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The behavior and microscale processes associated with freely suspended organisms, along with sinking particles underlie key
ecological processes in the ocean. Mechanistically studying such multiscale processes in the laboratory presents a considerable
challenge for microscopy: how to measure single cells at microscale resolution, while allowing them to freely move hundreds
of meters in the vertical direction? Here we present a solution in the form of a scale-free, vertical tracking microscope, based
on a 'hydrodynamic treadmill’ with no bounds for motion along the axis of gravity. Using this method to bridge spatial scales,
we assembled a multiscale behavioral dataset of nonadherent planktonic cells and organisms. Furthermore, we demonstrate a
'virtual-reality system for single cells', wherein cell behavior directly controls its ambient environmental parameters, enabling
quantitative behavioral assays. Our method and results exemplify a new paradigm of multiscale measurement, wherein one can
observe and probe macroscale and ecologically relevant phenomena at microscale resolution. Beyond the marine context, we
foresee that our method will allow biological measurements of cells and organisms in a suspended state by freeing them from

the confines of the coverslip.

trial ecosystems', the oceans are responsible for half of the

carbon fixed on our planet’. Remarkably, this primary pro-
duction in the ocean comes mostly from minuscule phytoplankton®,
the majority of which are invisible to the naked eye. Key processes
in the ocean, such as the biological pump of carbon® that directly
impact planetary scale biogeochemical cycles and atmospheric car-
bon levels, arise from the interactions of individual behaviors of
microscale plankton and the sinking dynamics of small particles
with stratified environments over vast vertical depths®. Therefore,
understanding the biophysical mechanisms behind these processes
inherently requires bridging vastly separated length (from microns
to kilometers) and timescales (from milliseconds to days).

Tracking individual microscopic organisms or objects freely
moving over macroscopic ecological scales of hundreds of meters
is a fundamental experimental challenge. This is particularly high-
lighted in microscopy, where there is an inherent tradeoff between
optical resolution and field of view (FOV)®. Conventional micro-
scopes are typically designed to image in the horizontal plane, with
small chamber heights of only a few millimeters’. This becomes a
limiting factor in the study of objects with ballistic motility, which
rapidly move across a fixed FOV. For organisms with dominant
vertical movements, confinement results in strong boundary inter-
actions and truncated track lengths, leading to a statistical bias, as
objects with small diffusivities have a greater contribution to the
short tracks®. Tracking microscopy offers a possible solution to this
issue, where the object is kept within the optical FOV using vari-
ous closed-loop tracking methods®'? or for sinking particles using
hydrodynamic levitation using a constant upward flow'’. However,
these approaches are not suitable for objects with active behavior or
limit the object’s movement to the maximum size of the chamber,
which is ~100mm (ref. ') leading to a track length that is much
smaller than ecological scales of interest (>10m).

An ideal vertical tracking microscope that captures cel-
lular details and allows unrestricted movement over ecologi-
cal scales (greater than tens of meters) would require a meter to
kilometer-long translational axis (Fig. 1a) and is not feasible due to

D espite being only a few hundredths of the biomass of terres-

cost, space and practical constraints in translating delicate optical
equipment over large distances. To overcome this challenge, here
we present a ‘hydrodynamic treadmill for single cells, which allows
us to physically implement an autonomous vertical tracking micro-
scope. The design consists of a vertically oriented, circular fluidic
chamber with a horizontal rotation axis. A modular optical micro-
scope is used to image the object under study with the FOV at either
the 3 oclock or 9 oclock angular positions, such that rotating the
chamber can appropriately compensate for a net vertical motion of
the object. The instrument effectively provides unlimited scope for
vertical motion (scale-free), while concurrently providing micron-
and millisecond-scale spatiotemporal resolution.

Results

Scale-free vertical tracking microscopy using a ‘hydrodynamic
treadmill’ The key components of the scale-free vertical tracking
microscope are a circular fluidic chamber with a rotational axis and
ahorizontally positioned microscope with two-axis tracking (Fig. 1).
The circular fluidic chamber plays a key role in preventing any
tracked object from encountering boundaries in the vertical direc-
tion (z) (Fig. 1b,c). The fluidic chamber consists of an annular flu-
idic volume with inner and outer radii R, and R, and width W, so
that the local cross-section is rectangular with dimensions LX W,
where L=R,—R; (Supplementary Fig. 1). Typical values used in
experiments are R,=85mm, L=15, 30mm and W=3.2-6 mm. The
fluidic chamber is attached to a fine rotational stage with a horizon-
tal rotational axis (Fig. 1d and Extended Data Fig. 1), so that the
chamber can be rotated with a fine angular incremental resolution
(Methods). Tracking in the horizontal plane (xy) is achieved by
translating the rotational stage using motorized linear stages with
the optical assembly fixed in the laboratory frame or vice versa
(Fig. 1d and Extended Data Fig. 1).

We mounted a custom-built light microscope focused on either
the 3 0’ clock or 9 oclock position of the circular chamber (see Fig. 1b,c
and Extended Data Fig. 1) such that rotational motion of the cham-
ber results in tangential motion parallel to the axis of gravity at
the center of the optical FOV (Fig. 1c and Supplementary Video 1).
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Fig. 1| Scale-free vertical tracking microscopy using a hydrodynamic treadmill. a, Schematic of an ideal, scale-free vertical tracking microscope with

no boundaries in the vertical direction. b, A vertically oriented circular fluidic chamber (henceforth, fluidic chamber), with a contiguous annulus of fluid

as a realization of such a tracking microscope. ¢, A microscale object immersed in the ambient fluid is tracked at either of the 3 o'clock or 9 o'clock
positions, wherein upward or downward movements of the object relative to the fluid are compensated by stage rotation in the opposite direction using a
closed-loop tracking system. A ‘virtual depth’ for the object can be assigned from net angular displacement and radial position. d, Schematic of a practical
implementation of the vertical tracking microscope (also see Supplementary Video 1and Extended Data Fig. 1) showing the fluidic chamber and rotational
stage for vertical (2) tracking, as well as translational stages coupled to the rotational stage such that the optical assembly is fixed in the laboratory
frame. e, Photographs of the tracking microscope in the two configurations (also see Extended Data Fig. 1): (1) fixed-stage, moving optics and (2) fixed
optics, moving stage. The latter is more suitable for implementing a wider range of optical systems. IR, infrared.

The microscope optics consist of a lens assembly constructed around
a liquid lens with controllable optical power (Supplementary Figs. 2,
15 and 16). The liquid lens is used to rapidly modulate the focal
plane of the microscope, which was used to achieve tracking along
the optical axis (Methods; Supplementary Fig. 4). This assembly was
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coupled to a CMOS camera capable of full-resolution color imaging
at high sampling rates (238 Hz). The modularity of the optical sys-
tem allows flexibility in switching between different imaging strate-
gies (Extended Data Fig. 1a). In our experiments, we primarily used
dark-field imaging using a ring light-emitting diode (LED) situated
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on the side opposite to the imaging assembly (Fig. 1c and Extended
Data Fig. 1). On the basis of the organism being tracked, we used a
suitable wavelength of dark-field illumination, such that the organ-
ism’s behavior was not perturbed (Supplementary Fig. 17)'*°.

Images captured on the camera sensor were fed to a custom
image-processing pipeline implemented on a computer and the
object position was extracted rapidly (=5ms) using real-time
machine vision algorithms (Methods; Supplementary Fig. 3).
The resulting tracking error, which is defined as the displace-
ment between the object position and center of the microscope’s
FOV (and focal plane), was relayed to a microcontroller, which
in turn sent motion commands to the rotational and translational
stages to track the object (Fig. 1d and Supplementary Fig. 2). The
entire experimental setup was housed within a temperature- and
light-controlled enclosure (Fig. le). An isothermalization proce-
dure was implemented such that background flows in the cham-
ber are <20 pms™ (Methods; Supplementary Fig. 5). Ambient light
intensities can be modulated as a function of ‘virtual depth’ of the
tracked object using a top-mounted white LED array that provides
uniform illumination across the experimental chamber (Fig. 1d,e
and Extended Data Fig. 1).

A formalism for vertical tracking using a ‘hydrodynamic tread-
mill’. Previously, vertical rotating viscous flows have been used to
study the dynamics of immersed light or heavy objects'*'%, as well
as for cell-culture applications in rotating-wall vessels to simulate
microgravity'**". However, to our knowledge such a geometry has
never been used as the basis of a vertical tracking microscope and
as such, its physical feasibility, fundamental limits and design space
are unknown. During tracking, small angular motions are imparted
to the circular fluidic chamber to compensate for vertical motions
of the tracked object. This has two effects: (1) imparting rotational
momentum to a contiguous annulus of fluid via the circular fluidic
chamber suffers a viscous delay leading to a transient flow profile
that is not uniform (Extended Data Figs. 2 and 3a); and (2) tracking
linear vertical motions using circular motion compensation is likely
to have consequences for the measured track.

Motivated by these unique considerations, we carried out a
detailed physical analysis to identify the parameter tradeoffs and to
establish the design space of our vertical tracking method, in rela-
tion to the tracked object’s properties. In contrast, considerations for
horizontal tracking are similar to conventional Lagrangian tracking
strategies in a fluid®'®"* and are not discussed here. We confirmed
that for parameters relevant to marine microscale plankton and par-
ticles (sizes d <O(mm), vertical speeds u,,;<O(mms™) and den-
sity differentials (p,,; — p5) / pe~ 10%, where p,;,; and p; are the object
and fluid densities’’), the system dynamics are linear and viscous
effects dominate both the object’s and fluid’s inertia (Supplementary
Discussion 2.2). We now detail three additional physical consider-
ations to ensure tracking success and fidelity.

In general, any tracked object has a ‘behavioral timescale€’ z,,; over
which its vertical velocity changes (which scales as 7,,;=1u,/ aqy»
where a,, is the rate of velocity change about a steady-state veloc-
ity u,,). This timescale can be either slow (Tobj > Ttracking) or fast
(robj < Ttrackmg) compared to the dynamics of the tracking system,
typically corresponding to abiotic (such as a sinking microsphere)
and biotic objects (such as a swimming plankton cell), respec-
tively. To understand tracking performance in both these limits
we carried out a detailed analysis of the stage and fluid dynamics
(Supplementary Discussion 2.3 and Extended Data Fig. 2) during a
tracking move that compensates for a change in an object’s vertical
velocity. Our analysis results in a succinct mathematical condition
that allows one to estimate the tracking success based on four times-
cales, two involving the object being tracked and two others involv-
ing the tracking system parameters (Supplementary Discussion 2.3
and Extended Data Fig. 2). This is given by: 7y, + Ty < Toj + Trow

stage

1042

where 7. is the mechanical response time of the stage and 7yoy
is the time needed for the object to swim the optical FOV (of size
Liow given by tuoy = Lioy / thyy). Here 7., < W?/4v is the viscous delay
for momentum transfer to the fluid due to the contiguous circular
fluidic chamber®.

This viscous delay also means that the flow in the chamber is
transiently nonuniform during a change in rotation rate of the
chamber (Extended Data Fig. 3a). By solving for the fluid’s motion
during a change in stage rotation rate, we derived both the magni-
tude of stress as well as rotational torque on a small organism due
to this transient shear (Supplementary Fig. 8) and confirmed that
there is a broad range of parameters (for instance in choosing the
rotational acceleration of the stage), where the effects of this shear
are negligible compared to the organism’s intrinsic orientation fluc-
tuations and aligning gravitactic torques (Extended Data Fig. 3a,b).
Apart from the above effects on object orientation, weak shear can
also affect measured trajectories due to phenomena such as bacterial
rheotaxis”, shear-induced trapping* as well as oscillatory rheotaxis
near surfaces”. However, each of these effects are only impor-
tant beyond shear rates of 1s™' and are therefore likely subdomi-
nant in our current implementation because 1s™" is the maximum
transient shear rate based on chosen parameters (Supplementary
Fig. 8). However, this factor needs to be considered when designing
the annular geometry and associated stage-motion parameters for
experiments.

Last, we find that tracking linear vertical motions using a circular
motion compensation leads to a small radial drift that is given by
Ugin/ Ugy= Az / R(t), where Az is the vertical tracking error and R(t)
is the object’s instantaneous radial position (Extended Data Fig. 3c).
Note that this drift arises purely from a geometrical effect and is not
due to a radial pressure gradient, which is negligible (Supplementary
Discussion 2.2). This drift velocity is small compared to the organ-
ism’s intrinsic horizontal velocities (Extended Data Fig. 3d) and for
most table-top setups, with R, and R, in the O(10)cm, this radial
drift is negligible when the tracking error is within a microscope
FOV. For long-term tracking, this error can be calculated and com-
pensated for.

Overall, our analysis reveals that a large region of parameter
space exists in which biotic and abiotic microscale objects can be
tracked successfully in practice, with the measured tracks not differ-
ing significantly from tracks that would be measured in a quiescent
fluid. Our analysis also provides a crucial design tool to optimally set
up the parameters of the tracking system given some known prop-
erties of a microscale plankton or abiotic object of interest. Next,
we validated our method by measuring the sedimentation speed of
250-pm density calibrated beads and comparing the results to those
measured using conventional Eulerian tracking in a vertical cuvette
(15-cm tall and with the same cross-section as the fluidic chamber)
(Supplementary Fig. 6). The two sedimentation speeds exhibited
good agreement among six different types of beads measured and
the measured speeds also agreed with the theoretical Stokes law
predictions (Supplementary Fig. 6). Having characterized and vali-
dated our tracking method, we now use it to report multiscale mea-
surements of plankton behaviors over eight major marine phyla.
Simultaneously, these measurements push the boundaries of both
the smallest and largest spatiotemporal scales for these measure-
ments by bridging length scales of microns to meters and timescales
of milliseconds to hours, in the process revealing new phenomena
across scales.

Free-swimming behavior and microscale flow fields of inverte-
brate larvae. Most marine invertebrate larvae have a microscale
planktonic phase with complex morphology and behavior. These
behaviors, which include swimming, feeding and ultimate settle-
ment responses are crucial in understanding the biogeography of
benthic ecosystems™*. Despite the importance of this problem, it
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has been challenging to study due to its multiscale nature. Using
a diversity of species with equally diverse swimming strategies, we
now demonstrate long-distance tracking of free-swimming inverte-
brate larvae. In addition to the macroscale three-dimensional (3D)
track, we concurrently measure larval shape, posture, orientation,
specific feeding and swimming behavior and hydrodynamic flow
fields. Here we present data for eight species of marine benthic
invertebrates, all indigenous to the coast of Northern California,
USA (Supplementary Table 1). The larvae spanned four phyla and
five classes across the animal kingdom (Fig. 2).

We measured 3D tracks of individual larvae swimming over tim-
escales of several hours and vertical extents of a few meters. Figure
2 shows a representative subsample of the eight larvae species over a
5-min interval exhibiting a diversity of swimming behaviors across
scales (Supplementary Video 2). Notably, all larvae exhibit vertically
biased motility evident in the anisotropic distributions of vertical
and horizontal velocities (Fig. 2(iv) and Supplementary Fig. 7)>*.
We confirmed that this vertical bias was due to intrinsic behavior
and not caused due to the chamber walls (Supplementary Discussion
2.5 and Supplementary Figs. 12 and 13). The most striking example
of this vertically biased motility was in polychaete larvae (Owenia
sp.; Fig. 2a(iii,iv)), which swam downward for a distance of 364 mm
(182 microscope FOVs) over 5min while having a negligible hori-
zontal excursion (Supplementary Fig. 7). At the largest scales, the
vertical motility of larvae was split between active upward or down-
ward swimming, where the anterior—posterior axis of the larvae was
parallel or antiparallel, respectively, to gravity; and passive/active
sinking, where the larvae had an upward orientation but downward
vertical velocity (Fig. 2(iii) and Supplementary Video 2). The mul-
tiscale nature of the measurements revealed characteristic behav-
iors even at an order-of-magnitude smaller scale, as seen from the
mesoscale tracks plotted over a vertical extent of 5mm (Fig. 2(ii)).
Behavior at the mesoscale was characterized by swimming motifs
including helical swimming (Fig. 2a,d,fh(ii)), free-fall (Fig. 2b,c(ii)),
hovering (Fig. 2b,c,h(ii)) and pauses and reversals due to changes in
ciliary beat (Fig. 2¢,g(ii) and Supplementary Video 2).

Together with tracking, we observed the microscale behavior,
posture and shape of the larvae from images acquired at millisec-
ond time resolution (Fig. 2(i)). By seeding the fluid with tracer
particles, we measured the dynamic flow fields around freely swim-
ming larvae using particle image velocimetry (Fig. 2b,e,g,h insets;
Supplementary Methods). These flows, shown in the laboratory ref-
erence frame by subtracting the translational velocity of the larvae,
arise from the interplay of larval shape, density and fluid stresses
generated by the ciliary band (Fig. 2: larvae sketches)***. In particu-
lar, we observed characteristic flows when the larvae maintained
their position in the water column and created a feeding current
to scan the water for food particles (Fig. 2b,h insets). For the lar-
vae of Schizocardium californicum, we observed a striking dipolar
velocity field due to the wide separation between the ciliary band
responsible for propulsion (circular skirt at the posterior end of
the larvae) and the rest of the larval body, which has no propulsive

contribution (Fig. 2e inset)”. In all larvae, subtracting the transla-
tional component of the velocity field revealed a strong Stokeslet
contribution', which occurs because these larvae have an excess
density to sea water and thus need to create propulsive stresses just
to maintain their position in the water column (Fig. 2g inset).

Tracking motile single cells. Going down one order in length
scale, we next tracked planktonic protists. Protists are a ubiqui-
tous and diverse category of unicellular eukaryotic microorgan-
isms and they lie at the base of the entire marine food web*’. These
organisms display a diversity of body sizes, cell forms and motility
strategies. Motile species include planktonic uniflagellates, dinofla-
gellates and ciliates, which can actively swim in the water column.
Population-scale measurements indicate that many dinoflagellates
undergo diel migrations over scales of tens of meters’ but observ-
ing these organisms at subcellular scales to connect their behavior
to cell biological processes has been a challenge. As a demonstration
of our tracking method, we performed multiscale tracking of two
marine species and two freshwater species of protists.

We successfully tracked marine dinoflagellates, including
Akashiwo sanguinea and Ceratium sp. collected from Monterey Bay,
California, which are often responsible for red tides in that region.
For A.sanguinea, we observed two distinct cell states undergoing
positive and negative gravitactic behaviors, respectively, under the
same environmental conditions. The cell orientation was different
for each population, such that the cells actively swam down and
up for the positive and negative gravitactic behaviors, respectively
(Supplementary Movie 3). In contrast for Ceratium sp., we observed
only positive gravitaxis. For both species, motility was biased along
the axis of gravity (for example for A.sanguinea, mean=s.d. in
vertical and horizontal velocities was V,=274+284pms™' and
V,=11+175pms™, respectively and for Ceratium sp. this was
V,=127+172pms™" and V,=11+89pums™", respectively) and the
distributions in vertical and horizontal velocities for both species
were significantly different (Kolmogorov-Smirnov test, P<0.001).

To compare and contrast these findings with freshwater organ-
isms, we next studied two freshwater protists: the ciliate Stentor
coeruleus and the alga Euglena gracilis. For E. gracilis, we found a
positive gravitactic behavior as reported by others™. In S. coeruleus,
we discovered a positive gravitactic behavior, where the cell swam
with a downward orientation (anterior—posterior axis aligned with
gravity) but with several ciliary reversals causing it to have a large
range of vertical velocities (Fig. 3c(ii) and Supplementary Video 3).
While photo responses of S. coeruleus have been studied™, we report
here its behavior under the effects of gravity alone, which raises the
question of possible gravitaxis mechanisms.

Multiscale imaging of plankton behavior reveals microscale
behavior repertoires. We now focus on Patiria miniata (bat star)
larvae to further demonstrate how long-term tracking can reveal
multiscale behavioral dynamics in a single plankton. We measured
the free-swimming behavior of these larvae (ten larvae, total track

>
>

Fig. 2 | Multiscale measurements of free-swimming behavior and flow fields of invertebrate larvae. a-h, Columns represent different species of larvae:
Owenia sp. (polychaete worm) (a), Crepidula sp. (snail) (b), P. miniata (bat star) (c), S. purpuratus (purple sea urchin) (d), S. californicum (acorn worm)
(e), Ophiothrix spiculata (spiny brittle star) (f), D. excentricus (Pacific sand dollar) (g) and Parastichopus parvimensis (warty sea cucumber) (h). Rows (i-v)
indicate concurrent measurements of larval behavior over different length and timescales. Upper to lower rows indicate increasing length and timescale.
Row i, snapshots of freely swimming larvae from the tracks. Scale bars, 250 pm. Row ii, mesoscale xz projection of tracks shown over a vertical extent

of 5mm. Scale bars, 500 pm. Row iii, macroscale 3D tracks colored by elapsed track time. The red and black boxes correspond to the snapshots and
mesoscale tracks shown in rows i and ii, respectively. The grid size is Tmm xTmm. Row iv, distributions of vertical (z) and lateral (x) velocities for each

larva, calculated over several tracks. PDF, probability density function. Row v, orientation distributions of the velocity vector relative to the vertical axis with
0° corresponding to upward swimming. Dual-lobed distributions in the cases of v, b and e correspond to organisms that exhibited upward and downward
swimming phases even within the same trajectory. Rows iii-v highlight anisotropic, vertically biased motility. Additionally, flow fields around freely
swimming larvae can be simultaneously measured using particle image velocimetry. These velocity fields are shown in the laboratory frame of reference
for b,e,gh.
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duration ~1.5h) and found a vertically biased motility, where the
larvae swam upward in a helical path (Fig. 4a) with an associated
rotation of the larva body (Supplementary Video 4). We observed
that the upward swimming was punctuated by a rapid behavioral
transition (henceforth referred to as blinkK’) from an upward to
downward movement (Fig. 4b). Previously, these blinks have been
discussed in the context of neuronal control of ciliary bands in

tethered larvae™. Using long timescale tracks, we report the distri-
bution and repeatability of this blinking behavior in free-swimming
larvae. At the macroscale, blinks cause the larvae to sink for brief
periods, thereby affecting their depth in the water column (Fig. 4b,
z-track). Upon microscale interrogation of the blinks, we found
that the blinks consisted of two behavioral microstates: a period of
passive sinking, followed by a period of hovering or slower sinking.
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Fig. 3 | Tracking single-celled protists. a-d, We tracked two ecologically relevant marine dinoflagellates, A. sanguinea (a) and Ceratium sp. (b), as well as

two freshwater motile cells, namely a large ciliate, S. coeruleus (¢) and E. gracilis (d). Row i, representative 3D trajectories over a time interval of 2 min reveal
vertically biased trajectories for all species (A.sanguinea n="7 organisms, Ceratium sp. n=5, E. gracilisn=7 and S. coeruleus n=5). Boxed insets correspond

to video microscopy images obtained simultaneously at a subcellular resolution. Scale bars, 50 pm. Row ii, velocity distributions of vertical (Z) and horizontal
(X) velocities for all organisms are anisotropic and vertically biased (mean=+s.d. in velocities Vx=1+176 pm s, Vz=274+284 pms~' for A. sanguinea and
Vx=16+114pms™, Vz=538 + 625 um s~ for S. coeruleus). Row iii, polar histogram of the angle of the velocity vector relative to the vertical axis of gravity.
The distribution of 8 highlights the anisotropic and positive gravitactic behavior of these cells.

We also found that dynamic changes in the flow field around the during the hovering/slow-sinking phase we observed development
larva accompanied these behavioral changes. During upward swim-  of a striking array of up to four recirculating regions of flow attached
ming we measured a streaming flow past the larva (Fig. 4f(i)), while  to the larval body (Fig. 4f(ii-iv)). These flows, measured here in a
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Fig. 4 | Multiscale behavioral measurements of P. miniata larvae. a, Representative 3D track showing the larva swimming upward in a columnar trajectory
punctuated by three behavioral transitions (dashed boxes), called blinks (n=10 distinct organisms tracked, Supplementary Video 4). b, Position time traces
reveal that these blinks involve a transition from upward swimming to periods of downward motion (red bands, bottom). ¢, Another track showing the
vertical displacement of single larvae over a much longer timescale (>1h) with 23 behavioral transitions (red bands) while the larva swims up a distance

of 2,500 mm (~1,250 microscope FOV). Inset, the distribution of the intervals between blinks with mean +s.d. (175+78s). d, High spatiotemporal
resolution tracking uncovers three distinct behavioral substates during each blink, consisting of a sequence of upward swimming (upward triangle), free-fall
(downward triangle), feeding (star) and upward swimming. e, Behavior averaged by centering the tracks at the transition point from upward to downward
displacement, over 23 blinks (mean, solid line and 95% Cl, gray-filled region) shows the typical character of this behavioral sequence. f, Representative
snapshot of fluid path lines around the larva during a blink show transitions in the flow field as a function of the behavioral substates (1-4). During upward
swimming the flow has the signature open streamlines as seen in f(1), whereas in the feeding state the larva creates up to four recirculating regions
(centers marked by white dots) adjacent to its body (Supplementary Video 4). Feeding also involves a characteristic change in larval body shape and a
widening of the oral hood (f(2-4)). Scale bars, 250 pm. Behavioral transitions were observed across all ten tracking experiments.

co-moving reference frame®* by following untethered organisms
using our tracking method, are part of the larva’s feeding behavior
and allow the larva to stay in a relatively fixed location in the water
column, using gravity as a tether, while scanning a volume of water
for food particles®®*.

Our tracking method allowed us to follow individual larvae over
long durations (Fig. 4c; track duration ~4,000s), enabling robust
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measurement of the statistics of these behavioral transitions, which
lasted 28+13s and recurred with a time interval of 175+78s
(Fig. 4c, inset). Long time measurements also allowed us to extract
the stereotypical behavior at the microscale during these transitions
by aligning the vertical displacement tracks at the transition points
from upward swimming to sinking (Fig. 4e). The behavior shows
a universal profile where the sequence of microbehavioral states,
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consisting of upward swimming, sinking and feeding, followed by
upward swimming again, was conserved across a large number of
blinks (Fig. 4e, n=23). Our multiscale measurements highlight the
dual function of blinks and the involvement of macroscale (depth
regulation)’” and microscale (feeding)**-****-** components that are
intimately linked.

Diel migration at the scale of individual plankton. An important
macroscale consequence of plankton behavior is diel vertical migra-
tion, in which plankton rise toward the surface during the night and
return to deeper waters during the day. How organisms regulate
this diel behavior, and hence their positions in the water column
as a function of different environmental cues, is an area of active
research'>*”*". Although the phenomenon is deeply linked to circa-
dian rhythms over a 24-h cycle, previous experimental efforts have
focused on the collective behavior of populations' or have been
technically limited in characterizing the behavior of single organ-
isms or individual cells over long timescales. This has led to chal-
lenges in reconciling laboratory measurements of motility with the
extent of vertical migrations observed in the field".

We measured vertical migrating behaviors of polychaete larvae
(Owenia sp.) during different times of the day, while maintaining
other experimental conditions as constant. In particular, the larvae
were imaged in red light (peak spectrum 620nm; Supplementary
Fig. 17) to which they are insensitive’’, so as to not provide any light
cues and furthermore in a medium with no food sources, such that
the larvae were in a low-information environment. Tracks of differ-
ent larvae (n=6, total track duration 616s) measured during day-
time hours (between 13:00 and 15:00, local time) showed a markedly
downward vertical swimming velocity (v,=—0.92+0.57mms™),
while those measured at night (between 22:00 and 00:00, local time)
swam upward (v,=0.42+0.44mms™', n=>5, total track duration
360s (Fig. 5a,b, Kolmogorov-Smirnov distance between day and
night vertical (2) velocity distributions: D=0.91, P<0.001, hori-
zontal (x) velocity distributions: D=0.1, P<0.001). Notably, we
found that the larvae actively reorient to swim upward or down-
ward (Fig. 5a, inset; Supplementary Video 5). Such measurements
of active upward and downward swimming have been reported for
planktonic larvae at the scale of populations'”, but not at the scale of
individual organisms. The capability to observe long-distance diel
migration of a freely swimming single organism and at microscale
resolution, opens up the means to study how physiological states
such as circadian rhythms* interact with external cues to program
this fascinating behavior.

Measuring behavior in virtual depth-patterned environments.
Organisms migrating in a stratified ocean encounter changes
in physical parameters such as light. By mapping variations of
ambient parameters to temporal variations and/or variations in
the ‘virtual depth’ of the tracked organism, we can program arbi-
trary depth-patterned environments. This technique enables
us to program both extremely sharp but also extremely shallow
ecological-scale gradients. We demonstrate this environmental pat-
terning using a light cue that is coupled to a virtual-depth param-
eter using an ambient light controller (Fig. 1d). For the purposes
of demonstration, we chose an artificial, depth-based light-intensity
pattern, such that every change in virtual depth of 20 mm triggered
alternately a light-dark (L-D) or dark-light (D-L) transition in the
ambient white illumination light intensity, resulting in a ‘virtual
reality arena, such that the organisms motions would directly con-
trol its ambient environment. As a test subject, we used the colonial
alga Volvox, which is made up of hundreds of somatic ciliated cells
and which has a well-documented phototactic response™®.

We tracked individual colonies of Volvox aureus as they navi-
gated a depth-patterned light environment and triggered alternat-
ing D-L and L-D transitions as a function of virtual depth (Fig. 5¢).
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By tracking individual colonies over a long timescale, we were able to
measure a number of these transitions (n=25) as the colony swam
upward by 1m. Though not visible over the vast vertical scale of
the track, the multiscale nature of our measurements revealed that
the transition from D-L had a significant effect on the swimming
behavior compared to swimming during no transitions, causing
the colony to transition from upward swimming to a brief sink-
ing period, which in turn caused a second series of L-D and D-L
transitions as the colony sank below the depth-based threshold for
the transition (Fig. 5c and Supplementary Video 6). In contrast, the
L-D transition did not cause any significant change in swimming
behavior, which was statistically indistinguishable from a period of
no transition (Fig. 5c and Supplementary Video 6; Kolmogorov—
Smirnov pair-wise comparison of velocity distribution in the neigh-
borhood of a D-L and L-D transition, Dy . 1p=0.16, P<0.001;
D-L versus no transition, Dp; yereus notrans = 0-13, P<0.001; and L-D
versus no transition, D) p, yerus notrans = 0-03, P=0.0001). This asym-
metric response to D-L and L-D transitions was confirmed by mea-
suring the mean behavior after aligning the vertical velocity traces
of several transition events, which displayed universal profiles for
D-L and L-D transitions (Fig. 5d,e). The measured mean behavior
also confirmed that the brief sinking period triggered by the D-L
transition was short-lived and that the colony resumed its upward
swimming, which is consistent with a transient change in ciliary
beat frequency and subsequent adaptive response of the cilia, as
reported by others using different methods*. The transition in the
ciliary beat form had a second signature not reported previously,
whereupon the natural rotation frequency of the colonies was per-
turbed: during a D-L transition the colony transiently rotated faster
With @00 = 0.217 £0.016 57" (n=10 transitions) compared to the
resting rotation rate during either constant light or dark conditions
@iy = 0.125+0.014 5" (see Supplementary Video 6).

Comparative analysis of plankton behaviors across scales. Using
scale-free vertical tracking microscopy, we have reported both
the longest as well as finest spatiotemporal measurements to date
of plankton behaviors across eight eukaryotic phyla. From com-
parison of trajectories across 14 species, a unifying theme of our
measurements and our most significant finding, emerges: there are
ubiquitous highly persistent gravitactic behaviors in both unicellu-
lar and multicellular plankton and these behaviors lead to vertical
displacements that far outstrip horizontal displacements (Fig. 6a,b).
Remarkably, in all but one of the species surveyed here, displacements
along the vertical direction exhibit ballistic transport (slope of mean
squared displacement (MSD) ~2) for even the longest measured tra-
jectories (for instance T;,,,~4,100s for P. miniata larvae, T,,,, ~700s
for Strongylocentrotus purpuratus larvae; Supplementary Table 5).
In contrast, the horizontal velocity decorrelates over timescales on
the order of seconds for all species surveyed here (Supplementary
Fig. 7 and Supplementary Table 5). This tight coupling of the veloc-
ity vector to the axis of gravity points to active and/or passive mech-
anisms for gravitaxis across unicellular and multicellular plankton.
We have further confirmed that these vertically biased behaviors
are due to intrinsic factors and are not due to confinement or other
tracking effects (Supplementary Figs. 12 and 13). Compared across
all species, the slope of vertical MSD reveals a cluster around the
ballistic regime (MSD,~#*) (Fig. 6¢) but with significant variability.
The variability in a long time slope across different species, which is
a key aspect of species-specific behavioral models for dispersal, can
be quantitatively linked to microscale behaviors of the organisms,
such as ciliary reversals, feeding events and other changes that affect
vertical velocity. We find that this slope shows a negative correlation
to the variability in vertical velocity (P=0.001; Fig. 6¢), with most
surveyed plankton exhibiting ballistic and super-diffusive behav-
iors, and only S. californicum larvae exhibiting dispersal rates near
the diffusive limit (slope ~1).
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Fig. 5 | Diel migration at the scale of individual plankton. a, Diel swimming behavior of polychaete larvae (Owenia sp.) observed by tracking at daytime
(between 13:00 and 15:00 local time) and night-time hours (between 22:00 and 00:00, local time). Vertical velocity distributions showed significant
differences with swimming velocities being downward and upward, during the day and night, respectively, with all other experimental conditions maintained
as constant (Supplementary Video 5) (inset, larvae images during day and night tracks; scale bar, 250 pm). b, Vertical velocities over several tracks of
different organisms (for both a and b, n= 6 distinct organisms during daytime with total track duration 360's and n=>5 distinct organisms during night-time
with total track duration 617 s). The box represents the interquartile range, whiskers represent the range of the data and the line represents the median.

c-g, Behavior in depth-patterned environments. Swimming behavior of the colonial alga Volvox aureus with ambient light conditions patterned such that a
change in 'virtual depth’ of 20 mm triggers a D-L or L-D transition. A track of a single Volvox colony swimming ~1m showing 25 transitions each of D-L and
L-D. Microscale behavioral changes accompany the D-L transitions (left inset, vertical displacement and vertical velocity), whereas the swimming behavior
remains unchanged during L-D transitions (right inset, Supplementary Video 6) (c). Behavior averaged across 25 D-L transitions by aligning vertical velocity
time traces at the first D-L transition point (mean, solid black line and 95% ClI, filled gray region) shows the highly repeatable nature of these transitions
(d). In contrast, the behavior at a L-D transition is relatively unaffected (e). Under constant illumination (light or dark), V. aureus colonies rotate about their
swimming direction at a constant rate of about 0.125 +0.014 s (measured over n=18 randomly chosen time windows, each of duration ~3s), as measured
by tracking the daughter colonies inside (red circles) (f). During a D-L transition the vertical velocity change is accompanied by a transient increase in the
colony rotation rate to 0.217 + 0.016 s7' (measured over n=10 time windows each of duration ~3 s spanning a D-L transition) (g). Scale bars, 100 pm.

While the measured trajectories can be used to estimatelong-term  at different scales, we made use of an information-theoretic met-
rates of dispersal in plankton, they also capture microscale behavior  ric, namely multiscale entropy analysis*. We calculated the sample
repertoires and in general, contain a wealth of information at mul-  entropy (a measure of the rate of information generation in a time
tiple scales. To characterize the complexity of plankton behaviors series) of serially coarse-grained vertical velocity time series, giving
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detail number of organisms). d,e, Multiscale entropy analysis of vertical velocity time series for multicellular (d) and unicellular (e) plankton quantifies
the complexities of plankton behaviors across timescales and reveals distinct behavioral signatures of plankton species (lines and symbols correspond

to the mean and shaded regions to 95% CI). The solid black line corresponds to the entropy curve for Gaussian white noise with the same statistics

as the trajectory with the largest s.d. in velocity. f, Long tracks (O(hours)), made possible by our method allow entropy to be calculated over longer
coarse-graining scales, revealing peaks in information content that would be inaccessible for shorter tracks.

a measure of entropy as function of coarse-graining timescale. We
find that this measure can distinguish between plankton trajecto-
ries, even in cases where the trajectories look qualitatively similar
(Fig. 6d,e). Using this method, we can group plankton behaviors
into two broad categories: (1) plankton that exhibit monotonically
decreasing entropy with coarsening time, implying that behavioral
variability occurs at the smallest timescales, as is typical of plank-
ton which swim up or down at a steady speed and without signifi-
cant behavioral changes over longer timescales; and (2) plankton
that display more complex behaviors, such as the feeding events
of P miniata larvae, the repeated dives of S. californicum and the
rapid ciliary reversals in Dendraster excentricus, exhibit entropy that
does not decay, even at the largest timescales considered (Fig. 6d).
Remarkably, among the single-celled organisms, S.coeruleus dis-
plays a nondecaying entropy curve (Fig. 6e) owing to its pattern of
ciliary reversals, highlighting the commonality of behaviors across
unicellular and multicellular plankton.

The entropy analysis also demonstrates the utility of collecting
very long tracks. Long trajectories (O(hours)) allows us to calcu-
late entropic measures over large coarsening timescales and still
retain sufficient data points for statistical robustness. We demon-
strate this for P. miniata larvae (Fig. 6f), where the entropy initially
decreases but then rises again to peak at an intermediate timescale
due to the ‘blink’ behaviors that punctuate long periods of upward
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swimming (Fig. 4). The ability to track for several hours along with
time-varying environmental cues, such entropic measures, allow a
new means to detect subtle changes in plankton behaviors. Synthesis
of our tracking methods with these new analysis tools enables a new
class of behavioral assays to compare plankton across the tree of life.

Discussion

The scale-free tracking microscopy method presented here lays the
foundation, in the form of a new microscope tracking stage, as well
as an open and accessible tracking microscopy framework on which
a wide range of optical, biochemical and physical experimental
capabilities can be built. By adding modules to the optical tracking
microscope such as epi-fluorescence, differential interference con-
trast, light sheet, phase-contrast or X-ray microscopy, we foresee
measurements that directly link any planktonic cell’s physiological
state, such as the phase of cell cycle, to its virtual depth in the water
column. In the case of small aquatic organisms whose behavior is
governed by a neuronal system, we foresee that our methods will
allow optical recording of individual neurons, while concurrently
measuring behavior, which has been previously limited to hori-
zontal tracking methods for other organisms®'>*. While we have
developed a system geared toward measuring microscale objects, a
similar approach of using a ‘hydrodynamic treadmill’ can be applied
to study macroscale plankton. In an interesting convergence of
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ideas, while preparing this manuscript we found an earlier effort
where a circular chamber was used, along with manual observation
and input by a human operator, to track macroscale plankton®. In
the future, such earlier efforts could be extended by including mod-
ern electronics and imaging systems to create an autonomous verti-
cal tracking system for macroscale plankton.

In a vertically stratified ocean, plankton read multiple cues
from the environment, such as light, temperature, salinity and
pressure, to make behavioral decisions. The capacity to indepen-
dently control these cues in the laboratory, akin to a virtual-reality
setting, enables us to design experiments with contradictory or
correlative environmental landscapes to estimate how organisms
integrate these information sources to pattern their behaviors.
While we have already demonstrated this for the case of varying
light intensity as a function of depth, extending this method to
include light spectrum, polarization and direction is also readily
possible. In the future, we also envision patterning other environ-
mental cues, such as chemical concentration and hydrostatic pres-
sure, which can be achieved by maintaining fluidic access to the
rotating fluidic chamber®.

In our rapidly changing oceans, ecosystem models for plankton
biogeography are becoming increasingly important for predicting
the effects of these changes on plankton distribution™"*, as well
as on the carbon sequestration capacity of the biological pump®.
However, so far, the biological components of these models do not
capture multiscale plankton behavior. This has mainly been due
to a dearth of such behavioral data® for different plankton species.
Both our tool and results presented here take a step toward address-
ing this marked knowledge gap. Just as there has been a concerted
effort to understand metabolic networks in plankton ecosystems
at cell-biological and genomic levels®, we foresee that scale-free
tracking microscopy and related methods will allow a new class of
behavioral datasets to be measured, which enable physiological and
cell-biological insights into how plankton behaviors respond to key
environmental parameters. Such ‘behavioral ecology’ of plankton is
more crucial now than ever before as we seek to understand how
plankton communities respond to a rapidly changing ocean. We
anticipate that the tools and techniques presented here will provide
a new window into the secret lives of plankton and oceanic ecosys-
tems at the finest resolution.
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Methods

Circular fluidic chamber construction. The circular fluidic chamber was
custom-fabricated from four parts: two spacer rings machined out of aluminum,
which were sandwiched between clear, scratch-resistant acrylic sheets, resulting in
an annular volume that was optically accessible from both sides (Supplementary
Fig. 1). Alternatively, the acrylic sheets can be replaced by 1.1-mm thick Borofloat
glass (Precision Glass and Optics) and the spacer by CNC machined aluminum
rings (Supplementary Fig. 1d,e), with O-rings used to achieve a seal. The second
design has the advantage of allowing the chamber to be taken apart and autoclaved.
The dimensions of the resulting annular volume were given by R, R, and W.
Typical values of these parameters used in our experiments were R,=85mm,
R,=100-115mm and W=3-6 mm, resulting in cross-sectional dimensions

LX W, where L=R,_ - R, Silicone adhesive (100%; GE silicone) was used to bond
the various layers of the circular fluidic chamber to provide a biocompatible seal,
which is also gas permeable to allow long-term experiments. Inlet and outlet ports
made via luer attachments (Cole-Parmer) allowed the chamber to be completely
filled with fluid and also allowed objects of interest to be introduced.

Motorized stages for tracking. The circular fluidic chamber was attached to a
fine rotational stage using a high precision shaft (Phidgets) and rotational bearings
(Robotshop) via a torsional-beam coupler (Pololu Robotics) (Extended Data Fig.
1). The rotational stage consisted of a NEMA-11 stepper motor mated to a 100:1
gearbox (Phidgets), with a horizontal rotational axis (Extended Data Fig. 1). This
arrangement allowed the chamber to be rotated with an angular resolution of
19+ 1 prad per step, resulting in a tangential linear increment of 1.73 +0.08 pm
per step at the center line of the annulus. The rotation of the stage was measured
using optical encoders (Phidgets) with a resolution of 105.2 prad per pulse. The
rotational stage and bearings were mounted on height adjustable posts (ThorLabs)
that were adjusted to provide a horizontal axis.

The two other motion axes (x and y) were implemented using standard
off-the-shelf translational stages driven by stepper motors (Haijie Technology). In
our first implementation, the optical assembly was attached to the xy stages, such
that tracking in the xy directions was achieved by translating the optical assembly
to follow the object (Extended Data Fig. 1b).

In the latest version of the microscope, all degrees of freedom were
implemented on the circular fluidic chamber (Extended Data Fig. 1a). Briefly
this was performed by mounting the circular fluidic chamber on a rotational
stage, which was in turn mounted on an xy translational stage. The optical system
in these cases is fixed in the laboratory reference frame allowing for a lot more
flexibility in the design and allowing the inclusion of advanced state-of-the-art
microscopy systems (Extended Data Fig. 1a).

Optical system. We constructed a light microscope focused on either the 30’ clock
or 90’ clock position of the circular fluidic chamber, such that rotational motion
of the chamber resulted in approximately vertical motion (along the z direction)

in the optical FOV (Extended Data Fig. 1). The optical assembly was mounted

on motorized translational xy stages for motion compensation in the horizontal
directions (Extended Data Fig. 1b) or alternatively fixed in the laboratory reference
with all tracking implemented on the stage (Extended Data Fig. 1a). The latter

is more suitable for implementing multiple optical paths and state-of-the-art
microscopy modalities. The optical assembly consisted of a lens assembly with an
incorporated liquid lens (Corning, Varioptic or —2 to +3 Diopter Focus Tunable
lens from Optotune, 16-mm aperture), which served as the imaging objective
(finite conjugate configuration), coupled to a CMOS camera (DFK 37BUX273,
The Imaging Source), capable of full-resolution imaging (1,440 X 1,080 pixels) at
238 Hz, resulting in an optical FOV of 2,293 pm X 1,720 pm. The imaging system
was modular so that different modalities could be interchanged. For tracking we
used dark-field imaging using a ring LED assembly situated on the opposite side of
the fluidic chamber (Extended Data Fig. 1). We primarily used red (635 mm) LEDs
(Supplementary Fig. 17) to image, as this does not induce phototactic behaviors

in most organisms. Images captured on the camera sensor were processed using a
custom image-processing pipeline implemented on a standard desktop computer at
rates of 100 Hz.

Control system for tracking. Images for tracking were obtained from the CMOS
sensor at rates of 100 Hz and processed using a custom image-processing pipeline
implemented using Python on a desktop computer (Supplementary Fig. 2a).

This pipeline consisted of separate organism trackers for lateral (xz) and axial

(y) positions. For lateral positions, an initial region of interest containing the
object was selected by the user and this object was tracked in further frames
using an open source object tracking algorithm available on OpenCV-Python™!
(Supplementary Fig. 3). This algorithm was robust enough to track the same
object over a long time (1d), even in the presence of other similar-looking objects,
organisms and debris. As an alternative, to take advantage of computers that have
a graphics processing unit, we utilized a hardware-accelerated object-tracking
algorithm® that allowed a combination of robust tracking and high frame rates
(up to 200 Hz). In all cases, the output of the organism tracker was the lateral
position (x,,,Z,;) of the object relative to the center of the microscope’s FOV.

This output was fed through a proportional-integral-derivative controller,

which in turn calculated the error signals that were sent to the motorized stages
(Supplementary Fig. 2a).

Focus tracking. For estimating the axial position of objects, a separate
focus-tracking algorithm was developed. This used a liquid lens (Caspian
u-25H0-075, Varioptic, Corning or —2 to +3 Diopter Focus Tunable lens from
Optotune, 16-mm aperture) to rapidly scan the focal plane and obtain image stacks
at up to 30 volumess™ over a depth range of 50-500 pm (Supplementary Fig. 2b,c
and Supplementary Fig. 3). A focus measure of an image was estimated using the
image intensity variance’>** (Supplementary Fig. 3). A peak-finding algorithm was
further used to determine the focal plane position corresponding to the best focus
and hence the object’s position. This estimated position was fed to a proportional
controller, with a tunable gain and the resulting error signal was used to move the
y axis stage to follow the object (Supplementary Fig. 2c). We characterized the
tracking performance of this method by tracking a 250-um bead mounted to a
motorized stage that allowed prescribed motion of the bead along the optical axis
(Supplementary Fig. 4a). This bead was then tracked using our focus-tracking
strategy by obtaining volume scans with the liquid lens and translating the

optical assembly to track the object (Supplementary Fig. 4b). We characterized
the tracking performance as a function of the scanning amplitude of the liquid
lens and the tunable gain and found an optimal range for these parameters (see
Supplementary Fig. 4c).

The error signals for all three axes were sent to a motion control unit, which
was an Arduino-Due microcontroller (Arduino). The microcontroller, in turn, was
used to calculate motion profiles for the motorized stages. These signals were sent
to a dedicated stepper motor driver for each motorized stage axis (Big Easy Driver,
Sparkfun), which used the Allegro A4988 stepper driver chip. The positions of
the stages were measured using rotary optical encoders (HKT22, Phidgets) with a
quadrature resolution of 600 counts per revolution.

Loading of the circular fluidic chamber and ensuring thermal equilibration.
Before experiments were conducted, the fluidic chamber was passivated by filling
it with 5% BSA solution (Thermo Fisher Scientific) and allowing it to sit for 1 h.
After this treatment, the fluidic chamber was rinsed twice with the standard
solution to be used for the experiments. For the actual experiments, the chamber
was completely filled with the appropriate standard solution, through the luer
attachments, taking care to avoid the formation of bubbles. Once the chamber
was filled, it was mounted on the rotational stage within an enclosure set at 22°C
using a temperature control unit (AirTherm SMT, World Precision Instruments).
During this time, the fluid suspension containing the objects or organisms to be
tracked was also stored within the enclosure. After this, a fluid mixing protocol
was activated to achieve thermal equilibrium between the chamber and fluid. Such
a thermal equilibration was necessary to prevent thermally driven flows from
occurring in the chamber during the experiments. The mixing protocol consisted
of a rotational motion of the chamber and periodically reversing the rotation
direction. These motions lead to shear-enhanced mixing of fluid in the chamber
and a correspondingly more effective heat transfer, both between azimuthally
separated fluid parcels, as well as between the fluid and the chamber. This mixing
protocol was carried out for 10 min before introducing the objects to be tracked.
After this protocol, the average background fluid motion when the fluidic chamber
was at rest was measured using particle image velocimetry and was found to
typically be <20 pms™" (Supplementary Fig. 5). Once thermal equilibrium was
achieved, the objects or organisms to be tracked were introduced and the above
equilibration procedure was again run for 10 min to evenly suspend the objects
or organisms in the fluid. Once this procedure was completed, tracking could be
started. This was achieved by manually locating an object of interest and then
starting the automated tracker (Supplementary Video 1). Care was also taken to
ensure significant air circulation in the experimental enclosure and to prevent
sources of heat from being present near the fluidic chamber, as these can cause
thermally driven flows to occur during long-term imaging.

Abiotic experiments. For validating our experiments, we used density marker
beads of known size and density purchased from Cospheric (Supplementary

Table 3). These beads have a precisely calibrated density that is slightly higher

than water, as well as a mono-disperse size range (Supplementary Table 3). We
measured the sedimentation velocity of the beads as a means to validate our
tracking method and microscope. To perform this calibration, beads were tracked
in two ways. As a control, Eulerian tracks of beads were obtained by allowing them
to sediment down a vertical cuvette with a height of 150 mm and cross-sectional
dimensions 15 mm X 3 mm. The beads were imaged as they sedimented past a fixed
camera mounted to image in the vertical plane at a location at the middle of the
cuvette (Supplementary Fig. 6b), so as to avoid end effects. Lagrangian tracks of
the density marker beads were obtained by tracking them using the circular fluidic
chamber and tracking methodology developed in this work (Supplementary Fig.
6a). Each bead was tracked for 1 min, after which the track was stopped and a new
bead was tracked. The sedimenting velocity, for both the tracking methods above,
was obtained by a linear fit of measured time traces of vertical displacement. The
measured sedimentation velocities (1 =10 tracks per bead per method) are shown
in Supplementary Fig. 6¢ and were found to be in close agreement.
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Marine invertebrate larvae experiments. The larvae used for experiments were
obtained by fertilizing adult animals collected off the coast of Monterey, CA, USA.
The culturing procedure for larvae matched standard protocols in the field™.
Before experiments, the larvae were transferred to filtered sea water and allowed
to acclimatize for 1h. Larvae were transferred to the circular fluidic chamber using
tubing at least three-times their body size using gentle suction.

Environmental patterning experiments with Volvox. Volvox aureus colonies
were obtained from Carolina Inc. and cultured in Volvox medium (UTEX). For
the environmental patterning experiments, we used a white LED array (Adafruit)
(Extended Data Fig. 1a and Supplementary Fig. 17) mounted at the ceiling of our
experimental enclosure, which provided a uniform top illumination at the sample
location at the 3 oclock position of the circular fluidic chamber. The intensity of
the LEDs was controlled using a pulse-width-modulation signal from the Arduino
microcontroller, in turn controlled by the desktop computer based on the virtual
depth of the tracked organism (Supplementary Fig. 2a). Using this system any
temporal (and hence ‘virtual-depth’-based) intensity profile could be programmed
into our experiments as a function of the virtual depth of the organism being
tracked. In our experiments we simulated an artificial profile that alternated
between light and dark for every 20 mm in height gained by the organism. Red
(625mm) LEDs (Supplementary Fig. 17) were used to image the organisms, as this
is a wavelength to which Volvox is insensitive.

Single-cell tracking experiments. A. sanguinea and Ceratium sp. dinoflagellates
were isolated from plankton tows conducted off the pier of the Monterey marina,
Monterey, CA. E. gracilis and S. coeruleus cultures were obtained from Carolina
Biological Supply and imaged after a few days’ acclimatization at room temperature
(22°C). Latex beads of 1 um in diameter were included for particle image
velocimetry measurements.

Statistics. To compare velocity distributions between different conditions, the
Kolmogorov-Smirnov two-sample nonparametric test was used. This test reports
the distance between two distributions and associated P values. These statistical
metrics are included alongside the corresponding results in the main text and
figure legends. Significant differences were reported based on the calculated
distance between the distributions and associated P values. For all experiments
involving marine larvae, the number of distinct organisms used are reported
alongside the results and also summarized in Supplementary Table 2. For single
cells, the following number of distinct organisms were tracked: A. sanguinea, n=7
organisms; Ceratium sp., n=>5; E. gracilis, n=7 and S. coeruleus, n=5.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The datasets generated during and/or analyzed during the current study are
available in the manuscript or the Supplementary Information and are available
from the corresponding author upon request.

Code availability

Data collection was performed using the tracking microscope described in the
study. The microscope used custom firmware for controlling the stages written in
C++ using open source Arduino libraries and custom subroutines. The software
for GUI interactions and on-the-fly image analysis was written using the PyQt
API in Python 3.6, using both open source libraries and custom subroutines.

NATURE METHODS | www.nature.com/naturemethods

Both firmware and software codebases have been hosted at the following public
repositories: https://github.com/deepakkrishnamurthy/gravitymachine-research
and https://github.com/deepakkrishnamurthy/gravitymachine-analysis-gui.
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Extended Data Fig. 1| CAD rendering of the scale-free vertical tracking microscope. a, Fixed optics, moving stage configuration. This configuration gives
flexibility in terms of designing the optics for the microscope and allows the addition of multiple cameras and optical paths. b, CAD rendering of the earlier
design with fixed-stage and moving optics. This is more suitable for simple microscopy setups with a single camera.
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Extended Data Fig. 2 | Design space for scale-free vertical tracking using a “hydrodynamic treadmill”: Effect of stage and fluid dynamics. a, When an
object accelerates vertically to achieve a maximum velocity u,,; over a behavioral timescale z,,;, its motion is compensated by the stage. b, Left, velocity

time traces of the object (green dotted line), stage (blue solid line) and fluid (cyan dash-dotted line), showing the viscous delay (z,,.) between stage and
fluid movements. Tracking success can be quantified by the difference (A7) between two sets of time-scales, one related to the object (z,,+7,) and the
other related to the stage plus fluid system (7,447, Where zqo,=L;0,/U,y; and Lyoy is the optical field-of-view (FOV) size. (b) Right, successful tracking is
when the object’'s movements can be compensated so that its distance from the center of the optical FOV (red dashed line) never exceeds half the FOV

size (solid red line). ¢, Plots of Az with respect to the chamber width (W) and object speed (u,,) for z,,;= 0 (instantaneous velocity changes). The tracking
limits (zero-crossing of Az) are shown for different behavioral timescales z,,; (solid, dashed and dot-dashed contour lines). Symbols (mean) and whiskers
(standard deviation) correspond to various organisms (see Supplementary Table 1) which were successfully tracked for chamber widths of 3.2,3.5 and 4 mm.
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Extended Data Fig. 3 | Design space for scale-free vertical tracking using a “hydrodynamic treadmill": Effect of transient fluid shear and chamber
curvature. a, Rotational stage acceleration leads to a non-uniform velocity profile, which at the scale of the object is locally a simple shear flow. This shear
flow (with shear rate 7), can be decomposed into an extensional and vortical component, both of which perturb the object’s equilibrium orientation, in
opposing directions. A gravitactic effect, due to a displaced center-of-mass and center-of-buoyancy, stabilizes the orientation and aligns it with gravity
over a timescale z,,,,. A balance of these two effects is quantified by the ratio of time-scales 7,qmin/ Zgaw Where Ty min is the inverse of the maximum
possible shear rate during a chamber acceleration. b, Plot of 7.,/ 7,q With respect to stage acceleration and the gravitactic moment arm relative to
object size. There is a broad region where the object orientation is highly stable (Zswear|min/7grav > 1), implying that tracking has a negligible effect on
orientation. The upper bound for stage acceleration is set by imposing the condition Zsheqr|min/7grav>100 (solid red curve), and the lower bound is set

by the condition Az>0 in Extended Data Fig. 2c (cross-over contours shown for z,,=0, 2, 4). ¢, Top, tracking a linear motion using a circular chamber
implies that, for a non-zero vertical tracking error (Az), there is a radial drift induced in the object’'s motion. Bottom, this drift velocity is given by
g/ Ugy=A2/R(t), where R(t) is the radial position of the object at time t. d, Ratio of radial drift velocity to object’s speed plotted as a function of the
radius of the fluidic chamber center-line ((R+R,)/2) and the vertical tracking error, showing the cross-over (red solid line) where the ratio exceeds 1%.
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- A description of any restrictions on data availability

The datasets generated during and/or analysed during the current study are available in the manuscript or the Supplementary Information and are available from
the corresponding author upon request
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Life sciences study design
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Sample size Samples sizes were not predetermined since the experiments were not hypothesis-driven. In all cases the reported measurements were the
first of their kind and no:of samples were determined by the following constraints: Each individual organism was tracked for as long as
feasible and at the conclusion of a track new organisms were tracked. The no:of organisms was determined by how many could be tracked
within a typical 2 hour time window. This procedure was repeated if the number of tracks per organism was small (<3).
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Data exclusions  No data pertinent to the results presented were excluded.

Replication For each organism, the tracking experiments were repeated independently over many individuals. In all instances were a specific behavioral
event was measured (eg. the behavioral transitions in invertebrate larvae, and the transient sinking of volvox colonies under illumination, and
the diel behavior in polychaete larvae), the behavior was measured consistently across all individuals.

Randomization  Since the experiments were not hypothesis driven, the organisms were not separated into experimental groups and hence randomization was
not applicable. During tracking experiments at the conclusion of each track, the microscope FOV was moved to a new random location in the

circular fluidic chamber so as to decrease the likelihood of tracking the same organism more than once.

Blinding All analysis was done using quantitative metrics and did not require blinding.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The following marine invertebrate larvae were spawned under lab conditions: Owenia sp (Polychaete worm), Crepidula sp. (Snail), P.
miniata (Bat Star), S. purpuratus (Purple Sea Urchin), S. californicum (Acorn worm), O. spiculata (Spiny Brittle Star), D. excentricus
(Pacific Sand Dollar) and P. parvimensis (Warty Sea Cucumber). The age and other details of these larvae is provided in
Supplementary Information of this paper.

Wild animals No wild animals were used in this study.

Field-collected samples  Single-celled dinoflagellates were collected using net tows and identified using microscopy. These were maintained in L1 (minus
Silica) medium at 22 C under 12:12 L/D cycles. The cultures were maintained in the lab at the end of the experiment.

Ethics oversight No ethical approval was required for organisms used in this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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