duration of sunlight. To estimate this, it
is necessary to analyze the energetics of ML formation (Fig. 3).
Given a constant initial density gradient (ρw zð Þ� ρoN

2
Bg

−1z),
the potential energy required to mix a hmix-thick water col-
umn below the chemocline can be represented as:

PE=
ðhmix
2

−hmix
2

ρw zð Þgz dz=
ðhmix
2

−hmix
2

ρoN
2
Bz
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12

ρoN
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where PE is in J m−2 and the origin lies at the center of the
resulting ML. Furthermore, the energy flux generated by
upward bacterial migration can be expressed as Ef = Jnetρohmix

(W m−2) with Jnet as the net buoyancy flux for ML expansion.
This can be modeled as Jnet = J

ML
b − JBb , i.e., the difference

between ML and background buoyancy fluxes, with JBb =KBN2
B:

Finally, τhmix =PE=Ef represents the timescale for generating a
ML of thickness hmix. Average values reported in Table 2 for
daytime hours yield PE=8.2×10−4 Jm−2 and a τhmix = 4.8h to
form a 0.5m thick ML. This result indicates that ML formation
can take up a major fraction of one day. Given that the back-
ground smoothing effect remains active, our analysis suggests
that the continuation of bioconvection at night represents a
more energy-efficient strategy than forming the ML on a daily
basis. However, for average nighttime conditions, no positive
net buoyancy flux was achieved. This suggests that if nighttime
convection occurs, it does so intermittently and it only contrib-
utes towards maintaining and not expanding the ML.

Vertical velocity scales relevant for C. okenii. During night-
time, C. okenii (density ρB ≈ 1150 kg m−3) would immediately
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Fig 9. Comparison of depth-averaged vertical velocity (w) distributions
within the ML with convective plume velocity. (a) Whole dataset (com-
bined). (b, c) Daytime and nighttime sub-datasets, respectively. Gray bars
corresponds to the ε-based convective plume velocity (w*;
Deardorff 1970), whereas blue and red lines were obtained from the
Aquadopp HR-mooring separated for upward and downward compo-
nents, respectively. In each panel, the vertical bars correspond to arith-
metic means following the same color-code with the exception of w*,
which is shown in black for better visibility.
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sink if they stopped migrating upwards. Their sinking speed can
be approximated as the Stokes sedimentation of a particle with
ellipsoidal shape (Guazzelli and Morris 2011). Assuming sinking
parallel to the main axis and rod-shaped dimensions as reported
by Imhoff (2015), sinking speeds range from 0.01 to 0.02 mm s−1

(Text S2 and Fig. S10). For context, their upward migration speed
is of the same range (0.03 ± 0.01 mm s−1; Sommer et al. 2017).
On the other hand, our measurements suggest a convective
plume velocity w*= 0.37 ± 0.25 mm s−1 (Table 2). This indicates
that the convective plumes provide a vertical transport mecha-
nism one order of magnitude more efficient than individual cell
migration. This suggests that the generation of bioconvection
during nighttime, although reduced and non-constant, consider-
ably offsets the sinking rate of the bacterial community.

Critical bacterial concentration to trigger bioconvection. The
stability (N2 = gρ−1

o ∂ρ=∂z) of the water–bacteria mixture in the
ML can be analyzed to determine the minimal density contri-
bution by bacteria for convective plumes to occur. Combining
an unstable density profile given by N2 < 0 with the water–
bacteria mixture density (ρ= ρw+ ρoξCBac) and discretizing (for-
ward finite difference) for the ML thickness, yields the follow-
ing condition for bacterial concentration difference over the
entire ML:

−ΔCBac >
hmix

gξ
N2

ML ð10Þ

which leads to unstable density conditions. Here,
ΔCBac =Cdown

Bac −Cup
Bac, where the superscripts indicate the upper

and lower limits of the ML. Results presented in Table 2 give a
ΔCBac =7.5×109m−3. Average bacterial concentration in the
ML CML

Bac=1.3×1011m−3 (Fig. S1) yields a difference of only 6%
between the upper layer concentration and the necessary CML

Bac

to induce convective plumes. Furthermore, considering data
presented here and in Sommer et al. (2017) we find that
ΔCBac�10% of CML

Bac, which translates to a 1–2 FTU difference
in turbidity (see Fig. S1b for turbidity as a function of CBac).
Such a difference in bacterial concentration is even more evi-
dent for the profiles collected in July 2017 (Fig. S9a), which
show a peak maxima exceeding CML

Bac by �5 FTU. Altogether,
the present analysis suggests that the observed high concen-
trations of C. okenii generate favorable conditions for bio-
convective plumes in Lake Cadagno.

Related phenomena in stratified waters. The vertical bacte-
rial distributions shown in Fig. S9 resemble experimental
studies, where intruding sediment-laden water has been
overlaying sediment-free but denser water (Davarpanah Jazi
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and Wells 2016). Assuming that for this overall stable con-
figuration the density difference between the sediment-
laden upper layer and the sediment-free layer underneath is
only marginal, two types of convection can occur. Double
diffusion could establish if the molecular diffusion of the
denser water components would reach high enough, so
that the lower bound of the sediment-containing layer
could become unstable and form sediment fingers (Burns
and Meiburg 2015). Alternatively, settling sediment could
locally enhance the density of the denser underlying water
and thereby cause classical convective instabilities (figs.
1a,b in Davarpanah Jazi and Wells 2016). Whereas double
diffusion could indeed form at the beginning of the season,
when the bacteria concentrations are low and hence have
little effect on the density, the second process seems unre-
alistic as C. okenii have to swim upward to remain in the
ideal living environment of the water column, defined by a
certain amount of light and H2S. For the observations pres-
ented in this paper, the bacterial concentrations are, how-
ever, too high for double diffusion to be relevant.

Seasonal and spatial persistency. The process of bio-
convection has been detected in Lake Cadagno during the
summer months (Sommer et al. 2017; Sepúlveda Steiner
et al. 2019). The present work details the temporal evolution

of a bacteria-induced ML maintained throughout a diel cycle
and links records of this bacterial ML to turbidity. The ques-
tion arises as to whether these measurements represent a tran-
sient, episodic or a systematic process. A bi-daily CTD profile
monitoring performed during summer 2017 provides evidence
of seasonal persistency (Fig. 11a). These measurements reveal
a turbid layer located at �12 to �15 m depth and persisting
throughout the entire density-stratified summer period. Fur-
thermore, turbidity transects (Fig. 11b,c) performed in 2017
with an AUV (Hydromea-Vertex; Schill et al. 2018; Quraishi
et al. 2018) documented spatial persistence of the bacterial
layer along several tens of meters. Further research is needed
to unravel the seasonal and spatial variability of the bio-
convective ML. However, preliminary analyses presented in
Fig. 11 provide compelling evidence that bioconvection occurs
(1) throughout the summertime and (2) consistently below
the chemocline over the entire lake.

Implications and remarks. Specifically, in Lake Cadagno,
bioconvection expands the habitat of C. okenii, exposing the
bacterial community to light and entraining H2S from below.
This suggests active participation in the creation of their eco-
logical niche. We show here that the ML, representing the
expanded habitat of these photoautotrophic bacteria, does not
form every day at dawn but rather persists throughout

Fig 11. Seasonal and spatial persistence of the bacterial layer. (a) Time series of turbidity profile during summer 2017, as measured by the Sea & Sun
75M CTD. Thick black line corresponds to 5�C isothermal. Thin black lines above the thick black line represent isothermals from 15 to 6�C with 1�C dec-
rement. Lines below correspond to 4.75, 4.50, and 4.25�C isothermals. All isotherms presented in (a) were obtained from the same CTD data. (b) Vertex
AUV transect performed on the afternoon of 16 August 2017. The Y-axis is shared between turbidity (Tu [FTU]; positive) and depth (in m; negative; same
scale). (c) Plan view of the AUV trajectory with distances measured from the sampling platform and depth color-code for positions below 4 m depth. Inset
in (c) shows the AUV transect plan view within the lake. Thin black lines depict 5, 10, and 15 m depth bathymetric isolines.
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nighttime hours (Figs. 1, 5). Although reduced in comparison
to daytime, our analysis shows that the bacteria remain active
during nighttime (Figs. 9, 10). Further research can help
resolve physiological/metabolic reasons for this behavior. We
provide several physical hypotheses concerning the advan-
tages of continuous vertical migration and resultant
bioconvection.

Conclusions
In this study, we focused on the persistence of a mixed layer

induced by bioconvection over the daily cycle in a natural lake
system. Analyses from an intensive 48-h campaign, investigat-
ing the C. okenii bacterial layer in the alpine and meromictic
Lake Cadagno (Switzerland) offer the following conclusions:

1. The competing effects of convection and turbulent diffu-
sion can be inferred from in situ observations. The tempo-
ral evolution of highly resolved temperature profiles
demonstrated the key role of biological activity in the water
column dynamics.

2. Although the level of homogeneity of the bioconvective
mixed layer (ML) varies over time, it persists throughout
the diel cycle. This persistence seems to also apply on sea-
sonal scales (during the whole summer) and on spatial
scales (below the chemocline over the lateral extent of the
whole lake).

3. Despite strong stratification during summer in Lake Cad-
agno, our observations suggest the presence of considerable
diapycnal mixing adjacent to the bioconvective ML. The
development of this homogeneous profile over the daily
cycle is best explained by a continuation of bacterial migra-
tion during nighttime hours. Without upward migration,
diapycnal mixing would dissolve the bio-convectively
induced ML over the duration of one night.

Finally, we demonstrated with this study the possibility of
drawing conclusions on the dynamics of specific biological
phenomena, using solely in situ physical observational
methods. Small to medium-sized lakes are characterized by
low to moderate energetics, which can be accurately sensed
with modern small-scale instrumentation, and are thereby
ideal environments for further exploration.
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