
ICES Journal of Marine Science , 2024, Vol. 0, Issue 0, 1–14 
https://doi.org/10.1093/icesjms/fsae036 
Received: 13 September 2023; revised: 12 February 2024; accepted: 29 February 2024 
Original Article 

Quantifying the role of submesoscale Lagr angian tr anspor t 

features in the concentration of phyt oplankt on in a coastal 

system 

J acquelyn M. Veatc h 

1 ,* , J osh T. K ohut 1 , Matthew J. Oliver 2 , Hank Statscewich 

3 , Erick Fredj 4 

1 Department of Marine and Coastal Sciences, Rutgers, The State University of New Jersey, 71 Dudley Road, New Brunswick, NJ 08901, 
United States 
2 College of Earth, Ocean and Environment, University of Delaware, 700 Pilottown Road, Lewes, DE 19958, United States 
3 College of Fisheries and Ocean Sciences, University of Alaska Fairbanks, 2150 Koyukuk Dr, Suite 245 O’Neill Bldg., Fairbanks, AK 99775-7220, 
United States 
4 Computer Science Department, The Jerusalem College of Technology, 21 Havaad Haleumi St., PO Box 16031 Jerusalem 91160, Israel 
∗Corresponding author. Department of Marine and Coastal Sciences, Rutgers, The State University of New Jersey, 71 Dudley Road, New Brunswick, NJ 08901 
United States. E-mail: jveatch@marine.rutgers.edu 

Abstract 

Food resources in the ocean are often found in low densities, and need to be concentrated for efficient consumption. This is done 
in part by oceanographic features transporting and locally concentrating plankton, creating a highly patchy resource. Lagrangian ap- 
proaches applied to ocean dynamics can identify these transport features, linking Lagrangian transport and spatial ecology . However , 
little is known about how Lagrangian approaches perform in ageostrophic coastal flows. This study evaluates two Lagrangian Coherent 
Structure metrics against the distribution of phytoplankton; Finite Time Lyapunov Exponents (FTLE) and Relative Particle Density (RPD). 
FTLE and RPD are applied to High Frequency Radar (HFR) observed surface currents within a biological hotspot, Palmer Deep Canyon 

Antarctica. FTLE and RPD identify different transport patterns, with RPD mapping single particle trajectories and FTLE tracking relative 
motion of paired particles. Simultaneous measurements of circulation and phytoplankton were gathered through the integration of 
vessel and autonomous glider surveys within the HFR footprint. Results show FTLE better defined phytoplankton patches compared 

to RPD, with the strongest associations occurring in stratified conditions, suggesting that phytoplankton congregate along FTLE ridges 
in coastal flows. This quantified relationship between circulation and phytoplankton patches emphasizes the role of transport in the 
maintenance of coastal food webs. 

Keywords: lagrangian transport; coastal oceanography; spatial ecology; food web focusing; lagrangian coherent structures 
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Introduction 

Ocean food resources are patchy, concentrated in some ar- 
eas and sparse in others. This uneven distribution creates 
ecosystems with fragmented spatial and temporal distribu- 
tion of both primary producers and their consumers (Benoit- 
Bird 2023 ). Food resources (e.g. plankton) must be concen- 
trated either physically or biologically in order to support 
larger upper trophic species, maintaining a sustainable food 

supply (Lasker 1978 ). The processes that govern the attrac- 
tion of upper trophic species to areas of concentrated food 

resources is called food web focusing (Genin 2004 ). As if vis- 
iting marine “grocery stores,”mobile grazers and foragers rely 
on concentrated food sources that have been grown elsewhere 
and transported and concentrated in higher density patches.
Besides transport, biological processes can also drive patchi- 
ness including population growth, swarming behavior, or pre- 
dation. Recent studies have demonstrated the importance of 
physical advection to both concentrate plankton in the cre- 
ation of these patches (Hofmann and Murphy 2004 , Kohut 
et al. 2018 Oliver et al. 2019 ) and to maintain connectiv- 
ity between neighbouring systems sharing resources (Michael 
et al. 2006 ). The role of surface currents in the concentration 

and transportation of plankton has been widely studied in 
© The Author(s) 2024. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
elagic, open ocean, mostly geostrophic systems on mesoscale 
nd days-long time-scales (Lehahn et al. 2007 , Hernández- 
arrasco et al. 2011 , 2018 , Huhn et al. 2012 , Li et al. 2015 ,
évy et al. 2018 , Liu et al. 2018 ). However, the role of ad-
ective transport in more complex, nonlinear, ageostrophic 
oastal flows is more difficult to characterize. Flow in 

roductive nearshore ecosystems is complicated by tides,
uoyancy, highly variable winds, and complex bathymetry,
hich all contribute to the advection and concentration 

f plankton patches. This study investigates how coastal 
cean currents create localized marine “grocery stores” by 
ransporting and concentrating phytoplankton into discrete 
atches. 
A variety of Lagrangian Coherent Structure (LCS) metrics 

re used for their ability to quantify advective transport in
uid flows. Attracting LCS are distinct areas within a flow
eld that have a strong influence on the attraction of neighbor-

ng particle trajectories (Farazmand and Haller 2012 , 2013 ,
aller and Beron-Vera 2012 , 2013 , Haller 2015 ) using either
 single or a paired particle tracking method. When applied
o oceanic systems, attracting LCS metrics have the poten- 
ial to quantify mechanisms of plankton concentration (Huhn 

t al. 2012 ), aid in the rescue of overboard passengers (Serra
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
is properly cited. 
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t al. 2020 ), and relate ocean features to a variety of biolog-
cal activity including the migratory patterns of birds (Tew
ai et al. 2009 ), foraging behavior of apex predators (Cotté

t al. 2011 , Della Penna et al. 2015 , Abrahms et al. 2018 )
nd the distribution and efficiency of fishing vessels (Prants
t al. 2014 , Watson et al. 2018 ). This study aims to improve
eld-wide usage of these metrics by comparing a single par-
icle trajectory metric (Relative Particle Density, RPD) to a
ore complex paired particle LCS metric (Finite Time Lya-
unov Exponent, FTLE). The RPD metric maps regions where
articles accumulate, whereas FTLE characterizes how neigh-
ouring particles move relative to each other, diagnosing un-
erlying patterns of trajectories. These two metrics quantify
nd map unique particle behaviors given the same input ocean
irculation. RPD and FTLE were evaluated against alignment
ith simultaneous observations of phytoplankton patch dis-

ribution. Because RPD map accumulation and FTLE identify
oundaries between distinct modes of flow, phytoplankton
atch centers and edges were distinguished with the hypoth-
sis that RPD will better align with patch centers and FTLE
ith patch edges. Given these differences in LCS metrics, the

ollowing study evaluates the relevance of each to defining
hytoplankton patches observed in a complex coastal biolog-
cal hotspot. 

In this manuscript, our approach is to reveal patterns in
hytoplankton abundance and advective transport at smaller
patial (O 1 km) and temporal (O 1 h) scales than have been
reviously examined in ageostrophic coastal flow (Shadden
t al. 2009 , St-Onge-Drouin et al. 2014 ). The proper applica-
ion of LCS metrics allows us to better understand the role
f advection in the concentration and transport of plank-
on patches. The following sections will detail the method-
logy and results of our comparison between RPD, FTLE,
nd phytoplankton distribution with a discussion on the im-
lications of using two-dimensional LCS in coastal regions,
he differences between single (RPD) and paired (FTLE) par-
icle tracking suggesting when each metric is appropriate,
he creation of the interior of phytoplankton patches vs. the
order, and how differing levels of stratification affect these
elationships. 

aterials and methods 

ata 

he data used in this study are collected from Palmer Deep
anyon, Antarctica in January through March of 2020 as part
f a National Science Foundation funded project, SWARM.
hese data provide coincident dynamic distribution of both
lankton patches and underlying physical features over the
ntire local penguin foraging season. These observations were
rovided through an integrated polar observatory that in-
luded three High Frequency Radars (HFRs), a Slocum glider,
nd twice-weekly ACROBAT towed surveys between January
nd March 2020 ( Fig. 1 ). The A CROBAT is small (0.5 m)-
inged instrument that profiles the surface ocean (0–50 m),
ighly resolving light and physical properties. HFRs produce
ourly surface current maps at 1 km resolution covering about
500 km 

2 , the glider profiled to 1000 m completing one dive
two profiles) every 4 h at the head of Palmer Deep Canyon,
nd 16 ACROBAT towed surveys (60 km) were completed
bserving 40 distinct phytoplankton patches ( Fig. 1 ). 
almer Deep Canyon 

almer Deep Canyon’s relatively short and tightly coupled
ood web (Saba et al. 2014 ) makes it a unique ecological lab-
ratory to quantify the impact of concentrating features on
hytoplankton. Phytoplankton are a major food sources for
ntarctic Krill ( Euphausia superba ), a keystone species for
any top predators in the region, including penguins. Penguin

olonies surrounding Palmer Deep Canyon have persisted for
illennia, according to geologic records (Fraser and Trivel-
iece 1996 , Emslie et al. 1998 , Schofield et al. 2013 ) despite
ignificant variations in climate conditions. Such endurance of
almer Deep Canyon’s penguin colonies suggests the presence
f a strong concentrating mechanism at the base of the food
eb, able to supply reliable phytoplankton to krill during in-

erannual climate oscillations. 
Recent studies in Palmer Deep Canyon have shown the sur-

ace residence time scale ( ∼2 days) is much shorter than the
hytoplankton doubling timescale ( ∼7–70 days) (Kohut et al.
018 ). These findings suggest that increased phytoplankton
vailability in Palmer Deep Canyon compared to neighboring
egions is likely due to transport from other regions rather
han stimulated local growth from upwelled, nutrient-rich Up-
er Circumpolar Deep Water as was previously thought (Ka-
anaugh et al. 2015 ). Additionally, recent glider observations
ave been unable to detect nutrient delivery via upwelling
uring the growing season (Hudson et al. 2019 ). Even if nu-
rient availability was higher in Palmer Deep Canyon com-
ared to neighboring regions, phytoplankton in this system
ave been shown to be light limited rather than nutrient lim-

ted (Carvalho et al. 2019 ). It is within this transport-driven
oastal ecosystem that this study investigates the role of La-
rangian features to define the distribution of phytoplankton
atches. 

FR 

FRs use doppler-shifted radio waves backscattered off the
cean surface to observe surface velocity. Signals are transmit-
ed and received by an HFR antenna, and Bragg peaks in the
easured Doppler spectra are used to calculate radial compo-
ents of the surface velocity (Barrick et al. 1977 ). Measured
adial components of the surface ocean velocity are directed
oward the HFR antenna with a range resolution of 500 m
orizontally and 5 

◦ in azimuth. Radial components from the
hree HFR stations are added together to construct magnitude
nd direction of surface current velocities using an optimal
nterpolation algorithm (Kohut et al. 2006 ) providing hourly
aps of surface currents at 1 km spatial resolution ( Fig. 2 a). 
The three-site network included two remote locations on

he Wauwermans and Joubin islands operated at a center fre-
uency of 25 MHz and a third site at Palmer Station operated
t 13 MHz ( Fig. 1 ). The two remote sites located beyond exist-
ng power grids used Remote Power Modules constructed on
ite. More details on the installation of this 3-site network are
rovided in Statscewich and Weingartner ( 2011 ) and Kohut
 2014 ). 

The three HFR sites collected hourly radial maps of ocean
urface current component vectors over our study area, cover-
ng about 1500 km 

2 more than 80% of the time ( Fig. 2 a). The
ourly, two-dimensional surface current maps derived from
he radial component vector maps provided by each of the
hree HFR sites were used to derive our two LCS metrics ( Fig.
 b and c). Before the LCS calculations were done, gaps within
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Figure 1 Study area indicating locations of three HFRs (Palmer Station, Wau w ermans Islands, and Joubin Islands,) ACROBAT towed survey, and 
stationary glider around Palmer Deep Can y on, Antarctica. The canyon bathymetry is contoured with 200 m isobars. Plotted is an example of one 
ACR OBAT surv e y on 12th February 2020, with profiles designation as “ph ytoplankton patch” and “ph ytoplankton patch edge.” Inset is a map of the 
Western Antarctic Peninsula, with a box around the study area. 
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the 80% coverage area of the HFR maps were filled using a 
rigorous HFR-specific method (Fredj et al. 2016 ). This follows 
methodologies in Veatch et al. ( 2022 ). 

ACROBAT towed surveys 

Twice weekly ACROBAT surveys were conducted along tran- 
sects over Palmer Deep Canyon ( Fig. 1 ) between January and 

March 2020. The ACROBAT instrument was towed behind a 
small, (10.2 m) rigid hull boat at ∼6 kts (about 3 m s −1 ) as 
the instrument undulated continuously between a depth of 1 

and 50 m. The ACROBAT was equipped with a fast-sampling 
(16 Hz) Seabird 43 FastCAT CTD (conductivity, tempera- 
ture, and pressure), and a Wetlabs Ecopuck optical sensor 
(chlorophyll- a and CDOM fluorescence and optical backscat- 
ter at 700 nm). Profiles had a 300-m resolution over the 60- 
km transect for ∼160 vertical profiles per survey. A total of 
16 surveys were conducted. ACROBAT data was processed,
quality controlled, and profiled using a MATLAB toolbox 

(Reister 2023 ) and the methods as described in Martini et al.
( 2016 ). 

For each profile, the mixed layer depth (MLD) was calcu- 
lated as the maximum buoyancy frequency in the upper 50 m 

following methods in Carvalho et al. ( 2017 ). For profiles with 

no clear mixed layer in the upper 50 m, the deepest ACRO- 
BAT measurement was designated as the MLD. Phytoplank- 
ton abundance was measured as the particle backscatter (m 

−1 

sr −1 ) above the MLD of each profile, integrated using a trape- 
zoidal integration. Particle backscatter was used instead of 
chlorophyll- a fluorescence to negate for effects of nonphoto- 
chemical quenching and photo acclimation. Particle backscat- 
ter has been shown to correlate linearly with chlorophyll- a 
fluorescence in Palmer Deep Canyon (Carvalho et al. 2016 ),
making particle backscatter a good indicator of chlorophyll 
biomass. To address the resolution mismatch between the 
∼300 m separated profiles and the 1-km HFR grid resolu- 
ion, a sliding filter with a 1-km window was applied to the
LD and particle backscattering data. ACROBAT transects 

ook 4–6 h to complete. It was determined that the ACRO-
AT did not resample phytoplankton patches that were ad- 
ected back over the survey from previously sampled waters
 Supplementary material S1 ). 

The distribution of phytoplankton patches for each sur- 
ey were derived from the ACROBAT profiles. To do this,
ach profile was designated as “phytoplankton patch,” “phy- 
oplankton patch edge,” or neither. An ACROBAT profile 
ith integrated mixed layer particle backscatter 5% higher 

han that survey day’s median was designated as “phytoplank- 
on patch” following the threshold method from Thomalla et 
l. ( 2015 ). A daily threshold was used for the definition of
hytoplankton patches to capture concentrating mechanisms 
ven on days that had lower phytoplankton abundance, which 

hows a strong seasonal signal. Survey thresholds of particle 
ackscatter ranged from 0.0177 to 0.1184 m 

−1 sr −1 . The AC-
OBAT profiles on either side of the phytoplankton patch,

he first and last profile of the phytoplankton patch, and the
econd and second to last profile of the phytoplankton patch
ere designated as “phytoplankton patch edges” ( Fig. 1 ), fol- 

owing methodologies in Veatch et al. ( 2022 ). Deciphering be-
ween patch interior and edge will be used to test for differ-
nces in the horizontal advection mechanisms that created the 
enter of accumulation and where the patch ended. Phyto- 
lankton patches that were less than a kilometer and a half

ong were not used in analysis given that the 1-km resolution
f the HFR input data likely did not resolve advective trans-
ort that created a phytoplankton patch that small. 
Stratification was calculated from the ACROBAT CTD data 

s the density difference between the surface and 50 m for each
CROBAT profile. “Stratified surveys” were defined as the 8 

urvey days with the highest average density difference and 

mixed surveys” were defined as the surveys with the lowest 
verage density difference ( Figure S1 ). 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae036#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae036#supplementary-data
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Figure 2 The HFR observed surface current velocity field (a), advected particles released following methods detailed in section, " RPD " (b), RPD, only 
positiv e v alues are sho wn (c), and FTLE (d) from 9th J anuary 11:00 GMT o v er the study region. T he three HFR stations are indicated with poly gons. ( ©
2022 IEEE. Reprinted, with permission, from Veatch et al. ( 2022 , preprint: not peer reviewed). 
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utonomous glider 

 Slocum glider was deployed in Palmer Deep Canyon from
anuary to March 2020. Gliders are buoyancy driven au-
onomous vehicles that dive and climb through the water col-
mn in a “sawtooth”pattern. The glider used in this study was
iloted to hold station at the head of Palmer Deep Canyon,
rofiling the same region throughout the season from the sur-
ace to 1000 m, just above the seafloor ( Fig. 1 ). The glider sam-
led at a 0.25-m vertical resolution. Aboard the glider was a
ensor suite that measured physical structure of the water col-
mn (CTD, Seabird), phytoplankton fluorescence and particle
ackscatter (Eco Triplet, Wet Labs), and krill biomass (Acous-
ic Zooplankton Fish Profiler, ASL Environmental Sciences). 

Data from the stationary glider was profiled and MLD was
alculated as the maximum buoyancy frequency following
ethods in (Carvalho et al. 2017 ), the same methodology used

o determine MLD from the ACROBAT data. Similar to the
CROBAT, glider profiles were designated as “phytoplank-

on patches” if the particle backscatter integrated over the
ixed layer was 5% higher than the daily median, adapted

rom Thomalla et al. ( 2015 ). These data were used in the cal-
ulation of the time-scale of phytoplankton patches detailed
n section, " Determining integration time ". 
CSs 

everal LCS techniques have been applied to ocean systems
n the past decade for their ability to quantify areas in ocean
urrents (or any velocity field) that exert an impact on nearby
rifting particles (Haller 2015 ). Such areas are known as co-
erent structures. Coherent structures can identify local ex-
rema of repulsion, attraction, and shearing of flow (Haller
015 ). Attracting coherent structures will quantify the attrac-
ion of passive drifters in a flow field, or plankton in ocean
urrents (Shadden et al. 2005 , Haller 2015 ). 

In this study, LCS metrics from two distinct classes will be
sed to quantify physical advective features within the HFR
bserved surface current field: RPD, which have been used in
almer Depp Canyon in previous studies (Oliver et al. 2019 ,
eatch et al. 2022 ) and FTLE, which have been used in a va-
iety of open ocean ecological studies (Haller 2001 , Huhn et
l. 2012 , St-Onge-Drouin et al. 2014 , Fahlbusch et al. 2022 ,
eatch et al. 2022 ). This paper will suggest appropriate uses

or both metrics dependent on available ecological observa-
ions, ensuring that the ecological community applies appro-
riate LCS techniques with an understanding of how these
ools differ. 
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Figure 3 ACROBAT transect (solid line) and one randomly generated 
transect (dashed line) within the HFR co v erage (larger shape) and LCS 
co v erage (smaller shape) of the study region. 
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RPD 

RPD reports the position of drifters at a single timestamp by 
normalizing the density of drifters within a gridded bin system 

in the study field. RPD calculations begin with releasing vir- 
tual particles over a regular grid and tracking them through a 
velocity field. RPD is then quantified by summing the number 
of drifters in each grid box, and normalizing by the median 

number of drifters in all grid boxes ( Fig. 2 c). New particles 
were released in a regular grid across the 80% coverage of 
the HFR footprint every 3 h. Particles were not counted until 
they had been advected in the velocity field for 6 h and were 
no longer counted when they were advected out of the HFR 

domain, or after they became three days old. The 6-h inte- 
gration time is explained in section " Determining integration 

time ". Given the average residence time of 2 days (Kohut et al.
2018 ), the 3-day threshold was chosen to coordinate with the 
time phytoplankton will spend in the surface layer of the study 
domain. This methodology follows that used by Oliver et al.
( 2019 ) and Veatch et al. ( 2022 ). Two dimensional HFR data 
is used to calculate RPD, relying on the assumption that the 
integrated surface divergence is zero, and no particles are lost 
from or added to the surface due to vertical velocities. There- 
fore, RPD will map the instantaneous concentration of surface 
associated particles across the entire domain given the evolv- 
ing surface current fields provided by the HFR. 

To negate artifacts in results caused by the edges of the HFR 

domain where particles entering or leaving the domain may be 
unaccounted for, the domain of RPD results used was smaller 
3 km smaller than the domain of the inputted velocity field 

( Fig. 3 ). This is about how far the average particle travels over 
the integration time (6 h). 

FTLE 

FTLE use the horizontal separation distance between two par- 
ticles relative to a fixed point over a defined time interval to 

quantify the strength of coherent structure (either repelling or 
attracting) at each point on a gridded velocity field. To cal- 
culate repelling FTLEs, a forward trajectory is used, and to 

calculate attracting FTLEs, a backward trajectory is used. In 

this study, attracting FTLEs were calculated. FTLE’s ability 
to integrate over trajectories sets this technique apart from 

instantaneous separation rate (Okubo 1970 , Weiss 1991 ) by 
introducing particle position “memory.” Coherent structures 
re defined by the FTLE metric as ridges in the flow field
here neighboring particles are converged toward, and then 

iverged along a ridge. The strengths of these ridges are quan-
ified by the integrated attraction/separation rate between two 

articles ( Fig. 2 d). 
FTLE calculations begin with a velocity field over some se-

ected time. Finite differencing is then used over a defined aux-
liary grid to numerically compute the derivative of the flow
ap. Next, the Cauchy–Green strain tensor field is computed 

rom the derivative of the flow map as well as its eigenvalue
eld and eigenvector field. Then, the “stretching”of the field is
omputed as in ( 1 ), where S ( x 0 ) is the maximum stretching at
oint x 0 , λi is the eigenvector field, and C is the Cauchy–Green
train tensor. 

S ( x 0 ) = [ ma x i =1: N 

λi ( C ( x 0 ) ) ] 
1 / 2 

. (1) 

FTLE is then computed with ( 2 ) over a finite time T (Dosio
t al. 2005 , Haller 2015 , Haller et al. 2018 ). 

FTLE ( x 0 , t 0 , T ) = 

1 

T 

ln(S( x 0 )) . (2) 

These calculations result in a time dependent FTLE field for
very timestamp of inputted velocity data. In the case of this
tudy, a map of FTLE was produced every hour for the two-
nd-a-half-month study period. 

This relative motion between two neighboring particles and 

he inclusion of a rate of change component are the key ways
n which the FTLE metric differs from the RPD metric. Like
PD, FTLE will vary over space and time when applied to
 discrete set of velocity data. FTLE calculations ( 1 and 2 )
esult in a material surface that then can be projected at a
et resolution back onto the study region. FTLE results were
rojected at the resolution of the HFR (1 km) so as to not
tretch the observations further than the input data should be
ble to resolve. 

FTLE calculations were performed using a MATLAB soft- 
are toolbox (Halleret al. 2015 ) that was modified for use on
FR data ( Fig. 2 d). To negate artifacts in results caused by

he edges of the HFR domain where it may seem that parti-
les suddenly stop or are lost, the domain of FTLE results used
as smaller than the domain of the inputted velocity field. As
ith the RPD results, the domain was shrunk by 3 km ( Fig. 3 ).

etermining integration time 
n calculating FTLE results, varying integration time will iden- 
ify transport features of different scales. As if fine tuning a
icroscope, features of a certain scale will come into focus as

he integration time is adjusted. This study is interested in the
cale of horizontal advective features that create ephemeral 
hytoplankton patches, therefore observations of phytoplank- 
on patches and surface currents were used to determine the
ntegration time of LCS calculations. To calculate the biolog- 
cal time-scale, the stationary glider was used ( Fig. 1 ). Glider
rofiles were determined as observing a phytoplankton patch 

r not. Consecutive profiles of phytoplankton patches were 
onsidered to be from the same phytoplankton patch. The av-
rage time of consecutive phytoplankton patch profiles was 
etermined to be the average time a phytoplankton patch re-
ains in the same geographic location, 6.2 h, and therefore is

he time-scale of the phytoplankton patches. To calculate the 
hysical time-scale, the HFR observed surface currents were 
sed. The autocorrelation of the HFR observed surface cur- 
ent velocities was calculated at each grid point in the HFR
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Figure 4 Example of LCS results plotted with 1 h of phytoplankton observations from the ACROBAT towed survey on 28th February at 14:00 GMT, (a) 
FTLE and (b) RPD. 
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eld and normalized to variance. Autocorrelation was then
veraged over each grid point of the same lag time. The time
hen the HFR observed surface current velocities decorre-

ated was defined as when the normalized autocorrelation
unction passed the e-fold scale: 5.5 h. This calculation was
epeated with starting times during various stages of the tidal
ycle and similar results were found each time. These results
re shown in Fig. 3 of Veatch et al. ( 2022 ) and follow methods
escribed therein. 
The physical and biological timescales of Palmer Deep

anyon reflect the strength of tidal influence in the sys-
em. Recent studies have shown the effect of tides on sur-
ace ocean particle trajectories (St-Onge-Drouin et al. 2014 ,
omez-Navarro et al. 2022 ) and the response of upper trophic

reatures (Adélie penguins) to shifts in tidal regimes in Palmer
eep Canyon (Oliver et al. 2013 ). Therefore, the tidal cycle

nfluence on particle dispersion, surface currents, and ecology
n this system is consistent with these studies. 

Based on this analysis, the integration time used for FTLE
alculations was 6 h, which approximates the decorrelation
ime scales of phytoplankton patches and surface current ve-
ocities. In the calculation of RPD, particles were not counted
n density calculations until 6 hours after their release. Unlike
PD, FTLE’s integrate over the particle’s trajectory in time,
eaning the maps of FTLE results produced at a timestamp

ncorporate trajectory data from the previous 6 h. 

atching LCS results to phytoplankton patches 

o compare the collocation of coherent structures and phy-
oplankton patches, results were matched in both space and
ime ( Fig. 4 ). LCS results are space and time dependent, and
roduce mapped results every hour. The observation time of
ach phytoplankton patch was rounded to the nearest hour
nd compared to that hour’s corresponding LCS field. Next,
ach ACROBAT profile was assigned an FTLE and RPD value
rom the nearest grid point to the ACROBA T profile’ s GPS lo-
ation. The ACROBAT profile was always within 500 m of the
earest FTLE and RPD point, which are on 1 km grids. The
TLE and RPD values of all ACROBAT profiles within the
ame defined phytoplankton patch were averaged into a patch
verage value. The same was done for each defined patch edge.
his resulted in each defined phytoplankton patch having one
verage patch center FTLE and RPD value and two average
atch edge FTLE and RPD values. Phytoplankton patch defi-
itions from the stationary glider were only used to calculate
ecorrelation scales and were not matched to LCS results to
implify the interpretation of results. 

reating a null model 
o evaluate the performance of the LCS overlap with the ob-
erved plankton patches, a null model was created to represent
 random distribution of patches. Within the bounds of the
CS results ( Fig. 3 ), the ACROBAT transect was randomly ro-

ated and translated along longitude, and randomly translated
long latitude. A total of 100 random transects were created
rom each of the 16 survey days, culminating in 1600 ran-
omly generated transects. The LCS values of each observed
hytoplankton patch could then be compared to the LCS val-
es of the 100 randomly generated versions of that patch. If
CS values of the observed patches were significantly greater

han the LCS values of the 100 randomly generated versions
f those patches, passing a one-sided Wilcoxon rank-sum test,
hen it was concluded that the observed patches were collo-
ated with a strong LCS. To visualize the difference between
bserved and randomly generated patch LCS values, the dif-
erence was taken between each observed patch LCS value
nd the average of the corresponding 100 randomly generated
atches. This was done for patch centers and patch edges. 

esults 

hroughout the 16 ACROBAT surveys, 40 distinct phyto-
lankton patches and 80 phytoplankton patch edges profiles
ere observed. These data were used to test the collocation of
hytoplankton patches in space and time with our two LCS
etrics (FTLE and RPD; Fig. 4 ). 

PD collocated with phytoplankton patches 

PD values had little difference between phytoplankton
atches observed by the ACROBAT and randomly generated
hytoplankton patches ( Fig. 5 a). The distributions of observed
nd randomly generated phytoplankton patch centers failed a
ne-sided Wilcoxon rank-sum test ( P = .8458) indicating that
he RPD values of the null model (randomly generated patch
enters) are not significantly less than the RPD values of the
bserved phytoplankton patch centers. The distributions of
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Figure 5 B o x and whisker plots of RPD values (a) and FTLE values (b) of phytoplankton patch centers and phytoplankton patch edges of observed (teal) 
and randomly generated (orange) phytoplankton patches. Boxes represent the interquartile range, whiskers represent the data range, outliers are plotted 
as + , the median of the data is shown with a horizontal line, and notches represent the confidence interval for the median. 
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observed and randomly generated phytoplankton patch edges 
also failed a one-sided Wilcoxon rank-sum test ( P = .9941) 
indicating that the RPD values of the null model (randomly 
generated patch edges) are not significantly less than the RPD 

values of the observed phytoplankton patch edges. 
The distribution of RPD is shifted slightly above zero. Al- 

though RPD is a relative amount, this was expected because 
the edges of the RPD were not used (section " FTLE ", Fig. 3 ),
negating the likely low RPD values right at the edge of the 
HFR domain. 

FTLE collocated with phytoplankton patches 

The FTLE values of observed phytoplankton patches were 
higher than the randomly generated null model ( Fig. 5 b).
The distributions of observed and randomly generated phy- 
toplankton patch centers passed a one-sided Wilcoxon rank- 
sum test ( P = .0034) indicating that the FTLE values of the 
null model (randomly generated patch centers) are signifi- 
cantly lower than the FTLE values of the observed phyto- 
plankton patch centers. The distributions of observed and 

randomly generated phytoplankton patch edges also passed 

a one-sided Wilcoxon rank-sum test ( P = 4 . 6017 × 10 

−6 ) in- 
dicating that the FTLE values of the null model (randomly 
generated patch edges) are significantly lower than the FTLE 

values of the observed phytoplankton patch edges. In Fig. 6 ,
the distribution of results is mostly positive, indicating that 
for most patch centers and patch edges the randomly gener- 
ated “background” FTLE values were less than the observed 

patch FTLE values. This signal was slightly stronger in patch 

edges than patch centers for all surveys, although this differ- 
ence was not significant (one-sided Wilcoxon rank-sum test,
P = .2661). This pattern holds when the phytoplankton center 
and edge data are combined and compared to the combined 

null model values, with the observed data having greater FTLE 

values with statistical significance (one-sided Wilcoxon rank- 
sum test, P = 1 . 1892 × 10 

−7 ). 
Differences between observed and randomly generated 

FTLE patch center and patch edge values were separated 

into “stratified surveys” and “mixed surveys.” The differ- 
nce between observed and randomly generated patch cen- 
er FTLE values for stratified surveys and mixed surveys 
re significantly different (one-sided Wilcoxon rank-sum test,
 = .0230) with higher FTLE values on stratified days. The
ame pattern holds for patch edges, with the difference be-
ween observed and randomly generated patch edges on strat- 
fied days having significantly higher FTLE value differences 
han those on mixed days (one-sided Wilcoxon rank-sum test,
 = .0013) ( Fig. 6 ). 

ase studies of FTLE on stratified and mixed days 

o better understand these results, four case study survey days
ere examined. They were designated as stratified well per- 

orming, mixed well performing, mixed poor performing, and 

tratified poor performing ( Fig. 7 ). Stratified, well performing 
urvey days such as 3rd March had long, thin FTLE struc-
ures that persisted for multiple hours ( Fig. 7 a). The ACRO-
AT observed phytoplankton patches on these narrow, persis- 

ent structures and observed no phytoplankton patches when 

he survey left these structures. 3rd March also had an average
aximum particle backscatter depth of 2.72 m, meaning that 
ost phytoplankton patches were close to the surface within 

he region where the HFR sampling is most accurate. This is
n contrast with the mixed, well-performing survey days such 

s 28th January which had round, short FTLE structures ( Fig.
 b) and an average maximum particle backscatter depth of
7.07 m. On survey days when large amounts of phytoplank-
on were observed, such as 28th January, there was enough
hytoplankton to fill the wider round structures more typical 
f mixed days and the phytoplankton patches were observed 

ithin the FTLE structures. This is shown in Fig. 8 (b) where
he 28th January survey has many occurrences of high particle
ackscatter, similar to the 3rd March survey. It was concluded 

hat an abundance of large phytoplankton patches is an im-
ortant prerequisite to a mixed survey having well-performing 
TLE. 
Mixed, poor-performing survey days such as 21st Febru- 

ry had very few FTLE structures within the survey region
 Fig. 7 d). Compared to the other three case study days, 21st
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Figure 6 B o x and whisker plots of the difference between FTLE values of observed phytoplankton patch centers and edges and randomly generated 
patch centers and edges of all surv e y s (left two box and whiskers), stratified surveys (middle two box and whiskers), and mixed surveys (right two box 
and whiskers). The horizontal line at zero difference separates the well-performing FTLE and patch matches abo v e the line, and poor performing FTLE 
and patch matches below the line. Boxes represent the interquartile range, whiskers represent the data range, outliers are plotted as + , the median of 
the data is shown with a horizontal line, and notches represent the confidence interval for the median. 

Figure 7 Four case study da y s of ACROBAT observed patch centers (filled circles) and patch edges scattered o v er FTLE results. Stratified day with high 
correlation between high FTLE values and phytoplankton patches (a), mixed day with high correlation between high FTLE values and phytoplankton 
patches (b), stratified day with low correlation between high FTLE values and phytoplankton patches (c), and mixed day with low correlation between 
high FTLE and high values and phytoplankton patches (d). 
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Figure 8 Histogram of (a) FTLE values matched in space and time with each ACROBAT profile observed during the four case study survey days in Fig. 6 
and (b) particle bac kscat ter observed by the ACROBAT integrated for each profile to the MLD of the four case study survey days shown in Fig. 7 . 
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February had many observations of low FTLE values ( Fig. 8 a).
It is important to remember that due to the nature of our def- 
inition of “phytoplankton patch” normalized to the survey 
day, there will always be phytoplankton patches defined in a 
given survey, even if there are no strong FTLE features. It was 
concluded that the lack of defined FTLE features was the rea- 
son this survey day had few phytoplankton patches collocated 

with FTLE defined attracting features. 
Stratified, poor performing survey days such as 24th Jan- 

uary were expected to perform well due to well-defined sur- 
face layers and shallow phytoplankton patches ( Fig. 7 c). In 

the case of the 24th January survey, it is suspected that low 

abundances of phytoplankton were the cause of the FTLE re- 
sults’ poor performance. In a histogram of integrated mixed 

layer particle backscatter (the proxy used to define “phyto- 
plankton patches”) observed during the ACROBAT surveys 
of our four case study days, 24th January has a high occur- 
rence of low mixed layer particle backscatter measurements 
( Fig. 8 b). Figure 8 (b) suggests that the phytoplankton dur- 
ing the 24th January survey were diffuse across the study re- 
gion, with many observations of low particle backscatter. Low 

phytoplankton levels could be because Palmer Deep Canyon 

had lower abundances of phytoplankton that day, or because 
our ACROBAT survey transect missed the FTLE features that 
were concentrating large amounts of phytoplankton. Again,
due to the nature of our definition of phytoplankton patch,
there were “patches” defined even though phytoplankton ob- 
servations were overall of low concentration. Many observa- 
tions of low phytoplankton suggests that the phytoplankton 

are not well concentrated, but diffuse throughout the study re- 
gion. On days when there are no attracting features or when 

the ACROBAT survey does not encounter any attracting fea- 
tures, this is expected. In contrast, the well-performing days 
have many occurrences of high phytoplankton, suggesting 
that there is enough phytoplankton biomass to be concen- 
trated into distinct patches. 

The poorer performance of FTLE on some survey days 
could be due to inhomogeneous currents in the surface layer, a 
lack of large phytoplankton patches on mixed days, a lack of 
strong attracting physical features, or likely some combination 

of these three. These four case studies demonstrate that FTLE 
p
idges tend to be narrower and more filament-like on strati-
ed surveys and wider on well-mixed surveys, and that surveys
ith low amounts of phytoplankton or FTLE do not show
hytoplankton patches to align as often with higher FTLE val-
es than surveys that have high amounts. 

iscussion 

oncentration of sparse food sources into discrete patches is
n important mechanism for the maintenance of coastal bio- 
ogical hotspots such as that in Palmer Deep Canyon. Using
almer Deep Canyon as a natural laboratory, this investiga- 
ion has determined the importance of physical advection in 

he distribution of plankton patches at the very base of the
ood web. LCS metrics, when applied carefully, can be used as
ools to elucidate the role of advective transport in complex
oastal regions. In this study, FTLE expounds the relationship 

etween HFR observed surface currents and phytoplankton 

atch location. The difference between single particle track- 
ng methods like RPD and paired particle tracking like FTLE
rovides a roadmap for when each metric is appropriate to
pply to coastal ecosystems. 

wo-dimensional assumptions in LCSs 

he use of LCS allows for the identification of ocean features
hat cannot be seen from velocity fields alone. LCS applied to
cean currents have the capacity to quantify underlying pat- 
erns in fluid trajectories that potentially concentrate marine 
esources in the ocean. However, there are limitations to these
CS, which must be thoroughly understood to properly apply 
etrics and interpret results. LCS must have the same dimen-

ionality as their input. In this study, two-dimensional velocity 
ata from three HFRs were used to calculate LCS, constrain-
ng resulting LCS to two dimensions at the ocean surface. Ad-
itionally, HFRs observe surface flow while phytoplankton 

atches can exist at variable depths. Below we explore the im-
lications of two-dimensional LCS in coastal regions and the 
epth of HFR measurements, demonstrating that these limi- 
ations do not impede this study’s ability to quantify phyto-
lankton concentrating features. 
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Pelagic, open ocean regions that are dictated largely by
eostrophic, two-dimensional flow have been the subject of
ast studies using LCS to identify patterns of phytoplank-
on transport (Lehahn et al. 2007 , Hernández-Carrasco et al.
011 , Huhn et al. 2012 , Li et al. 2015 , Lévy et al. 2018 , Liu
t al. 2018 ). In contrast, coastal regions are complicated by
ertical velocities creating a three-dimensional flow field. Ver-
ical velocities in our study region, Palmer Deep Canyon, are
mall compared to horizontal surface flow, especially given
he short residence time of the region. With an average res-
dence time of 2 days (Kohut et al. 2018 ) and an average ver-
ical velocity magnitude of 2.84 × 10 

−5 ms −1 between Jan-
ary and March (calculated from divergence in HFR), a free
rifting particle in Palmer Deep Canyon experiences on aver-
ge 4.9 m of vertical displacement during its ∼2 day residency
n the system. This average vertical displacement of 4.9 m is
ithin the average surface MLD of ∼20 m. Consequently, it

s reasonable to accept the two-dimensional LCS assumptions.
revious work has shown LCS in the open ocean associated
ith relatively strong vertical velocities at fronts (Mathur et al.
019 , Siegelman et al. 2020 ). In Palmer Deep Canyon, maxi-
um vertical velocities are around 0.405 × 10 

−3 ms −1 , which
s an order of magnitude smaller than maximum vertical ve-
ocities found at open ocean LCS by Siegelman et al. ( 2020 ) of
.15 × 10 

−3 ms −1 at fronts. Whereas LCS in the open ocean
an last for days, LCS in Palmer Deep Canyon have a lifespan
n 5 h on average, which is when the autocorrelation function
f FTLE results pass the e-folding scale, on average through-
ut the study domain and season. Vertical velocities associated
ith LCS in Palmer Deep Canyon are likely smaller due to the

hort lifespan of these features. 
There could be small vertical velocities not detected by the

 km resolution of the HFR data, likely more present on sur-
ey days designated as “mixed.” These vertical velocities al-
hough small in spatial scale may be large in magnitude, and
re more likely within strong gradients associated with den-
ity fronts. Such vertical velocities could have an impact on
hytoplankton (Mahadevan 2016 ). Our dataset cannot re-
olve these vertical velocities, exposing a limitation of the data
ather than of the two-dimensional assumption of the LCS
etrics. 
HFR measurements observed only the horizontal surface

ayer of the flow (Stewart and Joy 1974 , Paduan and Graber
997 ). For the HFR frequencies deployed in Palmer Deep
he surface measurement is within the upper 2 m of the wa-
er column. When the mixed layer is completely homoge-
eous, these measurements can be extrapolated to represent
he whole mixed layer. Use of HFR to calculate LCS has
ad some success in previous studies (Shadden et al. 2009 ,
ernández-Carrasco et al. 2018 , Fahlbusch et al. 2022 , Veatch

t al. 2022 ) extrapolating HFR data to represent the whole
ixed layer. In this study, phytoplankton patches were de-
ned by ACROBAT observed profiles integrated to the ob-
erved MLD. The sensitivity of the integration depth to patch
efinition was evaluated and described in greater detail in
upplementary material S3 . This analysis repeated patch def-
nition with a constant integration depth of 5 m, which is
loser to the effective depth of the HFR measurements (Stew-
rt and Joy 1974 ) than most MLDs (average MLD is 20.8 m).
owever, the same patterns were found with both integration

epths ( Figures S2 and S3 ), showing that the depth of integra-
ion (constant 5 m or variable mixed layer) did not affect our
onclusions. 
i  
Further, the physical and biological timescales of Palmer
eep Canyon are ∼6 h, within 1 h of each other, which is
ithin the time resolution that we expect the HFR and glider
ata ( Fig. 1 ) to observe. Matching physical and biological
ime-scales indicates that both the surface currents and the
hytoplankton patches are changing at the same rate, suggest-
ng that the main driver of change in phytoplankton patch
ocation is advection resolved by the HFR observed surface
urrents. This provides further confidence that LCS can quan-
ify a major mechanism of phytoplankton patch formation in
almer Deep Canyon. 

hytoplankton patch collocation with FTLE and RPD

CS values of observed patches in comparison to the null
odel (the randomly generated patches) suggest that higher

alues of FTLE results collocate with phytoplankton patches
ore often than higher values of RPD results ( Fig. 5 ). In as-

essing this result, it is important to note that the two LCS
etrics differ in several ways including single particle (RPD)

s. pair of particles tracking (FTLE), FTLE’s ability to incor-
orate rate of change, and FTLE’s flexible integration times. 
The fact that FTLE often collocate with phytoplankton

atches in Palmer Deep Canyon suggests that phytoplankton
re acting as free drifters in the surface layer. So then, why
o the particle trajectories of the RPD metric, which is de-
igned to track the accumulation of surface drifters, do such
 poor job of collocating with phytoplankton patches? Let us
egin with considering cases when simple particle trajectories
RPD) are useful for tracking free drifters. Seeding particles
here drifters are observed and running a trajectory back-
ards in time will track the source of those drifters, or when

he source is known, such as in an oil spill, particles released
t the observed source will track where those drifters accu-
ulate. However, in this study we seek to identify areas in the
FR observed surface current field that have stronger attract-

ng mechanisms than elsewhere in the field, without any added
nformation about the source or location of drifters (phyto-
lankton) in the LCS calculations. In this case, LCS calcu-
ated from relative positions of pairs of particles characterize
hese areas of attraction independent of particle initial posi-
ion, and dependent on the integrated backwards trajectories
f those particles. This concludes that simple particle trajec-
ories (RPD) are useful when the source or destination and
elative abundance of plankton is known, so particle releases
an be catered to location and density . FL TE are useful when
he source or destination is unknown and the entire flow field
s searched for attracting features. While single particle tra-
ectory methods such as RPD use simpler calculations, these
esults suggest that ecologists should take the time to use more
omplex, paired particle tracking such as FTLE when investi-
ating the role of physical advection in the spatial ecology of
hytoplankton. 
Where RPD only accounts for the location of the drifters

t one timestep, FTLE accounts for the velocity of the drifters
elative to other drifters, introducing a rate of change consid-
ration into the quantification of attraction (Haller 2015 ). The
ate of change (velocity) used in FTLE calculations incorpo-
ates additional information that the location-based calcula-
ions in RPD do not. Additionally, FTLE integrate over parti-
le trajectories giving each calculation a “memory” of the in-
utted integration time (6 h in this case, section " Determining
ntegration time ") (Haller 2015 ). Application of FTLE allows

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae036#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae036#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae036#supplementary-data


Quantifying the role of submesoscale Lagrangian transport features 11 

 

 

 

A
v  

d  

i  

s  

o  

d
(
a

 

t
a  

p  

s  

d  

l
w  

t
p

t  

i
p  

1  

s  

m  

v  

m
a  

c  

t
o  

r  

H
c  

t

C

O  

i
c
s  

r  

v
P
i
m  

t  

c
s  

l  

p

t
o  

w
(  

p
t  

i
t  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/doi/10.1093/icesjm
s/fsae036/7633546 by Louisville M

etro Public H
ealth and W

ellness user on 22 M
arch 2024
for the scale of the features that are transporting and concen- 
trating plankton in Palmer Deep Canyon to be elucidated (St- 
Onge-Drouin et al. 2014 ). The ability to determine this inte- 
gration time allowed us to calculate FTLEs that identified the 
scale of feature that we knew to be important in the system 

from our analysis. Both rate of change and integration con- 
siderations could contribute to their better performance, di- 
agnosing the underlying flow responsible for transport rather 
than following the flow field as the RPD analysis does. Such 

flexibility in FTLE calculations could make FTLE a power- 
ful tool in coastal systems when working with submesoscale 
features on subtidal scales and highly variable nonlinear flow.
Therefore, the improved performance of FTLE over RPD in 

aligning with observed phytoplankton patches suggests that 
processes that overlap with patches are best identified by the 
attraction of paired particles, not the absolute concentration 

of a field of released particles. 
It should be noted that this study does not account for bio- 

logical mechanisms of phytoplankton concentration, such as 
grazing pressure or growth. Because the growth period of phy- 
toplankton is greater than the residence time in Palmer Deep 

Canyon, growth rate was not considered (Kohut et al. 2018 ).
This study also assumes that phytoplankton are not limiting 
in Palmer Deep Canyon, meaning grazing pressure would not 
have a large effect on results. 

FTLE performance on patch centers and patch 

edges during stratified and mixed conditions 

For each survey, we mapped both phytoplankton patch cen- 
ters and edges to investigate if each LCS metric better aligned 

with specific regions of the patches. It was originally hypoth- 
esized that RPD would better align with patch centers while 
FTLE would better align with patch edges because the FTLE 

paired particle metric better characterizes boundaries between 

distinct modes of flow (Haller 2015 ) while RPD characterize a 
concentration of drifters (Oliver et al. 2019 ). The distinction 

between patch centers and patch edges investigates whether 
different transport mechanisms determine where the center of 
attraction (the patch center) vs. the extent or cut-off point 
of the phytoplankton patch. FTLE performed slightly better 
on patch edges than patch centers. This could be because the 
areas where particles diverge along a ridge, categorized by 
FTLE as strong coherent structures, separate water with dif- 
ferent phytoplankton levels. However, in this study the distri- 
bution of edge and center FTLE values were not significantly 
different. If there is a difference between edge and center it 
is likely that we would need to have a higher sample size to 

detect it. 
FTLE collocated with phytoplankton patches more often 

on stratified surveys than mixed surveys ( Fig. 6 ). Stratifica- 
tion in the upper water column will change the complexity of 
the surface flows over our study site. When the upper water 
column is strongly stratified, the surface layer will flow more 
independently of the subsurface, with little exchange between 

the two layers, setting up two-dimensional flow in the surface 
layer. Mixed conditions are more indicative of the surface and 

subsurface layers exchanging physical properties through ver- 
tical mixing. It was originally hypothesized that LCS would 

not perform well on a well-mixed water column because ver- 
tical velocities would invalidate the two-dimensional assump- 
tion of LCS. However, it was found that the vertical velocities 
in Palmer Deep Canyon were negligible at the studied scales.
dditionally, there was little difference between the vertical 
elocities over the ACROBAT survey on survey days that were
etermined as mixed and those that were determined as strat-

fied, 3.47 × 10 

−5 m s −1 for mixed days and 3.60 × 10 

−5 m
 

−1 for stratified days. This suggests that the better alignment
f FTLE and phytoplankton patches on stratified surveys was
ue to (1) homogeneous and inhomogeneous mixed layers or 
2) a biological response in the way phytoplankton patches 
re formed on mixed surveys. 

A mixed water column with a deep MLD may be indica-
ive slight differences in ocean velocities between the surface 
nd bottom of the mixed layer. Although these mixed layers
ass the definition of a mixed layer (Carvalho et al. 2017 ), the
urface waters where the HFR is observing the flow may be
ifferent than a few meters below the surface, still in the mixed
ayer, where the phytoplankton are experiencing the flow. This 
ould mean that on mixed days the HFR is less representa-

ive of the currents that are concentrating the phytoplankton 

atches. 
The four most mixed (smallest difference in density between 

he surface and 50 m) surveys had an average depth of max-
mum particle backscatter (the proxy used to define phyto- 
lankton patches) of 11.80 m with a standard deviation of
5.05 m, well below the few meters the HFR can safely ob-
erve. The four most stratified surveys had an average depth of
aximum particle backscatter of 2.97 m with a standard de-

iation of 1.98 m. This implies that on mixed days, where the
ixed layer may be less uniform, the phytoplankton patches 

re deeper in the mixed layer and are likely experiencing ocean
urrents that are not well resolved by the HFR data. Therefore,
he poorer match between FTLE and phytoplankton patches 
n mixed days is likely due to a limitation in observed data
ather than a limitation in the dimensionality of the FTLE.
owever, even on well-mixed survey days, FTLE still often 

ollocated with phytoplankton patches ( Fig. 6 ), just not as of-
en as they did on stratified surveys. 

onclusion 

ur analysis indicates that HFR derived FTLE can be used to
dentify concentrating mechanisms in biological hotspots with 

omplex submesoscale flows, validating their use in coastal 
ystems ( Fig. 5 ). Comparing the single particle tracking met-
ic (RPD) with the paired particle tracking metric (FTLE) pro-
ided a mechanistic understanding of how surface currents in 

almer Deep Canyon are transporting and locally concentrat- 
ng phytoplankton. The paired particle tracking metric (FTLE) 
ore often identified areas of the flow field where phytoplank-

on were being concentrated into patches. FTLE’s ability to in-
orporate rate of change, flexible integration times, and con- 
ideration of relative distance rather than final position al-
owed this metric to better capture the transport of phyto-
lankton. 
FTLE does a slightly better job at identifying phytoplank- 

on patch edges than centers, characterizing separatrices in 

cean currents that separate different ocean flow patterns as
ell as high phytoplankton from low phytoplankton areas 

 Fig. 6 ). However, the difference between patch edges and
atch centers was not significant, meaning that phytoplank- 
on patch edges and patch centers both collocate with FTLE-
dentified coherent structures, and therefore are likely main- 
ained by the same advective mechanisms. It was also con-
luded that the FTLE metric performs best when the water
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olumn is stratified, which is indicative of vertical velocities
nd heterogeneity in the mixed layer being at a minimum, and
hytoplankton patches closer to the surface within the sam-
ling domain of the HFR. This is when the two-dimensional
ssumption of the FTLE calculations is the most accurate
nd the phytoplankton patches are closer to the surface en-
bling the HFR data to best measure the flow that the colo-
ated phytoplankton are experiencing ( Fig. 6 ). FTLE collo-
ate with phytoplankton patches more often when the system
as a substantial amount of strong coherent structures ( Fig.
 a) and phytoplankton ( Fig. 8 b), meaning there are physical
eatures present to concentrate the phytoplankton and there
re large enough phytoplankton patches to fill the coherent
tructures. 

The novelty of this study’s application of LCS lies in the
cale at which these metrics are applied, looking for struc-
ures that organize plankton dispersion on the order of hours
ithin a few kilometers. This is the scale of the ocean at which

he krill and the forage fish are interacting with ocean flows
s they swarm, creating the prey availability central place
oraging penguins rely on in Palmer Deep Canyon (Oliver
t al. 2019 ). Results solidify the role of physical advection in
he concentration of phytoplankton patches in Palmer Deep
anyon on these short time-scales, suggesting this area is sus-

ained by delivery of phytoplankton through advection rather
han local growth. 

Further investigation of FTLE applied to coastal biological
otspots could inform ecosystem models by predicting bioac-
ivity from ocean currents. Findings will also broaden the use
f HFR data to locate areas of food web focusing, further-
ng our understanding of how coastal biological hotspots are
aintained. 
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hese data are available on GitHub ( https://github.com/Jacki
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he code used to calculate the biological and physical time-
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ch/SWARM _ scales ). All other code for analysis can be found
n GitHub ( https:// github.com/JackieVeatch/ SWARM _ analy
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