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INTRODUCTION

Robotic applications to scientific studies in the ocean face challenges
that are distinct from those in terrestrial robotic settings, particularly
with regard to communications, navigation, and fluid motion (1, 2).
Communication in the ocean is far more limited because water
strongly attenuates electromagnetic radiation (3). This necessitates
acoustic communication, which is energy intensive, low bandwidth,
and typically constrained to spatial scales of several kilometers
using commercially available modems (4–6). Longer-range communication reaching hundreds of kilometers is possible in the SOFAR
(sound fixing and ranging) channel (7), but this requires use of
low-frequency (<1 kHz) sound sources and placement of both
transmitter and receiver in the SOFAR channel (8). Robotic underwater navigation is prone to error that can be mitigated by periodic
ascents to the sea surface for GPS fixes, transmitting sound waves
and measuring Doppler frequency shift in echoes when a solid reference surface (seafloor or ice floe) is within range (9), or ranging
to acoustic beacons at known locations (10), but at increased operational complexity and cost. Fluid motions introduce difficulties in
navigating robotic platforms where they are needed to effectively
measure changes in the oceanic environment and in precisely sampling populations of microscopic life that are moving with the
ocean currents.
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Studies of marine microbiology can use a spatial reference frame
that is fixed to the Earth (Eulerian) or moving with ocean circulation (Lagrangian) (11). Applications of Eulerian methods are more
accessible because the observing system can be moored at a fixed
location. Eulerian robotic sampling systems have been used to study
a variety of oceanic phenomena in environments from near the surface (12) to the deep seafloor (13, 14). In most scientific applications
of autonomous underwater vehicles (AUVs), the vehicle transects the
ocean to survey a feature of interest (15–17), so the operational mode
is neither Eulerian nor Lagrangian. Applications of Lagrangian methods are more challenging because the system must effectively remain
with a targeted fluid patch that moves and changes under the influence of many physical processes (18, 19). However, these methods
are essential to understanding the fundamental role microbial communities play in modulating major biogeochemical transformations
of global significance (20). It is this more challenging domain and
the importance of its use that are the focus of this work.
A number of field experiments have used Lagrangian approaches to study physical and biological processes in the ocean. One approach is the use of free-drifting subsurface floats (without surface
components). Isobaric SOFAR floats were used to study mesoscale
variability in the western North Atlantic (21, 22). Isopycnal RAFOS
(SOFAR source/receiver reversed) floats enabled investigation of
cross-stream transport and upwelling in the Gulf Stream (23). Neutrally
buoyant Lagrangian floats were applied to study convection in the
Labrador Sea (24–26) and mesoscale dynamics that influence the
North Atlantic spring bloom of phytoplankton (20). A phytoplankton
patch formation mechanism in an internal wave field was examined
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The deep chlorophyll maximum (DCM) layer is an ecologically important feature of the open ocean. The DCM
cannot be observed using aerial or satellite remote sensing; thus, in situ observations are essential. Further,
understanding the responses of microbes to the environmental processes driving their metabolism and interactions
requires observing in a reference frame that moves with a plankton population drifting in ocean currents, i.e.,
Lagrangian. Here, we report the development and application of a system of coordinated robots for studying
planktonic biological communities drifting within the ocean. The presented Lagrangian system uses three coordinated autonomous robotic platforms. The focal platform consists of an autonomous underwater vehicle (AUV)
fitted with a robotic water sampler. This platform localizes and drifts within a DCM community, periodically acquiring samples while continuously monitoring the local environment. The second platform is an AUV equipped
with environmental sensing and acoustic tracking capabilities. This platform characterizes environmental conditions by tracking the focal platform and vertically profiling in its vicinity. The third platform is an autonomous
surface vehicle equipped with satellite communications and subsea acoustic tracking capabilities. While also
acoustically tracking the focal platform, this vehicle serves as a communication relay that connects the subsea
robot to human operators, thereby providing situational awareness and enabling intervention if needed. Deployed
in the North Pacific Ocean within the core of a cyclonic eddy, this coordinated system autonomously captured
fundamental characteristics of the in situ DCM microbial community in a manner not possible previously.
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Oceanographic context
Marine photosynthesis accounts for about half of the global net primary production (38, 39), which supplies atmospheric oxygen, initiates oceanic sequestration of about 30% of anthropogenic carbon
dioxide (40), and fuels the marine food web. Marine microbial activities play a key role in driving Earth’s biogeochemical cycles (41).
In the pycnocline of the open ocean, at the base of the nutrient-
impoverished surface layer (~100-m depth), nutrient concentrations
increase and light levels decrease with increasing depth (Fig. 1A).
This creates a vertically limited layer in which photosynthetic microbes can access both nutrients from below and light from above.
The result is a layer of enhanced chlorophyll concentration, referred
to as the deep chlorophyll maximum (DCM) (42, 43). The DCM is
a ubiquitous feature of stratified open-ocean ecosystems.
Mesoscale eddies alter the vertical distributions of nutrients and
microbial populations in the ocean, thereby influencing ecosystem
functioning and global biogeochemical cycles (44). Eddies in our
study region (north of the Hawaiian Islands) have a mean radius
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of ~100 km and a median propagation speed of 6.5 cm/s (mostly
in the westward direction) (45), and they are responsible for
about half of the variance in sea level (45–47). When cyclonic eddies
(counterclockwise rotation in the Northern Hemisphere) intensify,
the upwelling of nutrient-rich water can stimulate primary production and export of organic matter to the deep sea (48, 49). The uplifted nutricline leads to increased rates of nutrient diffusion at the
DCM and generally to an increase in the abundance of photosynthetic picoeukaryotes (PPEs) (45). A cyclonic eddy is characterized
by a sea-level depression in the eddy core, i.e., a negative sea-level
anomaly (SLA). Figure 1 (B and C) shows a cyclonic eddy and the
DCM within it as surveyed by two long-range AUVs (LRAUVs)
(50), named Aku and Opah (after two charismatic pelagic fishes),
on approximately orthogonal cross-eddy transects.
A system approach to Lagrangian observation of the DCM
microbial community
The DCM cannot be observed using aerial or satellite remote sensing
because it is far below the first optical depth (51, 52) from which
most upwelling light available to above-sea remote sensing originates.
Therefore, in situ methods of observation are essential. Because
populations of microscopic organisms move with prevailing ocean
currents, understanding the processes that drive dynamics and
metabolism within a microbial community requires observing in the
moving reference frame of a community and its local environment.
The goal of making continuous observations and collecting discrete
samples from within the DCM in a Lagrangian reference frame
presents a much greater challenge to robotic sampling systems relative to previous studies because of the relatively deep location of the
DCM plankton populations (Fig. 1) and their vertical displacements
due to physical perturbations (e.g., internal tides and inertial oscillations). When a ~100-m-depth drogue tethered to a surface float is
used to trace the DCM, the drifter’s motion is not governed only by
the DCM layer velocity; it also integrates the velocities of the shallower layers (due to drag on the surface float and tether), which
generally differ from the DCM layer velocity, hence compromising
the coherence of Lagrangian observations. In addition, the drogue
is set at a fixed depth, whereas the DCM depth is known to move
vertically, as much as 36 m within 4 hours (53).
Meeting the challenge of Lagrangian DCM observation requires
a coordinated system of robotic platforms, each achieving specific
tasks (Fig. 2A). The focal platform is tasked with Lagrangian sampling of a DCM population and monitoring of its local environment.
These tasks are achieved by integrating a third-generation ESP
(3G-ESP) (33, 54) with an LRAUV (50, 55) (Aku). Aku uses real-
time environmental assessments, first, to locate the DCM and, then,
to remain within the DCM, following a targeted microbial population that moves horizontally and vertically. While Aku’s horizontal
motion is governed by drifting with ambient ocean currents, its vertical
motion is actively controlled to track the vertical displacements of
the DCM. Aku’s capabilities precisely position the 3G-ESP to acquire
a time series of Lagrangian biological samples. Further, the vehicle
frees subsurface sample collection from the vagaries of a surface float
connection and crewed ship operations (33, 56).
The observing system integrates two essential coordinated operations (Fig. 2A), monitoring environmental conditions surrounding
the tracked microbial community and providing situational awareness.
Because environmental sensing from the focal Lagrangian platform
is localized to the drifting community, simultaneous measurements
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using a swarm of depth-holding robotic drifters, with the aid of an
array of moored acoustic pingers each with a GPS receiver at the sea
surface (27).
A second approach to Lagrangian observation uses drifting platforms with surface components to guide ship and AUV sampling.
For example, in the equatorial Pacific and Southern Ocean iron enrichment experiments (28, 29), a research vessel followed a drifter
that was moving with prevailing currents to study a phytoplankton
bloom. The drifter was composed of a drogue deployed in the mixed
layer at 15-m depth, tethered to a surface float. Similarly, another
study followed in situ diel gene expression in the nitrogen-fixing
cyanobacterium Crocosphaera, by following a drifter (also drogued
at 15-m depth and tethered to a surface float) and collecting water
samples using ship-deployed Niskin bottles attached to a conductivity-temperature-depth (CTD) sensor package (30). In a study of
harmful algal bloom (HAB) ecology in coastal waters, a phytoplankton patch marked by a drogued drifter was tracked and sampled by two AUVs to reveal heightened phytoplankton cellular
toxicity, where cells were exposed to seafloor sediment suspended
in the water column (31).
Lagrangian observation can be augmented by enabling water
sampling to occur autonomously aboard a drifting platform. For
example, the environmental sample processor (ESP) is a robotic
molecular analytical instrument developed to acquire and process
water samples for in situ assessment of the presence and abundance
of specific organisms, genes, and metabolites, as well as preserve
material for subsequent laboratory analyses (32, 33). A second-
generation ESP (2G-ESP) suspended beneath a free-drifting surface
float was applied toward Lagrangian sampling of shallow (<25 m)
microbial populations off the northern California coast and in the
North Pacific Subtropical Gyre to reveal microbes’ diel cycles and
responses to varying biogeochemical conditions (34–37). This system enabled observations in a moving reference frame; however, it
was limited to a single sampling depth, and the drift trajectory was
subject to effects of wind and currents on the surface float and tether. These limitations have been overcome through technological
advancements in the ESP and the platforms that support its operation and mobility, as described below. To understand the drivers of
these robotic advancements, it is necessary to first understand the
oceanographic context and the observational challenges it presents.
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ployments. Between deployments, the
fully expended sampling capacity of Aku
was renewed. During Aku’s submerged
sampling missions, LRAUV Opah acoustically tracked Aku while spiraling up
and down near Aku to measure spatial
and temporal variations in water column properties surrounding points of
sample collection (Fig. 2B). Wave Glider
Mola acoustically tracked Aku and
relayed its location to R/V Falkor (via
Iridium satellite communications and
Internet), allowing the scientists on the
ship to monitor Aku’s track in real time,
whereas Opah surfaced every few hours
to transmit environmental data (temperature, salinity, and chlorophyll) for examination by scientists on the ship and on shore.
This experiment comprised two legs.
The cyclonic eddy persisted through both
legs; however, it weakened over time
Fig. 1. Water column properties at Station ALOHA and at the experiment site in the eddy. (A) Averaged profiles
(Fig. 3A). A stronger cyclonic eddy is
of potential density anomaly (; potential density − 1000 kg/m3), chloropigment (chlorophylls + phaeopigments)
associated with a deeper sea-level deconcentration, the sum of nitrate and nitrite concentrations, and photosynthetically active radiation (PAR) for March
pression in the eddy core. Between leg 1
and April at Station ALOHA (22°45′N, 158°W), north of the Hawaiian Islands (see the Supplementary Materials). The
and leg 2, sea level in the eddy core shalcenter of the DCM is labeled. (B) Two 100-km transects (gold solid lines) across a cyclonic eddy north of the Hawaiian
lowed by 1.7 cm (12% change), indicatIslands (14 to 16 March 2018) by LRAUVs Aku and Opah, overlaid on an SLA map for 14 March. Arrows represent
ing that the eddy was weakening. This
geostrophic velocities (0 to 0.89 m/s). Station ALOHA is marked by the circle. (C) Perspective views of chlorophyll and
weakening was evident in data from not
temperature measured by the two LRAUVs as they ran on sawtooth trajectories on the respective 100-km transects
to acquire 274 profiles from near the surface to 250-m depth starting from the eddy’s edge and progressing into the
only satellite remote sensing but also in
eddy interior. The transects were completed in 38 hours (Aku) and 35 hours (Opah).
situ physical and bio-optical measurements. Between the two legs, the upper
within the overlying and underlying water column are required to ocean warmed and the isothermal surfaces deepened (Fig. 3C), and
understand environmental processes influencing community dynamics the DCM (Fig. 3D) deepened (from 100 to 105 m on average) and
and metabolism. This is achieved by a second LRAUV (Opah) that thinned (from 16 to 9 m based on the average vertical distance beacoustically tracks (57) the focal platform and continuously profiles tween chlorophyll isopleths 10% lower than the peak chlorophyll
vertically to measure water column conditions. Situational awareness, level). The DCM resided in lighter water in leg 2 (fig. S1). The 3G-ESP
required to monitor subsurface operations and intervene if necessary, acquired 64 DCM samples over the two legs, mostly at 3-hour interis achieved by a gateway surface vehicle (Mola) that acoustically vals triggered on a timer to study diel cycles (Fig. 3D).
Despite vertical movements of the DCM peak of as much as 36 m in
tracks Aku, receives data on Aku’s operational status, and converts
received acoustic signal into electromagnetic signal that is relayed 4 hours, Aku accurately and persistently remained within the DCM
(Fig. 3D). This was achieved by tracking the isotherm that corresponded
via satellite and Internet (58).
to the peak chlorophyll fluorescence in the DCM, identified during an
initial profile between the surface and 260-m depth (see Materials
and Methods). Autonomous depth control of Aku during Lagrangian
RESULTS
drifting is illustrated in Fig. 4. The differences between the actual
Multirobot sampling and characterization of the DCM
temperature and the targeted temperature (Temperature) remained
in a cyclonic eddy
During the 2018 Simons Collaboration on Ocean Processes and small throughout the mission (98.4% within ±0.15°C). Aku consistently
Ecology (SCOPE) Eddy Experiment (53, 59), we deployed the robotic ascended in cool thermal offsets and descended in warm thermal
observing system (Fig. 2) north of the Hawaiian Islands. From 17 March offsets (Fig. 4A), and the magnitude of the AUV depth-rate response
to 2 April, the system was situated near the center of a cyclonic eddy. was proportional to the magnitude of Temperature (Fig. 4B).
Multiple results indicate that Aku was effectively Lagrangian
Before the deployment, the eddy center was identified on the basis
of satellite SLA maps and ship-measured current velocities and density within the DCM. In addition to vertical control maintaining Aku within
profiles. Concurrently with the launch of the robotic fleet, a drifter the DCM (Fig. 4), Aku’s continuous horizontal motion on a small
comprising a surface float (with GPS tracking) and a drogue at 120-m circle (~10-m radius) integrated to zero net horizontal displacement
depth was deployed as an approximate marker of the DCM layer. relative to the targeted DCM community. Ship-based measurements
The 120-m depth was set to be close to the median depth of the of current velocity near in depth (<4 m) and horizontal distance (<5 km)
to the drifting Aku (see the Supplementary Materials) confirm effective
DCM during March and April at Station ALOHA (Fig. 1A) (60).
LRAUV Aku with a 3G-ESP autonomously tracked and sampled Lagrangian behavior. Aku’s drift velocity was consistent with the
the DCM for several days without surfacing during each of two de- ship-measured current velocity in both direction and magnitude
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within, above, and below the DCM using
Niskin bottles. To describe diversity of
the 4- to 100-m-sized nano- and microplankton, particles in these samples were
imaged at high resolution (3.2 pixels/m)
using a McLane Imaging FlowCytobot
(IFCB) (62) onboard R/V Falkor. The
DCM community (Fig. 5) was predominantly composed of photosynthetic
diatoms (e.g., Chaetoceros, Licmophora,
Corethron, Pseudo-nitzschia, and
Thalassionema) and coccolithophores
(e.g., Ophiaster, Calciopappus, and
Michaelsarsia). The DCM community was
distinct from the surface community,
which was mostly dominated by planktonic
grazers, as has been previously observed
using traditional light microscopy (63).
Biological characterization of the
microbial community from water samples uses, among other methods, RNAbased transcriptomics to examine spatial
and temporal variations in gene expresFig. 2. The system of coordinated autonomous robots. (A) Illustration of the coordinated, fully autonomous operation
sion. Here, we evaluate sampling effecof LRAUVs Aku and Opah, and Wave Glider Mola. (B) Tracks of Aku, Opah, and Mola from 31 March 10:03 to 10:40 UTC
(from triangle to square). Aku was in the process of collecting one sample within the DCM, while Opah spiraled downward
tiveness by examining the quality and
using Aku as the centroid navigational target. The color of the subsurface lines depicts the fluorescence-derived conamount of RNA recovered from samples.
centration of chlorophyll. Mola, on the sea surface (black line), tracked Aku and is seen dithering above for a short
RNA quality number (RQN) provides a
time as Aku’s drift slowed and then accelerated.
metric of RNA integrity and quality, based
on the degradation of large subunit (LSU)
ribosomal RNA (rRNA) by comparing
(fig. S2). Speed estimates from matched segments of ship acoustic the relative amounts of LSU rRNA and small subunit (SSU) rRNA
doppler current profiler (ADCP) measurements and Aku drift trajec- detected and quantified during electrophoresis (64). Total RNA quantitory (fig. S2) were statistically equivalent (see the Supplementary fies the amount of RNA isolated per unit volume of seawater sample.
The 3G-ESP enabled effective sampling of particulate matter
Materials). During both legs, the horizontal trajectory of Aku’s drift was
similar to that of the drogued drifter, and both platforms’ trajectories within the DCM (Fig. 3), as well as below and above the DCM. RQN
closely aligned with local geostrophic velocity vectors (61) derived and total RNA were measured for 81 ESP samples (64 from the DCM,
from satellite radar altimetry (Fig. 3A). However, the drifter traveled 10 from 250-m depth, and 7 from 50-m depth), as well as 90 CTD
farther in the prevailing currents in each leg (Fig. 3A). This was likely rosette samples (36 from the DCM, 18 from 250-m depth, and 36
due to the influence of stronger currents between the surface and the from 50-m depth). Unlike samples from the CTD rosette, which
120-m drogue depth than at the DCM depth (fig. S3), which would were processed and frozen (−80°C) in the shipboard laboratory imhave acted on the float and tether of the drogued drifter and caused mediately upon return to the surface, samples from the ESP were preit to move more rapidly than currents at the depth of the DCM itself. served onboard Aku at ambient oceanic temperature when submerged
During approximately the first 1.5 days of leg 1, Opah did not and then stored at ambient atmospheric temperature on the ship
establish steady acoustic tracking of Aku, leading to a relatively after the vehicle was recovered. After R/V Falkor returned to shore,
large distance between the two vehicles (Fig. 3B) and therefore less the ESP samples were recovered and frozen until further processing.
ESP sample preservation was effective. Despite in situ oceanic
accurate contextual sensing. For example, the relatively large spatial
separation between Aku and Opah late on 18 March (Fig. 3B) co- temperature hold times of up to 5 days (17 to 22 March) after leg 1
incided with an apparent departure of Aku from the Opah-observed DCM sampling plus an atmospheric temperature hold time of 1 day
DCM (Fig. 3D). However, Aku’s Temperature remained small (22 to 23 March), ESP samples maintained RQN values that were as
during this period (97.5% within ±0.15°C), indicating that Aku was high as those for shipboard CTD rosette samples (Fig. 6, A and C).
accurately tracking the DCM. In the later portion of leg 1 and in the Similarly, despite in situ oceanic temperature hold times up to 6 days
entire leg 2, Opah established steady acoustic tracking of Aku, so the (28 March to 3 April) after leg 2 DCM sampling plus an atmospheric
distance between them substantially decreased (Fig. 3B), which sup- temperature hold time of 7 days (3 to 10 April), ESP samples had
ported better description of Aku’s contextual water properties in RQN values of similar magnitude as those for shipboard CTD
rosette samples (Fig. 6, B and C). RQN values near and above 7 are
relation to the DCM (Fig. 3, C and D).
generally considered to be high quality and sufficient for preparing
complementary DNA samples for sequencing library preparation
Biological data
As Aku tracked and sampled the DCM, a CTD rosette was deployed and subsequent transcriptomic analysis. The high RQN of samples
from R/V Falkor at a series of stations to collect water samples from from both sampling approaches (Fig. 6C) provides confidence in
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trations of chloropigment and PPEs
(0.8- to 3-m size) within the layer 75 to
125 m, spanning the DCM (Fig. 3D), were
higher during sampling leg 1 (fig. S4).
The median chloropigment concentration decreased from 1.00 g/liter during
leg 1 to 0.57 g/liter during leg 2; the median PPE concentration decreased from
2950 cells/ml during leg 1 to 1626 cells/ml
during leg 2. The distributions in the
two groups for each variable differed
significantly, with leg 1 exhibiting a
stochastically higher distribution (by
Wilcoxon rank-sum test; n1 = 46, n2 =
15; P < 0.001, one-tailed). Compared
with the shipboard DCM samples, ESP
DCM samples showed less variation in
total RNA and greater overlap between
the two sampling legs (Fig. 7, A to C).
This is likely due to more precise and
consistent acquisition of DCM samples
by the LRAUV autonomously tracking
the peak chlorophyll isotherm (Figs. 3
and 4), compared with manual trigg e r ing of the CTD rosette Niskin
bottles at the visually determined peak
chlorophyll isotherm defined from the
first CTD cast (see the Supplementary
Materials).
The focal spatial dimension is vertical—
within, below, and above the DCM. Molecular, optical, and cell count data together
support that the sampling results from
Fig. 3. Trajectories, tracking, and environmental conditions of the Lagrangian drifts. (A) Tracks of Aku (gold)
the optically targeted DCM peak repreand the drogued drifter (green) on legs 1 (left) and 2 (right) overlaid on SLA and geostrophic velocity maps averaged
sent a local phytoplankton biomass maxifor each drift period. Current speed ranges represented by the arrows are 0.01 to 0.45 m/s and 0.01 to 0.49 m/s, respectively. Tracks represent the longest contiguous DCM sampling segment in each leg, both beginning at the eastmum in the cyclonic eddy. Total RNA
ern side of the eddy. Circles show locations of the DCM samples acquired by the shipboard CTD rosette, during
concentrations from both sampling plat(white) and preceding or following (gray) the Aku drift period shown. (B) Distance between Aku and Opah. (C and D) Aku’s
forms were highest in DCM samples
time-depth trajectory (black line) overlaid on water column temperature and chlorophyll measured by Opah. In (D),
(Fig. 7D). Comparison of DCM with both
ESP sample collection periods are marked red. Time is UTC. On 19 March, water column data were limited because
50 and 250 m showed that the sample
the profiling depth of Opah was temporarily reduced (to 50 m in the first half of the day; to 150 m in the second half)
sets were from populations having difin the process of reestablishing acoustic tracking of Aku.
ferent distributions (by Wilcoxon ranksum test, P < 0.01), and the difference
between the means was nonzero (by
the analysis of temporal variation in total RNA in DCM samples, as Student’s t test, P < 0.01). The DCM in the study region is identified
well as comparison between DCM and shallow (50 m) samples by the fluorescence of light-harvesting pigments (Figs. 1 to 3) (65).
(Fig. 6D). Lower RQN for deep samples (250 m; Fig. 6D) likely re- However, the DCM in this region does not always coincide with
sulted from collecting less particulate organic matter, some of which the maximum particle concentrations in the water column (66).
was in the processes of degradation and remineralization.
Particle concentrations can be described by optical beam attenThe measured variations in total RNA provided insight into mi- uation (67). During both legs of the study, measurements of
crobial ecology. The focal temporal dimension is that of eddy weak- chloropigment and particulate beam attenuation coefficient (cp)
ening, as represented by DCM data grouped within each sampling showed that the DCM coincided with a local particle concentration
leg. As indicated by both ESP and shipboard sample results, total maximum (fig. S1). PPE (0.8 to 3 m) exhibited peak concenRNA in DCM samples decreased between the two sampling legs trations in the DCM that were more than twice those in the
(Fig. 7C). DCM samples from the two legs were from populations overlying and underlying water column (fig. S4). In addition, conhaving different distributions of total RNA (by Wilcoxon rank-sum centrations of larger phytoplankton (4 to 100 m; Fig. 5) were
test, P < 0.01). The difference between the means from the two legs much higher in the DCM (mean ± one SD = 18697 ± 3933 cells/
was nonzero (by Student’s t test, P < 0.01), with the mean of the leg liter) compared with 5 m (7122 ± 1796 cells/liter) and 15 m
1 DCM set being higher. Consistent with total RNA results, concen- (9903 ± 3071 cells/liter).
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Fig. 5. Microphotographs of organisms in a water sample from the DCM. Images were taken by an Imaging FlowCytobot. Representative phytoplankton species
are noted in text for diatoms (Chaetoceros, Thalassionema, and Pseudo-nitzschia)
and coccolithophores (Ophiaster and Calciopappus).

DISCUSSION

Observing in a Lagrangian framework is essential for detecting the
response of microbial populations to variable environmental processes that drive their metabolism and interactions. The robotic
challenges for achieving this goal included (i) autonomous tracking
and sampling of a targeted DCM community that was horizontally
drifting and vertically moving, (ii) autonomous sampling and effective preservation of suspended particles and nucleic acids onboard
an underwater robot, (iii) autonomous contextual characterization
of the environment around the sampling robot, and (iv) real-time
tracking of subsea robots. To address these challenges, we developed a system comprising three robotic platforms, one of which
contained a robotic sampler. The focal platform integrated auto
Zhang et al., Sci. Robot. 6, eabb9138 (2021)
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nomous feature recognition and localization, sample acquisition,
and sample preservation onboard an LRAUV that tracked and sampled the DCM in an open-ocean eddy. Acoustically coordinated
multivehicle operations enabled an environmental sensing LRAUV
to track the sampling LRAUV and provide contextual ecosystem
data and a gateway surface vehicle to track the sampling LRAUV for
situational awareness. Collectively, this coordinated robotic system
autonomously captured changes of the DCM microbial community
in its natural frame of reference as it moved with ocean currents,
and it enabled comparison of DCM populations with those shallower
and deeper in the water column.
Successful preservation of RNA in the 3G-ESP samples onboard
the LRAUV over extended durations is a requirement for accurately quantifying variation in microbial transcriptional activities.
In this experiment, the 3G-ESP samples consistently showed high
RNA quality in samples stored onboard at ambient oceanic and atmospheric temperatures before laboratory processing, for up to
6 days during leg 1 and 13 days during leg 2. Further, the RNA quality of the 3G-ESP samples was similar to that of immediately processed and frozen ship-based rosette samples from both the DCM
and 50-m depth. The RNA quality of the 250-m samples was lower
than that of the DCM and 50-m samples from both sampling platforms, which was likely due to the low biomass in the deeper samples and the processes of degradation and remineralization acting
on sinking and dead phytoplankton-derived particulate organic
matter at that depth.
The total RNA data reveal patterns relevant to microbial ecology.
While the eddy weakened from leg 1 to leg 2, as described consistently by satellite altimetry and in situ hydrographic data, total
RNA in the DCM samples decreased. The RNA quality was sufficiently high to be certain of this temporal change. The decrease in
total RNA was consistent with observed decreases in median concentrations of chloropigment (43%) and PPE (45%). These biological
changes in the DCM were not likely due to differences in horizontal
positioning within the eddy because both drifts began at approximately the same distance from the eddy core and closely followed
local geostrophic current vectors. They were unlikely to have been
caused by differences in vertical positioning because Aku accurately
tracked the DCM in the vertical dimension during both legs. The
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Fig. 4. Autonomous temperature-based depth control. (A) Depth of Aku during the Lagrangian drift in leg 2, colored by Temperature (actual minus target). (B) Statistical summary of Aku depth rate in relation to Temperature; boxes show the interquartile range (IQR; 25th to 75th percentiles) and median. Time is UTC.
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Fig. 7. Sample RNA quantification. Total RNA data are from 0.22- to 5-m size
fraction samples acquired by ESP and CTD rosette sampling platforms. (A and
B) Time series from DCM samples during sampling legs 1 and 2. (C) Nonparametric box plots of DCM samples grouped by sampling leg and sampling platform. (D) Nonparametric box plots grouped by depth and sampling platform.
In (C) and (D), the thick line corresponds to the median; the box spans the IQR;
vertical lines extend at most 1.5 × IQR from the first and third quartiles; and
data points beyond this range are individually plotted (circles).

changes were also not likely due to differences in incident sunlight,
as can result from differences in cloud cover, because sea-surface
photosynthetically active radiation (PAR) levels measured during
the DCM sampling periods of the two legs were statistically equivalent (see the Supplementary Materials). Therefore, the primary
temporal variation in DCM RNA, chloropigment, and PPE concentrations may be explained by biological consequences of the weakening eddy. Specifically, a weaker cyclonic eddy during leg 2 would
be associated with weaker uplift of thermocline isopycnals and a
lower diapycnal flux of inorganic nutrients at the DCM (45), consist
ent with the observed deepening of the thermocline and deepening
and thinning of the DCM layer between the two sampling legs.
Transcriptomic analyses of the recovered RNA (now underway)
will provide more detailed information on the relationships among
spatial and temporal environmental variabilities, microbial community taxonomic composition, and transcriptional activities in the
DCM (30, 34, 36, 37).
The coordinated robotic system enabled study of a complex
global oceanographic phenomenon more efficiently and effectively
than possible previously. Ship operations were required to demonstrate the system and compare with traditional ship-based methods.
However, advancing capabilities of the autonomous robotic system
are intended ultimately to supplant a strict dependence on shipbased research methods, reduce operational costs, and enhance the
effectiveness of microbial ecology research. All platforms in the robotic system are capable of long-duration operations, enabling
transit to and from the experiment site, such that research can be
effectively conducted from shore through electromagnetic (above
ocean) and acoustic (in ocean) communication channels.
Ongoing developments will further enhance the effectiveness of
robotic ocean observing systems. One development is intervehicle
acoustic messaging to improve collaborative operations. By
exchanging complementary information across different ecosystem
features, the collaborating LRAUVs will be able to make timely ad-

aptations of survey paths and behaviors to identify and concentrate on the most valuable targets. For example, when the sampling
LRAUV senses a sharp rise or fall of the DCM depth, it can
inform contextual LRAUV(s) to focus around the DCM, thereby
enabling better understanding of the physical perturbations that
drive DCM depth displacements and corresponding ecological
responses. Alternatively, the contextual LRAUV may horizontally
localize the strongest optical signal of a biological patch and guide
molecular sensing capabilities onboard other LRAUVs to that focal
feature.
A second key development is real-time molecular detection. This
capability has been applied using 2G-ESP networks to inform
human-in-the-loop replanning. For example, real-time data from
moored 2G-ESPs guided the deployment strategy for ship and AUV
sampling in a study revealing causality of a severely toxic HAB in
the Northeast Pacific (68). Beyond sample filtration and preservation, the ability to analyze samples onboard mobile 3G-ESPs will
enable response to a broader spectrum of ecological processes in near
real-time. Microorganisms essential to key biogeochemical or ecological processes often require specific environmental conditions to
grow or become active, yet biological processes cannot necessarily
be predicted by environmental indicators alone. Real-time molecular
results can identify biological events and thereby inform expenditure
of limited onboard sampling resources and optimization of coordination within the robotic fleet. Mission adaptation may be autonomously
controlled in situ, or it may engage human-in-the-loop replanning
through transmission of molecular analytical results through acoustic
and satellite communication gateways. These capabilities are initially
being developed and tested for detection of HAB toxin in coastal
ecosystems (69), which can be used to identify, localize, and study
HAB hotspots. Augmenting real-time environmental data with
real-time molecular data, by expanding onboard 3G-ESP analytical
capabilities, will enhance applications of adaptive sampling to a
variety of ecosystems and phenomena (33).
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Fig. 6. Sample RNA quality assessment. RQN data are from 0.22- to 5-m size
fraction samples acquired by ESP and CTD rosette sampling platforms. (A and
B) Time series from DCM samples during sampling legs 1 and 2. (C) Nonparametric
box plots of DCM samples grouped by sampling leg and sampling platform. (D) Nonparametric box plots grouped by depth and sampling platform. In (C) and (D), the
thick line corresponds to the median; the box spans the IQR; vertical lines extend at
most 1.5 × IQR from the first and third quartiles; and data points beyond this
range are individually plotted (circles).
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MATERIALS AND METHODS

Long-range AUVs
An LRAUV combines the mobility and speed of propeller-driven
vehicles with energy savings of buoyancy-driven vehicles (50, 55).
The vehicle is 3.2 m long and 0.3 m in diameter at the midsection
and uses a pair of elevators for vertical control at high speed (at or
near 1 m/s). The LRAUV software architecture uses state configured layered control (70), which divides the vehicle’s operations into
a group of behaviors assigned with hierarchical levels of priority.
The vehicle runs a mission script that invokes appropriate behaviors
to achieve a specified goal (50, 71). LRAUVs Aku and Opah carried
a suite of sensors to measure water temperature, conductivity, pressure, dissolved oxygen, chlorophyll fluorescence, optical backscatter,
and PAR. The chlorophyll concentration is derived from the measured fluorescence based on factory calibration.
Third-generation ESP
The LRAUV Aku equipped with a 3G-ESP is shown in Fig. 8. The
3G-ESP (33, 54) is installed in a pressure housing in the midsection
of Aku. It uses cartridges to filter water samples and preserve the
material retained for molecular analysis. Up to 60 cartridges are
available for a single deployment, and each cartridge contains the
filters and reagents necessary for collecting and processing one
sample. The cartridges connect to a central ring of valves that are
part of a pumped seawater loop. When the LRAUV mission program triggers a sampling event, the 3G-ESP rotates the motor-driven
cartridge wheel to align a designated cartridge with the processing
station, where power and actuators can be applied to the cartridge.
The pumped seawater loop is rinsed with local sample water, and
Zhang et al., Sci. Robot. 6, eabb9138 (2021)
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LRAUV algorithm for autonomously finding, tracking,
and sampling the DCM layer
Autonomous tracking of the DCM was a challenge because the
DCM layer moves in depth due to internal tides and inertial oscillations, with vertical excursions of as much as 36 m in 4 hours (53). The
DCM layer follows an isopycnal (65, 72). When density variation is
dominated by temperature variation, an isopycnal can be effectively
followed by tracking an isotherm. On the basis of this oceanographic
understanding, we designed an algorithm for the LRAUV to autonomously find, track, and sample the DCM layer by tracking the isotherm
corresponding to the chlorophyll peak (53) (fig. S5): (i) Aku descended
from the surface to a deep bound of 260 m that was sufficiently deeper
than the anticipated DCM depth. On the descent, Aku recorded the
peak of the chlorophyll signal and the corresponding temperature.
(ii) Once it reached the 260-m-deep bound, Aku turned to an ascent.
(iii) On the ascent, when Aku reached the recorded temperature of the
chlorophyll peak, it stopped ascending and thereafter actively adjusted
its depth to remain at that temperature so as to track the DCM (Fig. 4).
To place DCM biological results within the context of the upper water
column, Aku transitioned to a new sampling mode following the
Lagrangian DCM sampling of each leg. This mode involved sequential
sampling within, below (at 250-m depth), and above (at 50-m depth)
the DCM.
Method for underwater tracking between robots
LRAUV Opah and Wave Glider (Liquid Robotics, Sunnyvale, CA)
Mola both tracked the sampling LRAUV Aku using acoustics. Mola,
Opah, and Aku were each equipped with a Teledyne Benthos (North
Falmouth, MA) directional acoustic transponder that integrates
8 of 11
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Fig. 8. The robotic sampling vehicle. (A) LRAUV Aku deployed in March and April 2018 during the SCOPE Eddy Experiment. (B) The 3G-ESP installed in Aku’s fore-mid section. (C) One ESP sample collection cartridge. (D) Particulate material on
the filter in one ESP cartridge after Aku’s recovery. Photo credits: Elisha Wood-Charlson (A, B, and D) and Todd Walsh (C).

then actuators open valves to direct the
seawater through the cartridge, concentrating particles onto the filters. Water
sampling is terminated after reaching a
specified filtration volume, time, or rate,
and the filtration volume is recorded. Then,
the seawater valves are closed and a valve
in the cartridge is moved, so the collected
particulate material can be processed
with reagents to preserve the cellular
material for later analysis in the laboratory or to extract an analyte from the
sample for real-time detection and quantification (33). In this experiment, all particulate samples were preserved with RNAlater
(Ambion Inc., Austin, TX) for subsequent analysis in a shoreside laboratory
[(56); Supplementary Materials]. Each
cartridge contained a stack of filters
(MilliporeSigma, Burlington, MA) of
three different pore sizes—5 m over
0.22 m with a backing filter of 0.45 m—
and we analyzed the 0.22- to 5-m size
fraction for RNA quality and quantity.
The 0.22- and 5-m filters are poly
vinylidene fluoride membranes, and the
0.45-m filters are mixed cellulose ester
membranes. The ESP filtered about 1.6 liters
of seawater in 1 hour for each sample.

SCIENCE ROBOTICS | RESEARCH ARTICLE
an acoustic modem and an ultra-short baseline acoustic positioning
system (57). The onboard tracking algorithm contains outlier
rejection and low-pass filtering of raw navigation measurements (73).

Methods for statistical analysis of RNA data
To examine RQN and total RNA from ESP and shipboard samples,
statistical analyses were applied to compare temporally and spatially
grouped datasets. All comparisons used the nonparametric Wilcoxon
rank-sum test. Some comparisons additionally used the parametric
t test, if normality was indicated by the Shapiro-Wilk normality test.
Equivalence of means was tested using Student’s t test if equal variances
were indicated or Welch’s t test if unequal variances were indicated,
based on the result of Bartlett’s test of homogeneity of variances (74).
We used software R (release 3.5.3; http://R-project.org/) for statistical
analysis and plotting.
SUPPLEMENTARY MATERIALS

robotics.sciencemag.org/cgi/content/full/6/50/eabb9138/DC1
Section S1. Method for computing average profiles of physical, chemical, and bio-optical
conditions at Station ALOHA.
Section S2. Method for computing statistical summaries from profiles of chloropigment and
particulate beam attenuation coefficient from shipboard CTD rosette measurements.
Section S3. Methods for ship-based current velocity measurement and comparison with drift
velocities.
Section S4. Methods for shipboard sampling for RNA analysis.
Section S5. Methods for RNA extraction from shipboard and ESP samples.
Section S6. Methods for shipboard sampling for conventional and imaging flow cytometry and
statistical analysis.
Section S7. Methods for sea-surface PAR measurement and statistical analysis.
Fig. S1. Ship-based characterization of the DCM.
Fig. S2. Lagrangian drift velocities.
Fig. S3. Vertical variation of horizontal current speed.
Fig. S4. Water-column biomass characterization.
Fig. S5. Localization of the DCM followed by Lagrangian drift within the DCM.
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Method for computing average profiles of physical, chemical, and bio-optical conditions at Station
ALOHA
To represent the typical structure of the DCM and the underlying distributions of density, photosynthetic
pigments, nutrients, and light in the water column of the study region (Figure 1A), we computed
climatological average profiles from the Hawaii Ocean Time-series (HOT) observations at Station
ALOHA (22°45’N, 158°W; Figure 1B). All analyses were constrained to March-April, the months of our
study. The average profiles of potential density anomaly, chloropigment (chlorophylls+phaeopigments),
and nitrate+nitrite concentrations were computed from measurements from March 1990 to April 2018; the
average photosynthetically active radiation (PAR) profile was computed from measurements from March
1998 to April 2009.
Method for computing statistical summaries from profiles of chloropigment and particulate beam
attenuation coefficient from shipboard CTD rosette measurements
To evaluate whether the DCM coincided with a local maximum in particle concentrations in the water
column within the cyclonic eddy, we examined profiles of calibrated measurements of chloropigment
(chlorophylls+phaeopigments [66]) and optical beam attenuation [75] [76] measured respectively by the
fluorometer and the transmissometer installed on the shipboard CTD rosette. Beam attenuation
coefficient was averaged within the depth range 380 to 400 m, then subtracted from the profile to
represent particulate beam attenuation coefficient (cp) within the overlying water column. For each leg
(16 profiles from leg 1; 37 profiles from leg 2), the mean and standard deviation (sd) of cp were computed
within isopycnal layers using data from the upper 200 m, represented as the mean profile with a 1 sd
envelope (Figure S1).
Methods for ship-based current velocity measurement and comparison with drift velocities
An OS75 Acoustic Doppler Current Profiler (ADCP) (Teledyne RD Instruments, Poway, CA) was
installed on R/V Falkor. The ADCP operated at 75 kHz and measured current velocity between ~24 and
500 m depths in 8-m bins. The ADCP data were logged at 5-minute intervals. Earth-referenced current
velocity was derived from the water velocity relative to the ADCP, and the ship (ADCP) velocity relative
to the Earth (from GPS position). Velocity data from the ADCP were used for two purposes. The first
was to compare the velocity of the drifting Aku with ADCP-measured current velocity at the depth of Aku.
Because the eddy created substantial velocity gradients (Figure 3A), this comparison was constrained to
ADCP velocity measurements within 5 km of Aku. Sufficient data for comparison were acquired during
three periods of each sampling leg (Figure S2). The Wilcoxon rank-sum test showed that speed estimates
from matched segments of ship ADCP measurements and Aku drift trajectory (Figure S2) were equivalent
(median speeds of 0.24 and 0.25 m/s, respectively; p = 0.48). Bartlett’s test of homogeneity of variances
did not reject the null hypothesis of equal variances (standard deviations of 0.05 m/s for both platforms; p
= 0.97), therefore Student's t-test was the appropriate parametric test for equivalence of means. The t-test
did not reject the null hypothesis of equivalence of means (0.22 and 0.25 m/s, respectively; p = 0.42). The
second purpose was to examine the current speed profile from near-surface to the 120-m drogue depth of
the drifter (Figure S3), using ADCP velocity measurements acquired within 5 km of the drifter.
Methods for shipboard sampling for RNA analysis
The CTD rosette carried a fluorometer and transmitted the real-time chlorophyll fluorescence and
temperature profiles to the shipboard lab via the electro-mechanical cable. DCM sampling followed the
same principle as that used by the sampling LRAUV. At the first CTD rosette sampling station of each
leg, the scientists visually inspected the profiles and determined the isotherm that corresponded to the

DCM chlorophyll peak. At successive sampling stations of each leg, a Niskin bottle was manually
triggered at the depth of the targeted isotherm to acquire the DCM water sample.
Shipboard samples for RNA analysis were collected at 50-m depth, DCM, and 250-m depth using the
CTD rosette deployed at 06:00, 12:00, and 18:00 HST (Hawaii Standard Time) for 18 time points per leg.
Seawater collected in Niskin bottles was filtered to collect and estimate particulate RNA transcripts. Two
liters of seawater per depth were filtered through stacked 5 μm and 0.22 μm filters (the same pore sizes as
those of the ESP filters) housed in a Swinnex filter holder (MilliporeSigma, Burlington, MA), that was
attached to Masterflex tubing L/S 15 (Cole Parmer, Vernon Hills, IL) fed through a peristaltic single
channel head. The peristaltic pump speed was set to 80 mL/minute. Duplicate filters were collected per
time point and depth. Filters were removed from the Swinnex holder using ethanol cleaned forceps and
placed in polymerase chain reaction (PCR) clean 2.0 mL tubes with 0.3 mL RNAlater. Filters were coated
with RNAlater and left for approximately 10 minutes prior to storing at -80˚C. Filtration volumes were
measured with a 2 L graduated cylinder.
Methods for RNA extraction from shipboard and ESP samples
The 0.22 μm filters from ship and ESP sampling were stored on ice upon removal from -80°C storage.
The samples were centrifuged at 2000 rcf for 30 seconds prior to removal of RNAlater. A total of 300 μL
of denaturing solution lysis buffer (Ambion, Inc., Austin, TX) was added to each filter, vortexed for 1
minute, and then stored on ice. Next, to target 1% of total sample reads, 2 μL of diluted (1/100) ERCC
“spike in” RNA standards (ThermoFisher Scientific, Hampton, NH) were added to the lysate prior to
purification with 898 μL of nuclease free water (Ambion, Inc.). RNA purification was performed using
the Magnetic Separation Module (MSM) instrument with a 96-rod head (PerkinElmer, Waltham, MA).
Into each sample well, 650 μL of sample were loaded in duplicate, and the instrument was loaded with
MSM reagents from Tissue RNA kit (CMG-1212, PerkinElmer), and 80 μL DNA free magnetic beads
were added to each sample well. Samples were DNase treated on board the instrument during the
purification protocol. After magnetic bead purification, samples were eluted with 50 μL of RNase free
water. RNA eluates were spilt into two plates and sealed for long-term storage at -80°C. A 6-μL aliquot
(stored at -80°C) was reserved for RNA quality and quantification tests.
Methods for shipboard sampling for conventional and imaging flow cytometry and statistical
analysis
Estimates of phytoplankton cell concentration across the water column were made by coupling
conventional (Influx Cell Sorter flow cytometer, BD Biosciences, San Jose, CA) and imaging flow
cytometry (IFCB, McLane Research and Laboratories, Inc., East Falmouth, MA). The two instruments
offer complementary data sets comprising cell counts and optical fingerprints of photosynthetic
picoeukaryotes (PPEs) in the size range 0.8-3 µm and larger phytoplankton (4-100 µm) respectively.
For conventional flow cytometry, shipboard samples were collected at HOT standard depths (5, 25, 45,
75, 100, 125, 150, 175 m) using the CTD rosette deployed at 02:00, 04:00, 16:00, and 22:00 HST for legs
1 and 2. One-mL samples were fixed with paraformaldehyde (0.2 μm syringe filtered; 0.25% final
concentration) in the dark at room temperature for 15 minutes prior to flash freezing in liquid nitrogen
and stored at -80°C. Both light scattering and autofluorescence emission of cells’ photopigments were
recorded as individual cells passed through a 200 mW 488 nm laser. PPEs were identified based on their
optical fingerprints (light scatter and fluorescence emission) and subsequently counted using the
acquisition software Spigot (BD Biosciences).
For imaging flow cytometry, shipboard samples were collected at the DCM and within the mixed layer (5
and 15 m) during leg 2 only from the CTD rosette deployed at 06:00, 12:00, and 18:00 HST. Samples of 5

mL were analyzed within 3 hours after collection to acquire high resolution images used to identify
phytoplankton cells and subsequently count the total cell concentration of phytoplankton larger than 4
µm. For each sample, cells (including photosynthetic and non-photosynthetic species) were manually
classified at the genera level and annotated as either autotrophs or heterotrophs based on the literature.
PPE and corresponding chloropigment concentrations were examined for two purposes. The first was to
evaluate whether the DCM represented a local maximum in PPE concentrations within the water
column. The second was to test whether chloropigment and PPE concentrations within the DCM
decreased between the first and second sampling legs. Neither variable was normally distributed
(Shapiro-Wilk normality test, p < 0.05), thus the non-parametric two-sample Wilcoxon rank-sum test was
applied to test significance of the differences.
Methods for sea-surface PAR measurement and statistical analysis
Photosynthetically active radiation (PAR) levels at the sea surface during the two DCM sampling legs
were measured by a LI-1500 Light Sensor Logger (LICOR, Lincoln, NE) installed on the deck of R/V
Falkor. The PAR data were logged at 1-minute intervals. We calculated the daily average PAR levels
(from midnight to midnight) of 16-20 March for leg 1 and those of 28 March to 1 April for leg 2. The null
hypothesis that the means of the daily average PAR levels during DCM sampling on legs 1 and 2 were
equal was not rejected (Student’s t-test, p = 0.91; following Levene's test, p = 0.45, hence the null
hypothesis of equal variances was not rejected). We used software R (release 3.5.3; http://www.Rproject.org/) for statistical analysis.

Fig. S1. Ship-based characterization of the deep chlorophyll maximum. Profiles of the mean and
envelope ( one standard deviation) of chloropigment (chlorophylls + phaeopigments) and particulate
beam attenuation coefficient (cp) during sampling legs 1 (A) and 2 (B).

Fig. S2. Lagrangian drift velocities. (A) Aku drift velocity compared with nearby (3.9  0.8 km in leg 1
and 3.7  0.9 km in leg 2) Earth-referenced horizontal current velocity measured by R/V Falkor
shipboard Acoustic Doppler Current Profiler at the depth of Aku in sampling leg 1 (east of 156.25ºW) and
leg 2 (west of 156.25ºW). (B) Scatter plot of the bearings of each pair of velocity vectors in (A). The 1:1
dashed line is shown for reference.

Fig. S3. Vertical variation of horizontal current speed. Profile of the mean and envelope ( one
standard deviation) of Earth-referenced horizontal current speed (measured by R/V Falkor shipboard
Acoustic Doppler Current Profiler) averaged over locations near the drogued drifter (3.1  1.1 km in leg 1
and 3.2  1.1 km in leg 2).

Fig. S4. Water-column biomass characterization. Concentrations of (A) chloropigment (chlorophylls +
phaeopigments) and (B) photosynthetic picoeukaryotes (PPEs) from ship conductivity-temperature-depth
rosette samples in legs 1 and 2.

Fig. S5. Localization of the deep chlorophyll maximum (DCM) followed by Lagrangian drift within
the DCM. Fluorescence-derived chlorophyll (A) and temperature (B) measured by Aku during leg 2. Aku
descended from the surface to 260-m depth to find the peak of the chlorophyll signal in the water column
and the corresponding temperature. It then ascended to reach the recorded chlorophyll-peak associated
temperature, and thereafter actively adjusted its depth to remain at that temperature so as to track the
DCM (Figure 4). Time is UTC.

