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Scientific Significance Statement

Biomixing is the mixing of waters by living organisms in oceans and lakes. Research of the past several decades has provided
important insights about the role of biomixing in oceans, showing that vertical migrators, such as crustacean zooplankton,
may be able to enhance ocean mixing. However, there is little evidence for the role of biomixing in lakes, including the
organisms that might contribute to it, and its potential effects on lake processes. If biomixing occurs in lakes, it has the poten-
tial to weaken vertical temperature stratification and enhance fluxes of nutrients and dissolved substances. We argue that
there is a need for studies, particularly field studies, on the potential of vertical migrators to generate biomixing in lakes.

Abstract

The idea that living organisms may contribute to turbulence and mixing in lakes and oceans (biomixing)
dates to the 1960s, but has attracted increasing attention in recent years. Recent modeling and experimental
studies suggest that marine organisms can enhance turbulence as much as winds and tides in oceans, with
an impact on mixing. However, other studies show opposite and contradictory results, precluding definitive
conclusions regarding the potential importance of biomixing. For lakes, only models and lab studies are
available. These generally indicate that small zooplankton or passive bodies generate turbulence but different
levels of mixing depending on their abundance. Nevertheless, biogenic mixing is a complex problem, which
needs to be explored in the field, to overcome limitations arising from numerical models and lab studies,
and without altering the behavior of the animals under study.

Mixing is defined as the combined action of dispersion of
dissolved or suspended substances (chemicals or sediment)
and enhancement of diffusion of fluid properties, such as
heat or salinity (Thorpe 2005). Mixing in lakes plays an
important role because it can affect biological and chemical
processes (Fischer et al. 1979). External forces acting on lakes
can deliver energy into the water column and can drive
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different local mixing mechanisms depending on the part of
the lake under investigation (see Fig. 1). The surface layer is
the most dynamic and energetic environment; here wind
events (A in Fig. 1) usually provide most of the Kkinetic
energy, creating shear, and inducing mixing. During storms,
intense mixing can also be generated close to the surface via
formation and breaking of surface waves (B) or seiche activ-
ity (C). Other processes, such as nocturnal convection (D),
when the lake surface cools at night, may alter the potential
energy of the water column and affect the lake stratification
(Jonas et al. 2003). In the littoral zone, mixing can be
enhanced when physical processes (E), such as seiches or
wind-generated internal waves, interact with lake physical
boundaries and generate boundary mixing with a possible
impact on nutrient fluxes (MacIntyre et al. 1999).

The lake interior, below the surface and away from the bot-
tom and shores, responds differently to external forces because
of the vertical temperature stratification. The lake interior is
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Fig. 1. Sketch illustrating main mixing processes operating in three different lake regions. In the surface layer, energy from wind (A) leads to mixing
by breaking surface waves (B) or via seiching motions (€) or convective mixing can act at night when the surface is cooling (D). Boundaries are sub-
jected to mixing events (E) for example via interactions of internal waves. The lake interior is the calmest region with local and intermittent mixing
events (F). Vertical migrators (G) may provide energy for enhancing the mixing in this layer. Eddies indicate layers with mixing, while straight lines in

the interior indicate that energy production is extremely weak and sporadic.

the most quiescent part of a lake where mixing events (F in
Fig. 1) are intermittent and localized processes (Wuest and
Lorke 2003; Bouffard and Boegman 2012). For this reason,
understanding which mechanisms drive interior mixing is of
crucial importance for lake ecosystem functioning. Recent
research suggests that swimming organisms may operate as a
previously neglected mixing mechanism in the interior (Fig. 1,
G): by creating hydrodynamic disturbances, such as jets or tur-
bulent eddies, organisms may deliver potential energy to the
water column, with a significant contribution toward interior
mixing. Recent investigations show that the contribution of
horizontal migrators, such as fish, is usually negligible (Gregg
and Horne 2009; Pujiana et al. 2015) and attention should
instead be focused on vertically migrating zooplankton.

There is currently insufficient understanding of the role of
vertically migrating zooplankton as agents of biomixing: these
organisms can swim against the stable density stratification,
with potential effects on water column mixing and ecological
processes. For example, biomixing from vertical migrators may
be able to replenish nutrients in surface-depleted waters and
stimulate primary production by phytoplankton. If nutrients
are brought to the surface, they can also be redistributed via
other surface mixing events (such as wind-driven transport or
river inflows) to other regions. Oxygen distribution may be
altered as well: biomixing enhancement of oxygen fluxes
between the surface and metalimnion could reduce deep-water
oxygen depletion, with impacts on habitat quality and biogeo-
chemical cycling. Vertical migrators, once they reach the epi-
limnion, may still enhance turbulence and mixing in
unstratified surface waters. Zooplankton-generated turbulent

motions can alter ecological interactions by advecting passive
bodies such as algae, and increasing encounter rates between
zooplankton grazers and their phytoplankton resources (Harris
et al. 2000). Given these under-studied possibilities, it is impor-
tant to study the ecological significance of biomixing in lakes.

Quantifying biomixing is a complex problem because results
depend on several factors such as the organisms under investi-
gation, their swimming mode, their concentration and their
interactions with the environment. Direct comparisons between
current models in the literature and field measurements is not
always possible, because probes are not able to sample what
happens near the organism’s body while swimming.

In the following, we provide a theoretical framework to
understand the fundamental physics of biomixing along
with some results from in situ ocean observations. We then
discuss current studies in lakes and suggest that there is
insufficient evidence about the role of biomixing in fresh-
water bodies. Field observations are needed to overcome
some limitations of current studies, and to verify the poten-
tial role of biomixing in lakes.

Measuring biomixing
Mixing in lakes can be generally described through a tur-
bulent kinetic energy (TKE) balance, which in the simplest
case reads (Osborn 1980; Ivey and Imberger 1991):
m=D>b + ¢ (1)
where m is the production of TKE, b is the buoyancy flux

accounting for the vertical mixing and ¢ the TKE dissipation
rate. External forces, such as wind at the lake surface or
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eddies generated by swimming organisms in the interior,
can provide TKE and contribute to the production term ()
in Eq. 1. Part of the source energy is inevitably dissipated as
heat (¢) by viscous processes acting at the molecular level.
However, some energy may be converted into potential
energy (b) and affect the position of fluid particles. Changes
in the potential energy of the water column can partially
destroy the stable vertical stratification and lead to mixing
(Fig. 2). Dissipation rates ¢ can be measured in situ through
specific devices, such as shear probes or temperature micro-
structure profilers, but ¢ does not provide direct information
about mixing. When an increase of ¢ is observed, it means
that energy (m) is transferred in the fluid but mixing may not
occur, if no input energy is transferred into the component b.

Energy dissipation rates (¢) can however be linked to verti-
cal mixing (b) via the vertical eddy diffusion coefficient Ky
(Osborn 1980):

Ky = b /N?> = T'¢ /N? (2)

where N = [—(g/ p)ap/az]l/ 2 is the buoyancy frequency
describing the vertical stratification which depends on the
gravitational acceleration g, water depth z, density p and its
gradient dp/0z. The estimation of the eddy diffusion coeffi-
cient Ky is relevant for the quantification of mass vertical
fluxes and mixing: when the coefficient is enhanced with
respect to background conditions, oxygen or other nutrients
can spread in the water column and to different lake layers.
The flux Fs of a substance with concentration Cs in the lake
can be described using the Fick’s law, once Ky is known:

Fs = KVE 3)

For waters stratified by temperature, mixing can be enhanced
if Ky > Dy, where Dr=10"7 m? s~ ! is the molecular tempera-
ture diffusivity. However, when Ky ~ Dy dissolved substan-
ces will spread very slowly at the molecular level only.

In Eq. 2, T is a parameter representing the efficiency of
the mixing and provides an estimate of how much energy is
converted to mixing (b) with respect to the dissipated energy
¢. Laboratory and experimental observations suggest I' <0.2
(Ivey et al. 2008; Bouffard and Boegman 2013) for wind-
generated turbulence. However, for biogenic mixing the
value for I is still not known. Several conditions and param-
eters affect the biomixing process, and thus I, such as the
species of organisms concerned, their size, concentration,
swimming behavior, and the environmental conditions such
as the stratification strength and the background turbulence
dissipation level. If swimming organisms do not efficiently
mix the water column, creating small water disturbances, I’
would be too small and Ky does not increase.

Kunze et al. (2006) measured for the first time ¢ generated
by the vertical migration of a population of krill (organism’s
length Ior = 1-2 cm) in Saanich Inlet (Canada). Observed dis-
sipation rates of TKE from biogenic inputs peaked between
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Fig. 2. Schematic of the partition of turbulent kinetic energy imparted
by a swimmer (Daphnia spp.). The continuous line depicts the wake left
by the swimmer, while the eddies are the turbulent instabilities created
within the wake that can be a source of TKE. The source energy is con-
verted into potential energy (b), increasing the mixing, and into heat as
energy is dissipated (¢) due to water molecular viscosity.

10°* W Kg ! and 107° W Kg !, compared to typical back-
ground level of 107° W Kg~'. Dissipation spanned five orders
of magnitude, suggesting an important krill biomixing
contribution as much as mixing from wind and tides. High
concentration, and associated multi-body hydrodynamic
interactions, probably played an important role, despite weak
wind forcing and the strong stratification gradient. The esti-
mated eddy diffusivity from Eq. 2, assuming I' = 0.2, ranged
between 2 X 107! and 2 X 1072 m? s !, an increase of five
orders of magnitude when compared to the daily-averaged
level. However, elevated TKE rates were observed by Kunze
only for a few minutes during the migration, indicating that
the source of turbulence is not constant in time, as was later
observed by Rousseau et al. (2010). Rippeth et al. (2007) drew
the same conclusions and did not observe such important
increases in turbulence from their measurements of TKE dissi-
pation rates in stratified coastal waters of the UK.
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Table 1. Main biomixing studies in the literature classified by type of study. For the different kind of analyzed organisms and swim-
ming behaviors, we reported the main results for generated turbulence and mixing. Gray-shaded rows show the few biomixing

observations for freshwater zooplankton.

Type of Organism Swimming Average

Reference study (size) behavior e (Wkg™" Mixing

Huntley and Zhou (2004) Model Euphausiids-Whales ~ Aggregated 1073 -

Kunze et al. (2006) Field (ocean)  Krill (1-2 cm) Aggregated 107°-10"* Ky=2x10""1-2 x
1072 m? s " (with
r=0.2)

Rippeth et al. (2007) Field (ocean)  Krill Aggregated No enhancement -

Gregg and Horne (2009) Field (ocean) Nekton School 10751073 No enhancement

Rousseau et al. (2010) Field (ocean) Euphausiids Aggregated <1078 Ky ~107> m? s~ (with
r=0.2)

Thiffeault and Childress (2010)  Model Krill Aggregated ~107¢ -

Lorke and Probst (2010) Field (lake) Perch Aggregated 3x10°-10°8 -

Leshansky and Pismen (2010) Model Small zooplankton  Aggregated 2x1077 -

Kunze (2011) Model Small zooplankton ~ Aggregated 107 (assumption) Ky=2%x10"7m?s!

Noss and Lorke (2012) Laboratory Daphnia magna Tethered on a filament 8 X 1077 (max: 2 X -

(4 mm) 107°)
Freely swimming 2 X 107 (max: 3 X Ky ~107> m? s~
1074
Noss and Lorke (2014) Laboratory Daphnia magna Aggregated - Ky ~1072 m? s~!
(3 mm)
Wagner et al. (2014) Model Small zooplankton  Single organism - I'~0.03
Dean et al. (2015) Model Krill Aggregated 107%-1077 (highest -
concentration)
Wang and Ardekani (2015) Model Small zooplankton ~ Aggregated - Ky ~107¢ m? 57!
Tanaka et al. (2017) Laboratory Sardine Aggregated 23x 107 Ky ~107%-107" m? s~

I'=0.02-0.08

Other ocean studies estimated dissipation rates ¢ and eddy
diffusivity Ky through laboratory experiments and models. A
summary is presented in Table 1. These studies show that
mixing by krill is not feasible (Rousseau et al. 2010) and only
possible with high concentrations (Kunze et al. 2006; Dean
et al. 2015) but other vertical migrators, such as copepods or
other small zooplankton, may still be able to enhance ocean
mixing (Huntley and Zhou 2004; Katija 2012). Direct compar-
isons of dissipation &, between current models in the literature
and field measurements, is not always possible because micro-
structure profilers, such as the one used by Kunze et al.
(2006), are not able to sample turbulence near the organism'’s
body, providing smaller turbulence dissipations than those
estimated from models. Finally, the quantification of biomix-
ing, as done by Kunze et al. (2006), must not rely only on the
estimation of dissipation rates (¢) and on the assumption that
I'=0.2 (Visser 2007a,b; Subramanian 2010) but must also be
based on direct assessment of I' and Ky in Eq. 2.

Biomixing in lakes
Biomixing observations in lakes are very limited. So far,
the only experimental biomixing study in a lake was

conducted by Lorke and Probst (2010) for perch (Perca fluvia-
tilis), while the first investigations of zooplankton-generated
mixing were carried out under controlled laboratory condi-
tions for Daphnia only. Daphnia is a very common zooplank-
tonic genus in lakes, with body lengths approximately
between 1 mm and 3 mm. Organisms within this genus
often undertake diel vertical migration (DVM), ascending at
dusk toward the food-rich surface layer to forage on phyto-
plankton, and sinking back at dawn into deeper, aphotic
waters (Ringelberg 1999). DVM is mainly adopted as a
predator-avoidance mechanism but other migratory drivers,
such as UV exposure or temperature, may play a role (Wil-
liamson et al. 2011). Migrations can last anywhere from
minutes to a few hours, and their magnitude differs among
lakes and between seasons (Ringelberg 2010).

Noss and Lorke (2012) conducted the first laboratory
study of dissipation rates (¢) of TKE produced by Daphnia. By
using a particle image velocimetry (PIV) technique combined
with laser-induced fluorescence, they could estimate some
energetic parameters of the planktonic organism swimming
in different configurations with a density gradient typical of
the thermocline (N =0.07 s~!). TKE dissipation rates (¢) and
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diffusion coefficient (Ky) were estimated considering the
water volume influenced by the organism while swimming,
which is usually larger than the organism size. Estimated
average dissipation was 2 X 107¢ W kg~ ! with a maximum
of 3 X 107* W kg™, in accordance with results from Hunt-
ley and Zhou (2004)’s model. Eddy diffusivity was enhanced
in the organism vicinity (Ky ~ 107> m? s™') and was two
orders of magnitude bigger than the molecular heat diffusiv-
ity (Dr ~ 1077 m? s7'), indicating the potential for an
impact on temperature gradients in lakes. However, during
the experiment, Ky was not measured in the whole tank,
therefore it is not certain whether the zooplankton could
have affected mixing on scales larger than the organism size.
Moreover, the impact of the re-stratification was not eval-
uated and no conclusion can be drawn about the mixing
efficiency T.

Later Noss and Lorke (2014) studied the same organism in
different swimming configurations and quantified mixing
via the diffusion of a fluorescent dye (Rhodamine 6G)
injected into a stratified water tank (N=0.08 s~ '). Daphnia
(max. concentration ~ 4 org. L™') were forced to vertically
migrate generating a global diffusivity in the tank as low as
1072 m? s”'. Even when swimming in aggregations, Daphnia
had a small impact on dissolved substances or gases, whose
molecular diffusivity Dg is 10°° m? s~ !. This result differs
however from the previous study, because it provides the dif-
fusion coefficient affected at larger scales, while Noss and
Lorke (2012) measured the diffusivity in the near vicinity of
a single organism only. For Daphnia, at organism-scale dissi-
pation ¢ and mixing can be enhanced, but when Ky is
assessed over the effective and larger volume influenced by
Daphnia migration, the impact on mixing is negligible if
compared to wind-induced mixing. To affect temperature
stratification in lakes, Daphnia aggregation must be able to
increase Ky above Dy = 107’ m? s ..

Wilhelmus and Dabiri (2014) later performed another lab-
oratory experiment in an unstratified tank to analyze the
fluid instabilities and mixing induced by Artemia salina, a
small zooplanktonic species (Ilor = 5mm) that lives in saline
lakes. During the vertical migration, induced artificially with
a laser, collective swimming dynamics from different organ-
isms created a large downward jet. The length of the gener-
ated eddies near its boundary was considerably larger
(I ~ 1 cm) than a single organism. Their measurements
clearly show that swimmers, when present at high concen-
tration, can deliver kinetic energy at scales bigger than the
single organism’s length with a possible impact on mixing.
However, the lack of a stable stratification did not allow the
estimation of the real migration effect on mixing after buoy-
ancy restores the initial density gradient: displaced water
parcels and properties can return to their initial position
with no effect on mixing if swimmers are not sufficiently
efficient.

Can small zooplankton mix lakes?

Physics-based models can also be used to evaluate bio-
genic mixing for lakes. Kunze (2011) estimated the eddy dif-
fusivity coefficient from simple physical considerations and
by assuming that each organism can transport a water vol-
ume comparable to its size as it swims in a dense aggrega-
tion. Kunze (2011) found that the apparent diffusivity
depends on the organism concentration C and for Daphnia
with C =100 org. L™}, the resulting diffusivity is Ky =1.7 X
1077 m? s, suggesting a negligible enhancement in mix-
ing. More importantly, the model does not consider any re-
stratification effect and is not suitable for small zooplankton,
such as for Daphnia, because it assumes that the organism
Reynolds number Re=U-lor/v < 1, where U is the organism’s
speed and v the kinematic water viscosity.

Laboratory experiments show that Re ~ 30-80 for Daphnia
(Noss and Lorke 2014; Wickramarathna et al. 2014). Further-
more, inertial forces neglected by the model, can further
enhance mixing (Noss and Lorke 2014). Another simple and
similar approach was previously proposed by Leshansky and
Pismen (2010). In their model, swimmers can disperse the
turbulent local flow as a function of the school concentra-
tion C, the turbulent dissipation ¢, the size I of the produced
hydrodynamic instabilities, and speed U. By assuming that
for a Daphnia swarm, C=100 org. L', e=10"° W kg !,
U=30 mm/s and [ =Iog =1 mm (Gries et al. 1999; Wickra-
marathna et al. 2014), the diffusion coefficient is 4 x 10’
m? s~'. Diffusivity increases to Ky=10"> m? s~ ! when
C = 10,000 org. L™'. Estimated coefficients from these mod-
els provide a lower bound of mixing and generally suggest
that zooplankton may not be able to alter vertical tempera-
ture stratification, since Ky ~ Dr.

Wagner et al. (2014) provided instead an estimation of
mixing in terms of its efficiency I' (Eq. 2). In their model,
each organism is considered very small and swimming in a
stable stratified fluid. For a single vertically migrating zoo-
plankton I' ~ 0.03, but it may achieve unity depending on
the organism’s length, swimming mode, and stratification.
The model suggests that biomixing seems a feasible mecha-
nism but does not provide any information about the eddy
diffusion coefficient Ky. Moreover, the model is more suita-
ble for micro-organisms and does not consider any influence
of the zooplankton packaging density C, which may be the
main boosting factor for the mixing.

Finally, Wang and Ardekani (2015) numerically resolved
the flow field influenced by an aggregation of interacting
swimmers in a stratified medium in the intermediate Reyn-
olds number regime. The model is particularly suitable to
model small zooplankton and provide a complete descrip-
tion of biomixing. Simulations were performed with a small
number of swimmers and aggregations corresponding to
very high densities of C=10,000 org. L' to provide an
upper-bound for mixing. In particular, organism swimming
behavior was modeled as a “squirmer” (Lighthill 1952; Blake
1971) and controlled by a parameter  which scales with the
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Fig. 3. Eddy diffusivity Ky as a function of zooplankton concentration C from numerical simulations and laboratory experiments.

organism’s size Iog, velocity U and fluid generated vorticity;
for Daphnia =1 (Wickramarathna et al. 2014; Wickramar-
athna 2016). From this model, the estimated mixing effi-
ciency I for Daphnia was 0.01, and eddy diffusivity Ky was
as low as 2 X 1077 m? s~ ! but for a very strong density strat-
ification with N=1.9 s~ !. However, for a weaker but more
realistic stratification, the numerical model by Wang and
Ardekani (2015) showed that swimmers were less efficient
(I'=3-10"*) but generate a higher diffusivity, with Ky =10"°
m? s~!. Change of swimming trajectories, vertical orienta-
tion as well as organism buoyancy can further enhance these
values (Wang and Ardekani 2015).

The need for field studies

Biomixing studies for oceans cannot be used to draw con-
clusions for lakes because oceans are physico-chemically dif-
ferent to freshwater bodies, and because marine planktonic
organisms are more diverse and potentially larger than their
freshwater counterparts (Hessen and Kaartvedt 2014), and
biomixing is an organism-dependent mechanism. The few
studies in the literature for freshwater zooplankton collec-
tively yield differing conclusions about the role of biomixing
(Fig. 3). Numerical simulations by Wang and Ardekani
(2015) show that biomixing by Daphnia is a feasible process
when the zooplankton concentration is as high as
C=10,000 org. L™'. On the other hand, the experimental
study by Noss and Lorke (2014) suggests that mixing is negli-
gible with a smaller concentration of organisms from the
same genus (4 org. L™'). In the two studies Ky varies by three
orders of magnitude, while the concentration C covers four
orders of magnitude. Zooplankton abundance depends on
both biotic and abiotic environmental conditions; their den-
sity in lakes can vary greatly and can be substantially higher

than that used in the experiment by Noss and Lorke (2014),
especially during the DVM (George and Hewitt 1999; Straile
and Adrian 2000; Hembre and Megard 2003; Talling 2003).
Zooplankton aggregation density is important and may
have emergent effects on biomixing: higher concentrations
can enable interactions of wakes originating from single
organisms and enhance shear and mixing in the same fash-
ion as observed by Wilhelmus and Dabiri (2014). The form
of the relationship between zooplankton density and bio-
mixing is currently not known e.g., there may be a concen-
tration threshold over which biomixing is enhanced. In
addition, numerical simulations currently simplify taxo-
nomic variability in biomixing potential e.g., Kunze (2011)
and Wang and Ardekani (2015) describe all the zooplank-
tonic species with general models, while in reality zooplank-
ton species swim in different ways, and species-specific
models may be more suitable to model Daphnia and to
describe their particular swimming behavior (Jiang and
Kigrboe 2011). These interactions, taking place in a real envi-
ronment, between individuals from multiple species may be
stochastic and challenging to describe mathematically. How-
ever, community-level effects may be observable in the field.
Field observations are needed to understand the feasibility
of biomixing by freshwater zooplankton communities gener-
ally, and Daphnia specifically, for several reasons. With field
studies, it is possible to overcome limitations arising from
laboratory experiments under controlled conditions. In the
laboratory, diel vertical migration cycles are artificially simu-
lated by alternating light and dark periods with LED panels
or using laser beams with a constant intensity. These meth-
ods trigger the zooplankton primary phototaxis, which is the
movement toward or away from a light beam. Daphnia DVM
in the field is instead triggered by the secondary phototactic
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behavior, which is the reaction due to the rate of change in
light intensity, usually peaking at dusk and sunrise only
(Ringelberg 1999, 2010). These two different behavioral
responses also explain why the DVM does not occur during
the day or at night and therefore zooplankton responses in
lab tanks may be very different from those in the field. With-
out field observation, it is not known whether the difference
in the DVM trigger can affect Daphnia swimming responses
and, thus, biomixing. Moreover, it is not certain how laser
beams, used to fluoresce the fluid in the tank, impact upon
zooplankton migration behavior. The use of artificial light,
generated by LEDs in Noss and Lorke (2014) to trigger the
migration, may explain why only 16% of the organisms into
the tank moved and why some of them remained at the
tank top or bottom. Field sampling allows the study of
organisms in their natural environment without altering the
behavior, potentially increasing the realism of biomixing
estimates. Field studies also allow understanding the zoo-
plankton concentration during the DVM, compared to the
daily zooplankton densities in the lake. Finally, lakes are
populated by variable abundances of zooplanktonic species
(species of Daphnia, Bosmina, Cyclops, etc.) and other migra-
tors that can interact with Daphnia. Other species can affect
Daphnia density and force them to frequently change their
swimming direction in the migrating layer, which could
affect the vertical mixing. Such species interactions cannot
be easily reproduced in lab experiments, and they may be
difficult to address numerically with models. However, field
studies would allow us to construct empirical relationships
between abundance and biomixing for communities of dif-
ferent compositions, against which to test developing theo-
retical expectations.

Migration frequently acts as an avoidance mechanism
from visual predators such as larval or juvenile fish (Ringel-
berg 1999; De Robertis 2002; Waya 2004). The presence of
chemical substances released by predators, such as kairo-
mones, and sensed by zooplankton, affect DVM leading to
increased migration amplitude or faster swimming reactions
(Loose and Dawidowicz 1994; Dodson et al. 1997; Ringelberg
1999, 2010). These behavioral responses can increase the size
of the generated instabilities and may increase the vertical
diffusion Ky. Moreover, food in lab experiments is usually
absent and its availability in real lakes, such as a surface or
deep chlorophyll maxima, may be another key factor affect-
ing migration amplitude (Dodson et al. 1997; Ringelberg
1999; Rinke et al. 2007). Tank size, light distribution, tem-
perature, and other features of the environment can also
change the swimming behavior and limit the swimming
reaction (Buchanan et al. 1982; Dodson et al. 1997). Field
studies are needed to confirm whether results from experi-
ments under simplified conditions and numerical models are
applicable to biomixing mechanisms in complex natural
environments. Only field measurements can tell us which
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lakes are, and are not, prone to such effects so that we can
make generalizations about the importance of biomixing.

Challenges for future field investigations

Field investigation should be performed on vertical migra-
tors during the DVM of zooplankton. Daphnia are a good
candidate to develop our understanding of freshwater bio-
mixing because (1) they are a very common and abundant
migrating species in lakes. (2) Despite their smaller size, dis-
sipation rates of kinetic energy are higher for Daphnia com-
pared to theoretical estimates for other zooplanktonic
species due to their unique swimming mode (Wickramar-
athna et al. 2014). (3) Finally, they have been studied in the
lab, therefore field studies can be used to validate numerical
models and compare experimental results under very con-
trolled conditions.

In particular, the DVM can be directly studied both
through zooplankton collection and analysis and indirectly
via acoustic devices such as ADCPs or echo sounders, allow-
ing a higher spatial and temporal resolution (Lorke et al.
2004; Rinke et al. 2007; Huber et al. 2011). These instru-
ments are usually employed to measure current velocities in
three dimensions and to infer turbulence levels as well. The
backscatter strength (BS) or amplitude of the scattered wave
provided by ADCPs can be used as a proxy for the zooplank-
tonic concentration and to estimate zooplankton velocities.
Higher values of BS indicate higher zooplankton abundance
while lower values usually indicate a lack of scatterers in the
water. Recent studies by Huber et al. (2011) and Lorke et al.
(2004) suggest that ADCPs can be calibrated against the zoo-
plankton concentrations estimated by more traditional
means, allowing continuous estimation of their abundance
in the water column. However, these devices do not directly
provide any information about the zooplankton abundance,
size or taxonomy, but they can be used to track their dis-
placement, to understand the timing of the migration and
the part of the water column they inhabit during the day.

A first step in assessing biomixing in the field is to mea-
sure TKE dissipation rates ¢. Generated turbulence during the
DVM in lakes can be measured with microstructure profilers
which are nowadays normally employed in sampling TKE
dissipation rates. In particular, turbulence should be sampled
before and after the DVM, to characterize the background
turbulence condition without migrators, and during the zoo-
plankton ascent. The duration of observations depends on
the time scale of biomixing and measurements should con-
tinue for the whole migration duration to understand
whether turbulence is patchy and short-lived or energy pro-
duction by zooplankton is a regular process. Vertical migra-
tors usually swim unsteadily (Noss and Lorke 2012) but
asynchronous motions of organisms in the migrating layer
may lead to quasi-stationary conditions of turbulence pro-
duction. If turbulence is enhanced during the migration,
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this is an indication that energy is generated by zooplankton
but, alone, this is not a sufficient proof of biologically-
generated mixing. Available energy (m in Eq. 1) can be dissi-
pated as heat with no changes in the potential energy b.
However, if no turbulence is observed, zooplankton DVM is
not a feasible mechanism for mixing water. Eddy diffusivity
Ky can also be inferred from turbulence measurements by
using parametrization of Eq. 2, but attention must be paid to
the models used because the underlying hypotheses of the
mixing parametrizations may not be applicable to
biomixing.

If turbulence is generated during the DVM, the next natu-
ral step would be to directly measure mixing efficiency I' or
eddy diffusivity Ky via tracer injections (Witest et al. 1996;
Goudsmit et al. 1997; Wain et al. 2013) to measure the effect
of the DVM on the eddy diffusivity Ky. This assessment
should rely on measurements and comparison of diffusion
before and during the DVM. The duration of tracer sampling
should continue until after the migration is completed, and
longer than the dissipation measurements. This allows
understanding of how tracer diffusion is affected over longer
time scales, when stratification restores the initial water col-
umn density structure affected by the zooplankton
migration.

Attempts to study biomixing in the field can however
pose important challenges. For example, zooplankton may
avoid plankton nets (Brinton 1967; Harris et al. 2000) but
disturbance can be limited by using nets with mouth-
reducing cones or by reducing the towing speed (UNESCO
1968). The same avoidance mechanisms might be adopted
toward free-falling probes (Benoit-Bird et al. 2010; Ross
2014) however, probes are usually designed to avoid any for-
ward disturbances while sampling turbulence. Moreover, tur-
bulence probes may not be able to resolve turbulence
produced by a single organism: generated fluid structures
from a single individual are generally smaller than the
instrument spatial resolution or the turbulence signal may
be contaminated by noise.

Zooplankton spatial heterogeneity is another important
issue relevant to the role of biomixing in the field. If biologi-
cally generated mixing is sampled in the field, results of the
measurements may depend on the chosen location within
the lake interior because of horizontal zooplankton patchi-
ness (Thackeray at al. 2004; Blukacz et al. 2009). Turbulence
profile collection should therefore be coupled with ADCP
measurements to continuously measure zooplankton con-
centration. ADCPs with multiple beams, bottom-mounted in
different lake locations, or surveys with a boat-mounted
ADCP, allow understanding of vertical and horizontal varia-
tions in abundance in the migrating layer and during the
DVM. Vertical distribution before DVM and also horizontal
patchiness and temporal variation in zooplankton concen-
tration in the migrating layer are relevant to the spatio-
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temporal dynamics of biomixing. These dynamics can only
be observed in the natural environment.

Conclusions

In this paper, we presented an overview of existing studies
of turbulence and mixing generated by small zooplankton in
lakes. Lake research currently yields mixed conclusions about
the feasibility of biomixing, generally showing that small
zooplankton can generate turbulence but different levels of
mixing depending on the type of study and on the zoo-
plankton abundance. Field studies are needed to overcome
limitations arising from lab studies and to confirm the
importance of biomixing in complex natural environments
such as lakes, and without altering the behavior of the ani-
mals generating the biomixing under study.
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