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Abstract
Daily vertical migrations of zooplankton have been shown to affect nutrient distributions and dissolved gas

concentrations in lakes and oceans via active internal transport and metabolic consumption. Additionally,
mixing generated by these migrations has been shown to have the capacity to alter the physical structure of a
water column, with potential further implications for its biogeochemical structure. In this work, we use labora-
tory experiments to investigate the importance of biologically generated mixing relative to other processes in
determining the biogeochemical structure of a water column inhabited by migrating zooplankton. Specifically,
we consider oxygen, a highly ecologically relevant scalar, and the competition between metabolic consumption
and biogenic mixing in a stably stratified water column with a hypoxic layer. Using laboratory experiments and
a one-dimensional model informed by those measurements, we illustrate the potential for migrating animals to
alleviate hypoxia, introducing complex feedbacks between the presence of animals and the biogeochemical
state of their surroundings. Furthermore, we demonstrate the feasibility of oxygen as a potential indicator of
biogenic mixing for future in situ investigations given its low diffusivity and higher signal-to-noise ratio.

Daily vertical migrations of zooplankton are found throughout
lakes and oceans, with centimeter-scale animals traversing tens of
meters in lakes and hundreds of meters in the open ocean
(Ringelberg 2014), often in large aggregations. These movements,
the world’s largest migration of biomass, are possiblymotivated by
predator avoidance, allowing feeding at the surface during the
night and a return to depth during the day to reduce the risk of
visual predation (Ringelberg 2009; Sato et al. 2013). The depth of
migration is controlled by a variety of factors, with animals often
seeking cover from predation below the euphotic zone as well as
within difficult to inhabit regions, such as oxygen-limited
waters (Hembre and Megard 2003; Vanderploeg et al. 2009;
Bianchi et al. 2013). Because many zooplankton are better able
to withstand periods of hypoxia relative to their larger preda-
tors, oxygen-limited waters can serve as a daytime refuge
(Vanderploeg et al. 2009), and observations of daytime zoo-
plankton location show correlation with oxygen-depleted
regions in both lakes (Hembre and Megard 2003) and oceans
(Bianchi et al. 2013). Specifically, for an oxygen-stratified lake,

zooplankton concentration was significantly enhanced in the
“refuge zone” containing 94–156 μmol O2 L−1, an intermedi-
ate level of oxygen where the zooplankton were not physiolog-
ically stressed by the reduced oxygen but their larger predators
(i.e., trout) could not survive.

By feeding at the surface and subsequently returning to
depth when satiated, migrating zooplankton contribute signif-
icantly to the active vertical flux of organic matter (Longhurst
and Glen Harrison 1988; Zhang and Dam 1997; Manno et al.
2015; Butterfield 2018). Additionally, the active selection of
oxygen-limited regions by vertical migrators can intensify the
oxygen minimum zones that are simultaneously driving the
depth of migration (Bianchi et al. 2013; Butterfield 2018).

Beyond internal carbon transport and metabolic consumption
of oxygen, physical mixing generated by animal propulsion has
been hypothesized as potentially relevant to the physical structure
(e.g., density stratification) of the water column (Huntley and Zhou
2004; Dewar et al. 2006; Katija and Dabiri 2009; Noss and Lorke
2014;Wilhelmus andDabiri 2014;Wang andArdekani 2015; Simo-
ncelli et al. 2018). However, non-negligible physical mixing of a
density stratification necessitates fluid motion at scales comparable
to the length scales of stratification (Osborn 1980), often orders of
magnitude larger than an individual zooplankton (Visser 2007).
Despite small individual animal size, the behavioral tendency of
many zooplankton species to form large, dense aggregations
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introduces a potentially relevant larger length scale for enhanced
physicalmixing to occur. Awide variety offield observations report
zooplankton aggregations spanning up to tens ofmeters in the ver-
tical and hundreds ofmeters in the horizontal (Hamner et al. 1983;
Sato et al. 2013). Animal number densities within aggregations
have been reported up to 500,000 animals m−3 (O’Brien 1988)
in the ocean and 1,000,000 animals m−3 in lakes (Hembre and
Megard 2003) with corresponding animal lengths of 21 and
1.6 mm, respectively. Measurements are typically unique to
the location and species and can also be underestimated due to
spatial heterogeneity within swarms (Omori and Hamner
1982), but the wide variety of observations in both lakes and
oceans indicate the presence of dense zooplankton aggrega-
tions inmany environments.

Previous laboratory work by Houghton et al. (2018) demon-
strated that mixing of a stratified water column is enhanced three
orders of magnitude above molecular diffusion by centimeter-
scale zooplankton in aggregations with number densities from
46,000 to 138,000 animals m−3. Experiments illustrated the
development of large-scale flow, orders of magnitude larger than
the individual organisms that transported fluid of different
densities against stabilizing gradients. These experiments also
indicated significant, irreversible impacts to the density strati-
fication, which in turn can affect the biogeochemical structure
by similarly mixing other scalars present, such as dissolved
gases or nutrients.

The cascading biogeochemical effects of biogenic mixing are
potentially particularly relevant to oxygen depleted zones,
which are found in many lake and ocean environments with
increasing frequency due to anthropogenic inputs, such as fertil-
izer runoff. These so-called “dead zones” come with significant
ecological consequences due to the general uninhabitability for
many organisms (Diaz 2001; Diaz and Rosenberg 2008). In
hypoxia-prone waters, migrating zooplankton have the poten-
tial to affect the distribution of oxygen, which in turn may drive
unique feedbacks on local ecology. In this work, we investigate
two competing processes governing oxygen concentrations in
the presence of migrating zooplankton, namely oxygen con-
sumption due to the metabolic activity of the animals and verti-
cal redistribution of oxygen due to fluid mixing during animal
migrations. To assess the importance of biologically generated
mixing in determining the biogeochemistry of a water column,
laboratory studies were conducted. In the following section,
methods used to achieve controllable vertical migrations of zoo-
plankton swarms in an oxygen and salt stratified tank are
described. Direct measurements of oxygen consumption by zoo-
plankton and mixing of an oxygenated surface layer with a hyp-
oxic bottom layer are then reported. A one-dimensional model
informed by experimental measurements is used to predict lon-
ger term dynamics. An estimate of the dependency of mixing on
animal number density is predicted from fluid transport mea-
surements at variable number densities. We conclude with a dis-
cussion of the potential broader implications of these results.

Materials and methods
Three different experiments were conducted, one to quan-

tify the oxygen consumption rate in a well-mixed tank, one to
assess mixing of a two-layer stratification with a lower hypoxic
layer, and one to quantify the dependency of fluid transport
on animal number density. All experiments were conducted
in a 0.5 m × 0.5 m × 1.2 m-tall clear acrylic tank.

Experimental organism
Experiments were conducted with the brine shrimp Artemia

salina, chosen for their representative size, 0.5–1.0 cm in
length, and swimming mode similar to a variety of marine and
freshwater zooplankton (Wilhelmus and Dabiri 2014). Approxi-
mately, 125,000 � 5000 twenty-day-old brine shrimp were
obtained from an aquarium supplier (Mariculture Tech) 1 d
prior to the experiment and held in 2-liter, aerated beakers of
28 ppt saltwater. Animal age was chosen to optimize between
swimming ability and phototactic behavior to allow for the
controllable vertical migrations described below. Prior to com-
mencing each experiment, one third of the available brine
shrimp (approximately 42,000 � 1700 animals) were strained
through a fine mesh and introduced to the top of the experi-
mental tank, resulting in a tank-averaged animal number den-
sity of 140,000 animals m−3.

Oxygen consumption rate
The consumption rate of dissolved oxygen by the brine shrimp

was measured over a 48 h period to provide baseline data on their
metabolism. The tank was filled with well-mixed saltwater at
28 ppt, oxygenated to 225 � 1 μmol L−1, and the top of the tank
was covered with plastic film to limit oxygen exchange with the
atmosphere. Approximately 42,000 � 1700 twenty-day-old ani-
mals were introduced to the tank and left to swim freely with the
tank in darkness over the course of the control experiment. An
oxygen optode (Unisense) continuously submerged in the tank
measured oxygen levels with an accuracy of 1 μmol L−1.

Density-stratified hypoxic water column
A hypoxic water column was created utilizing the animals to

consume the oxygen prior to migration experiments. Twenty-
five-day-old brine shrimp were left in the covered experimental
tank with well-mixed saltwater at 28 ppt for 4 d, depleting the
oxygen levels from a saturation level of 240 to 22 � 1 μmol L−1.
On the day of an experiment, a fine mesh net was used to
remove all animals from the tank. The top layer of water,
approximately 140 liters, was then pumped from the experi-
mental tank into a holding tank for reoxygenation. Air stones
were used to bubble the water in the holding tank for ~ 3 h in
order to return the oxygen concentration to the saturated level
at 21�C and atmospheric pressure. A submersible aquarium
heater was simultaneously introduced into the holding tank in
order to mitigate cooling from evaporation during bubbling.
After reoxygenation, 2 liters of distilled water was added to the
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holding tank in order to reduce the overall salinity such that the
oxygenated layer would be of a lower density than the hypoxic
layer. The precise water density of both tanks was measured
with a density meter (Anton Paar) to confirm the stratification
strength. A buoyancy frequency of the interface was used to
describe the strength of the stratification based on the finite
interface thickness between the two layers. This yielded

Ninterface = 0.088 � 0.002 s−1, where Ninterface =
ffiffiffiffiffiffiffiffiffiffiffiffi
− g

ρ0

Δρ
Δz

q
where

g is gravity, ρ0 is the reference density of 1019.165 � 0.005 kg
m−3, Δρ is the density difference between the top and bottom
layer of 0.040 � 0.005 kg m−3, and Δz is the interface thick-
ness of 0.05 � 0.01 m. Buoyancy frequencies were similar to
values found in lake pycnoclines (Etemad-Shahidi and
Imberger 2001; Hembre and Megard 2003) and higher than
typical values in oceanic pycnoclines, leading to a potentially
stronger suppression of vertical motion in laboratory experi-
ments than the ocean. The oxygenated holding tank water
was then pumped back into the experimental tank via a tube
attached to a buoyant Styrofoam block such that the input
continuously rose with the water level in order to minimize
mixing with the bottom layer. This process led to a two-layer
stably stratified tank with a higher density, hypoxic layer
below, and a lower density, oxygenated layer on top. Mixing
of the oxygenated water with the hypoxic water during the
filling process reduced the upper layer oxygen levels below sat-
uration values. A small temperature mismatch of 0.15�C was
observed between the two layers, but the tank remained stably
stratified in salinity and overall in density. Due to the higher
diffusivity of heat vs. salt, the stable density stratification was
also stable to double-diffusive fingering instabilities, and any
differential diffusion of temperature only further reinforced
the two-layer stratification (Radko 2013).

A computer-controlled, motorized vertical traverse (Dynamic
Solutions) moving at 0.28 cm s−1 was used to obtain vertical pro-
files of thewater columnatmultiple times during each experiment
as described in the following section. A conductivity-temperature
probe (PrecisionMeasurement Engineering) measured the salinity
and temperature to calculate density profiles with an accuracy of
� 0.005 kg m−3. The conductivity channel had a nearly instanta-
neous response time, and the temperature channel had a 3 dB
response time of ~ 0.007 s. The oxygen optode mounted on the
same traverse simultaneously measured oxygen levels in the tank
with a response time of 3 s. The oxygen optode also had a tempera-
ture sensor that automatically incorporated the temperature
dependence of the oxygen measurement into the calibrated out-
put value. The relatively slow response time of the oxygen optode
led to amaximumpotential shift of the oxygen profile by 0.84 cm
when considering the vertical traverse speed, a negligible shift rela-
tive to other measurement uncertainty (i.e., the density probe
noise). Although the slow response time may smooth centimeter-
scale gradients, mixing was assessed at a full-tank scale, and thus,
any local smoothing did not affect mixing estimates. Although
the saturation concentration of oxygen was also dependent upon

the salinity of the water, the salt-stratified water columnhad salin-
ities varying by 0.15 ppt, corresponding to a variability in satura-
tion concentration of 0.75 μmol O2 L−1, below the noise of the
oxygen probe.

Controllable vertical migrations
For animal migration experiments, the strong phototactic

response of the brine shrimp was utilized to produce control-
lable vertical migrations of aggregations of swimmers. The
attraction toward the light by the brine shrimp outweighed
any aversion to the hypoxic layer; therefore, animals could be
drawn toward the top or bottom of the tank by corresponding
lights on either side. Swimming behavior also appeared unaf-
fected by the variable oxygen concentration. The impervious
nature of the brine shrimp to variable oxygen levels has been
similarly observed in situ for brine shrimp inhabiting anoxic
waters (Maszczyk and Wurtsbaugh 2017).

Arrays of focused light-emitting diodes (LEDs; Outlite a100)
were used to induce migration toward the light in the center of
the tank, with an array situated below the clear bottomof the tank
pointing upward and an array positioned above the tank pointing
downward. Prior to each experiment with the animals freely
swimming disaggregated in the tank, control profiles of density
and oxygen were obtained every 20 min for 1 h to measure the
variability due to background motions in the tank. The bottom
LED array was then initially powered on to gather the animals at
the bottom of the tank. To start each experiment, the bottom LED
arraywas turned off and the top LED arraywas activated, inducing
an upward migration of the aggregation with average swimming
speeds of 0.75 � 0.17 cm s−1, determined from object tracking of
individual swimmers. The column of light produced by the
focused LEDs attracting the animals upward led to a concentrated
aggregation of animals within the center of the tank, with local
animal number densities up to 600,000 animals m−3. The distri-
bution of animal reaction times resulted in a spread of animals
over the vertical extent of the tank. The first animals reached the
top of the tank within 5 min and the majority of the aggregation
migrated to the upper half of the tank within 10 min and
proceeded to hover near the light. In order to maximize active
swimming through the stratified region of the tankwith a limited-
size aggregation, a 10 min up–down cycling period was chosen.
After 10 min, the top LED array was deactivated and the bottom
LED array was turned on, returning the aggregation to the bottom
of the tank. After another 10 min, the cycle was repeated, induc-
ing another upwardmigration (Fig. 1). The 20 min up–down cycle
was repeated six times to simulate a 120 min passage of swimmers
through a stratified column, a timescale chosen to match oceanic
diurnal vertical migration with a representative swimming speed
of 1 cm s−1 and a representative aggregation with a vertical extent
of 50–100 m (Sato et al. 2013), leading to a representative time of
80–170 min for an entire aggregation to pass through a fixed
depth in the water column. Due to laboratory constraints on the
vertical extent of the aggregation, thewater columnwas perturbed
by the same group of animals multiple times during an
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experiment as the aggregation traversed up and down. The alter-
nation of upward and downward swimming in laboratory experi-
ments potentially reduced cumulative effects from repeated
perturbations by subsequent swimmers, in contrast to a typical
oceanic verticalmigrationwhere a given parcel of water would be
sequentially perturbed by multiple, distinct animals over the
course of the migration. At 90 and 120 min into the experiment,
oxygen and density profiles were obtained when animals were
minimally active at the bottom of the tank. A repeated profile
was obtained at 140 min, i.e., 20 min after the end of animal
migrations, to confirm the consistency of the density profiles
indicating that the tank was fully settled and horizontally homo-
geneous. Previous experiments by Houghton et al. (Houghton
et al. 2018) demonstrated that the fluid dynamics did not change
appreciably between experiments in tanks that differed in vol-
ume by a factor offive.

Data postprocessing
A single probe with a conductivity and temperature sensor was

used to determine the fluid density at each height. However, the
response time on the temperature sensor was slower than the
conductivity sensor (McDonald 1992). Due to the dependence
of salinity on the conductivity and the temperature, densities
calculated in regions where temperature and salinity changed
rapidly required correction (e.g., the interface between the two
layers). To correct the temperature signal lag, a signal filter
function developed by Fozdar et al. was used (Fozdar et al.
1985; McDonald 1992). The temperature signal was filtered
following the equation:

Tk,filter =
1

1−a
Tk−aTk−1ð Þ

where Tk is the kth value of the voltage from the temperature sen-

sor, a= e−
dt
τ , dt is the sampling interval, and τ is the sharpening

time constant chosen empirically. Filtering of the temperature
voltage signal introduced noise, so a low-pass filter was then
applied to both the temperature and conductivity voltage sig-
nals. The two signals were then combined to calculate salinity
and density. This method remediated most of the signal delay,
leaving the appearance of a minor unstable density profile arti-
fact at the interface for the sharp two-layer stratification. This
artifact did not impact any subsequent analysis or conclusions.

To quantify mixing in the tank, an estimate of effective diffu-
sivity was obtained by fitting solutions of the diffusion equation,

∂C
∂t

= κeff
∂2C

∂z2

to the experimental profiles obtained, where C is the oxygen
concentration and κeff is the effective diffusivity. The initial two-
layer concentration profile was numerically evolved in time fol-
lowing the discretized form of the diffusion equation using a
forward-in-time, centered-in-space explicit numerical scheme
with no-flux boundary conditions at the top and bottom of the
domain to obtain final density profiles for a prescribed effective
diffusivity. The effective diffusivity that minimized the norm of
the error between the numerically calculated and experimentally
measured final oxygen concentration profile was chosen.
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Fig. 1. Schematic of protocol during stratified mixing experiments. A 0.5 × 0.5 × 1.2-m tank with a two-layer salt and oxygen stratification was used
with an array of 6 focused LEDs with blue filters introduced from the top of the tank and an array of 6 focused LEDs with green filters introduced from
below for control of the migration. The 20-min cycle illustrated was repeated six times in total to give a 120-min experiment. A vertical profile of density
and oxygen was obtained at 90, 120, and 140 min. Adapted from Houghton et al. (2018).
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Signal-to-noise ratio
The experimental tank was weakly stratified relative to the

resolution of instruments designed to record density stratifica-
tion, even at high spatial and temporal resolution. As a result of
the relatively low signal-to-noise ratio of the measured density
profile, a spline fit of the data was used to quantify the density
profiles. In contrast, the oxygen concentration spanned a much
larger range of values relative to the probe variability of 1 μmol
L−1, going from strongly hypoxic (23 � 1 μmol L−1) to 60% of
air saturation (144 � 1 μmol L−1). As a result, the signal-to-
noise ratio for the normalized oxygen concentration was a
significantly higher value of 28.0 dB relative to −1.1 dB for the
normalized density.

One-dimensional hypoxic water column model
The effect of temporally intermittent migration-induced

mixing relative to the continuous oxygen consumption and
surface replenishment was assessed with a one-dimensional
model. The evolution of an initial two-layer distribution of
oxygen, with an oxygenated top layer and anoxic bottom
layer, was described by the partial differential equation,

∂C z, tð Þ
∂t

= κeff tð Þ∂
2C

∂z2
−Rsink z, tð Þ,

with the boundary conditions

∂C
∂z

����
z=0

= 0

Cjz= surface =Csat

where C is the oxygen concentration in μmol L−1, κeff(t) is the
effective diffusivity as a function of time, Rsink(z, t) is the
depletion rate of oxygen, and Csat is the saturated oxygen con-
centration of 250 μmol L−1. A discretized form of the equation
was numerically evolved in time with a no-flux condition
imposed at the bottom, instantaneous oxygen equilibration of
the surface with the atmosphere imposed at the surface with a
constant concentration boundary condition, and oxygen
levels restricted to remain non-negative.

Animal location was modulated between the upper and lower
half of the water column following a diurnal cycle (i.e., every
12 h). An oxygen consumption rate, Rsink(z, t), was used based on
the experimental measurements of A. salinametabolism. The sink
term was active only in the region occupied by animals, that is,
the top half or bottomhalf. The effective diffusivity varied in time,
defined as the diffusivity of oxygen inwater for t = 0 h to t = 11 h,
when animals were not migrating. For t = 11 h to t = 12 h, the
effective diffusivity was increased to a value informed by the
migration experiments. Following the migration, the location of
the animal swarm was switched to the upper or lower half of the
water column, respectively, and the 12 h cyclewas repeated.

Variable animal number density
Simultaneous volumetric animal number density and two-

dimensional velocity measurements were conducted in a well-
mixed tank. The experimental tank was filled with 21�C salt water
at 28 ppt.

Vertical migrations were induced in a manner similar to the
hypoxic water column experiments, but with a single focused
LED pointed vertically downward from the top of the tank that
produced a column of light ~ 5 cm across that attracted the
swimmers upward in a dense aggregation within the illumi-
nated region in the center of the water column. An additional
focused LED was pointed horizontally just below the height of
the water surface intersecting the vertical beam to draw the
swimmers to the edge of the tank after they reached the surface
to reduce crowding of the swimmers and shadowing of the
light. The activation of the upper LED elicited a strong reaction
of the swimmers toward the light, and measurements focused
on the steady migration of swimmers in the first 4 min.

After ~ 4 min, the upper LED was deactivated and the lower
LED array was reactivated to return the swimmers to the bottom
of the tank. Due to the slight negative animal buoyancy, animals
were minimally active at the bottom of the tank leading to negli-
gible flow disturbances during this period. The tank was then
allowed to settle before restarting the migration process. Twenty-
two repeated experiments were carried out over 2 d with the same
batch of animals. The tank was initially filled with animals at
~ 70,000 animals m−3, but actual number density within the
migration was governed by endogenous animal behavior rather
than total animals in the tank. Over time fewer animals partook
in themigration process, either due to diminishing photo-taxis or
general endurance, resulting in a range of animal number densi-
ties within the swarm among the repeated experiments.

Fluid velocity quantification
The experimental tank was seeded with 13 μm neutrally

buoyant glass beads, and a 1 W, 635 nm (red) laser with a
cylindrical lens (f = −9.7 mm; Newport Optics) was used to
illuminate a vertical plane through the center of the aggrega-
tion. A 24 mega-pixel CMOS digital camera with a 120 mm
macro lens and a 92 mm lens extender (Nikkor Nikon) was
focused on the laser sheet with a field of view 1.9 cm × 3.4 cm.
Video recording at 25 fps commenced immediately following
the activation of the upper focused LED.

Videos were converted to frame sequences and analyzed using
MATLAB (MathWorks). Pairs of subsequent frames (dT = 0.04)
were used to conduct particle image velocimetry (PIV) using
PIVLab (Thielicke and Stamhuis 2014) to calculate vertical and
horizontal velocities in the laser-illuminated two-dimensional
slice through the center of the aggregation. Images were interro-
gated using amultipass method with two iterations and a decreas-
ing window size from 64 × 64 pixels to 32 × 32 pixels and a 50%
overlap. Prior to PIV processing, animals within the field of view
were masked, with the identical mask applied to both frames
interrogated for each velocity calculation.
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Animal number density quantification
The column of light produced by the focused LED used to

induce the migrations illuminated animals within a known
volume to allow approximation of the animal number density
in the field of view over time. Animal count in each video
frame was calculated via image segmentation using the water-
shed transform (Gonzalez and Woods 2002) to optimally
differentiate between overlapping animals. As only animals
within the light column were visible to the camera, the volume

in which the counted animals were contained was calculated as
the camera field of view (1.9 cm × 3.4 cm) by the width of the
LED beam at the height of the camera (5.0 cm). This method
provided an estimate of instantaneous animal number density
with the assumption of homogeneous animal spacing within
the illuminated volume. Both the heterogeneous animal spac-
ing and the animal density decay in the out-of-plane direction
following the horizontal decay of the light column were not
accounted for in this approximation.

Fig. 2. Profiles of temperature (a), salinity (b), density (c), and oxygen (d) during migration experiments. Black lines correspond to control profiles
obtained prior to animal migrations. Green lines correspond to profiles during and after repeated animal migrations. Spline fits were used to display the
temperature, salinity, and density signals separate from the noise of the probes, with the average noise shown in the shaded envelopes. All profiles indi-
cated significant mixing of the stratified scalars.
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Results
Hypoxia experiment measurements

Figure 2 illustrates the evolution of the temperature, salinity,
density, andoxygenover the course of themigration experiments.
Notable mixing of the water column occurred, similar to previous
findings (Houghton et al. 2018), and both salt and oxygen con-
centrations evolved similarly. Fitting the diffusion equation to
experimental profiles for density and oxygen yielded an effective
diffusivity of 0.006 � 0.001 cm2 s−1 (Fig. 3), consistentwith previ-
ous results byHoughton et al. (2018).

Both scalars yielded equivalent effective diffusivities, indicating
that oxygen, with a molecular diffusivity in water similar to salt
(DO2 = 2.0 × 10−5 cm2 s−1; Ferrell and Himmelblau 1967),
evolved in time following the density profile. Depletion of
oxygen below the original lowest level in the hypoxic layer
was not observed during the 2 h migration experiment. More-
over, total dissolved oxygen in the tank remained constant
within measurement resolution, with cumulative oxygen
levels fluctuating � 3% from the mean value with no clear
decreasing trend in time over the 2 h experiment.

The oxygen consumption rate determined from the control
experiment indicated notably slower losses, with an oxygen
depletion rate of ~ 1.8 μmol L−1 h−1 vs. concentration changes up
to 43 μmol L−1 h−1 during the migration experiment (Fig. 2d).

The 48 h evolution of the oxygen concentration was slightly
nonlinear, with a lower depletion rate at lower dissolved oxygen
concentrations. However, the lower oxygen concentration
occurred simultaneously with diminishing animal health and
increased animal mortality, thereby affecting cumulative oxygen
consumption. Altogether, oxygen consumption occurred signifi-
cantly more slowly thanmixing, making biogenic mixing the pri-
mary driver of changes in oxygen distribution in the tank during
migration experiments.

Numerical model
The one-dimensional model simulated the evolution of the

oxygen profile over a multiday timescale. Figure 4 illustrates
the notable difference with the inclusion of biogenic mixing,
despite the enhanced mixing occurring only intermittently.
While simplifying a variety of complex physical and chemical
dynamics, such as the role of horizontal heterogeneity, the
model illustrated the capacity for the enhanced biogenic
mixing to alter the exchange of oxygen between layers with a
notable impact relative to metabolic consumption, even over
several days. This manifested as an increased flux of oxygen
into the lower layer, potentially delaying the onset of hypoxia
and increasing the habitability of the intermediate region.

Fig. 3. An effective diffusivity of κeff = 0.006 cm2 s−1 minimized the norm of the error between the experimentally measured and numerically calculated
profiles for density (a) and oxygen (b) with the numerically calculated final profiles shown overlaid on the experimental profiles. Both oxygen and density
evolved similarly within the noise of the probes.

Houghton and Dabiri Hypoxia alleviation by biogenic mixing

7



Animal number density dependency
In all 22 migrations measuring fluid transport as a function of

animal number density, similar dynamics evolved. Within 2 min
following activation of the upper LED, animal number density in
the field of view reached an approximately constant level and a
spatially coherent downward flow developed. Due to variability in
animal participation in the migration between repeated trials, the
asymptotic animal number density varied between each trial, all-
owing comparison of fluid transport. Migrations with a higher
asymptotic animal number density resulted in a larger spatially
averaged downward velocity (Fig. 5). Within the animal number
density range tested (~ 100,000–600,000 animals m−3), the down-
ward coherent flow strength increased roughly linearly. Compari-
son between unstratified experiments and stratified experiments
indicated that the steady-state induced vertical velocities were
qualitatively similar in both cases and stratification did not arrest
the vertical fluid transport from extending throughout the entire
aggregation.

Discussion
The enhancement of mixing of all stratified scalars observed

in laboratory experiments indicates that the passage of swim-
ming zooplankton at sufficiently high concentration has the
potential to significantly alter the biogeochemical structure of
the water column. As described in previous work by Houghton
et al. (2018), large-scale transport and eddy motion within the
stable density stratification due to the collective animal

propulsion increases the surface area and concentration gradi-
ents between the high and low-density fluid, enhancing diffu-
sivity and leading to irreversible mixing of the salt and oxygen
concentration. In terms of Peclét number,

Pe=
ul
D

where u is the representative fluid velocity, l is the representa-
tive length-scale of the aggregation, and D is the diffusivity of
oxygen, these experiments occurred at ~ 7 × 105, indicating
the dominance of advective over diffusive transport. Similarly,
in terms of Damköhler number,

Da=
dO2,metabolic

dO2,mixing

where dO2, metabolic is the rate of change of oxygen due to met-
abolic consumption and dO2, mixing is the mass transport rate
of oxygen due to mixing, values were approximately 0.04,
indicating the dominance of mixing in determining the oxy-
gen distribution.

Fluid velocity within the aggregation is roughly linearly
dependent upon animal number density. Conceptually, the
enhanced mixing characterized by an effective diffusivity, κeff,
scales as the product of the characteristic velocity of the flow
and the characteristic length scale. As the length scale is set by
the vertical extent of the aggregation (Houghton et al. 2018),
the linear scaling of vertical velocity with animal number den-
sity (Fig. 5) suggests that κeff also scales linearly. For extension
to zooplankton of variable size, the animal volume fraction
may be more representative of an equivalent regime. The

Fig. 4. Model results for oxygen concentration profiles after 2 d of oxy-
gen depletion, surface replenishment, and diurnal periods of enhanced
mixing (solid green line). Relative to the case without enhanced mixing
during migrations (dashed green line), notably higher oxygen concentra-
tions persisted in the lower layer.

Fig. 5. The spatially averaged downward fluid velocity as a function of ani-
mal number density in the developed migration. Error bars represent the stan-
dard deviation of the animal count (horizontal) and fluid velocity (vertical).
The standard deviation of the animal count is due to animal density variability
during the asymptotic period as well as large noise in the counting algorithm.
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range of animal number densities and the corresponding vol-
ume fractions in laboratory experiments are on the same order
of magnitude as a number of in situ observations (O’Brien
1988; Hembre and Megard 2003), indicating the potential for
dynamics similar to laboratory experiments to occur in the
field with corresponding impacts to mixing of density and
oxygen distributions.

By mixing oxygen downward into an oxygen-depleted zone,
potential feedbacks among animal presence, gas and nutrient
exchange, and habitability arise. The disparity between the time-
scales for oxygen consumption and oxygen mixing by the swim-
ming zooplankton indicates that during periods of active
swimming—either vertical migration or hovering—zooplankton
can potentially alleviate hypoxia due to their swimming
motions. In terms of the diurnal cycles observed in lakes and
oceans, where zooplankton descend into hypoxic layers during
the day, this behavior could result in unique feedbacks for habit-
ability beneath the pycnocline. Although other biological activ-
ity may more rapidly deplete oxygen, migrating zooplankton
may serve as an alleviating factor. Field observations of large-
scale biologically induced flows remain sparse (Sommer et al.
2017; Tarling and Thorpe 2017), therefore novel field investiga-
tions will be critical in understanding the extent of this
laboratory-observed phenomenon.

While the effective diffusivity is characterized for active
migration periods, persistent large-scale flow was also observed
within hovering swarms and has been similarly documented
via acoustics within krill swarms in the field (Tarling and
Thorpe 2017). Due to slight negative animal buoyancy, similar
to most marine zooplankton (Pond 2012), downward thrust
must be generated in order to maintain vertical position while
hovering. For many zooplankton species, this thrust is pro-
duced via the rearward propulsion of fluid (Catton et al. 2011;
Murphy et al. 2013; Wilhelmus and Dabiri 2014), leading to
transport within the aggregation. With large-scale vertical
fluid transport occurring not only during diurnal migration
periods but also during prolonged intermediate periods when
animals hover at the surface or at depth, even greater biogeo-
chemical impacts could be expected. As zooplankton often
take refuge just below the pycnocline or just within a hyp-
oxic region in daytime (Vanderploeg et al. 2009; Bianchi
et al. 2013) significant vertical transport of water with high
variability in density, nutrients, and oxygen could occur
throughout an entire day, rather than only during diurnal
migration periods. This continuous vertical transport and
mixing could have significant implications for the habitabil-
ity of that layer, potentially sustaining the animal presence
with unique behavioral feedbacks.

Within aggregations of swimmers, the hydrodynamic interac-
tions between the swimming organisms will be governed by the
Reynolds number of the flow induced by individual swimmers, as
thatwill determine the balance between the persistence of the rear-
ward jet due to inertia and its viscous diffusion. The Reynolds num-
ber for these experiments with the brine shrimp A. salina is

approximately 50. Furthermore, the competition between persis-
tence of the rearward vertical jet in stratified flow and its suppres-
sion by the stable stratification can be quantified by a Froude
number based on vertical velocity and the density contrast, which
in these laboratory experiments is ~ 0.02. Flow visualization indi-
cated strong recirculation of displacedfluid outside the aggregation
(Houghton et al. 2018), indicative of the importance of the back-
ground stratification indynamics. Amatchof these twoparameters
can enable comparisonwith future lab experiments or observations
under naturally occurring conditions.

Laboratory experiments illustrated the correlation between
mixing of density and of oxygen, despite potentially more
complex source and sink dynamics of the latter. Interestingly,
the signal-to-noise ratio for oxygen was significantly higher
than for density. In light of ongoing efforts to address the
significance of biogenic mixing in situ (Kunze 2006; Gregg
and Horne 2009; Katija and Dabiri 2009; Rousseau et al.
2010), variables with high signal-to-noise ratios could provide
an effective means for quantifying impacts to the water
column. Although sources and sinks from other variables are
also potentially critical, these laboratory experiments demon-
strate that the predominant driver of oxygen concentrations
over these timescales arises from biogenic mixing rather than
metabolic consumption. Given similar timescales of investiga-
tion in the field (i.e., minutes to hours during a migration
event), detection of altered oxygen distributions could be a
powerful indicator of the importance of biogenic mixing due
to its relatively strong signal.

Altogether, the laboratory experiments and an analytical
model indicate the potential relevance of biologically induced
mixing of oxygen, leading to the potential for an active role of
animals in relieving hypoxia and determining the surround-
ing habitability for themselves and other species.

A recent survey of research on biologically-generated
mixing concluded that the effect of swimming organisms on
mixing is small in the ocean (Kunze 2019). This conclusion is
based primarily on a limited set of microstructure measure-
ments collected in the vicinity of animal aggregations in the
ocean, as well as order-of-magnitude scaling arguments. The
present results challenge those scaling arguments, showing
that solutes and dissolved gases can indeed be mixed to a sig-
nificant degree and over large length scales during vertical
migration of small organisms. Future field studies should
endeavor to complement microstructure measurements with
more direct observations of the full velocity field induced by
swimming aggregations and the corresponding impact, if any,
on background gradients in the water column. Such measure-
ments present the best opportunity for definitive answers
regarding the potential role of biologically generated mixing
in the ocean. Altogether, further field investigation will be
essential to achieve a more comprehensive understanding of
the complex dynamics and feedbacks between migrating zoo-
plankton and their environment, and oxygen may be an espe-
cially useful target for examination.
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