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Patchiness of plankton communities at fronts explained by Lagrangian
history of upwelled water parcels

Shailja Gangrade ©,"* Inés Mangolte ©*3

!Scripps Institution of Oceanography, University of California San Diego, La Jolla, California, USA
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Abstract

The transport of plankton by highly dynamic (sub)mesoscale currents—often associated with fronts and
eddies—shapes the structure of plankton communities on the same time scales as biotic processes, such as
growth and predation (days-weeks). The resulting biophysical couplings generate heterogeneities in their
finescale distributions (1-10 km), or “patchiness.” Here, we test the hypothesis that cross-frontal plankton
patchiness at a front found 200-250 km offshore in the California Current System was influenced by wind-
driven upwelling conditions upstream of the front. We show that in situ Eulerian measurements (cross-frontal
transects) can be interpreted in a Lagrangian framework by using satellite-derived current velocities to trace
water parcels backward in time to their coastal origins. We find that the majority of the water parcels sampled
at this front originated along the central California coast during different episodic wind-driven upwelling pulses
and followed various trajectories before converging temporarily at the front. In response to nutrient injections
at the coast, plankton communities transformed during their journeys from the coast to the sampling zone,
with a succession of phytoplankton and zooplankton blooms. The cross-frontal sampling captured the conver-
gence of these distinct water parcels at different points in their biological histories, which resulted in the
observed spatial patchiness. Our results suggest that identifying the processes controlling frontal plankton com-
munities requires understanding them in the context of their spatial and temporal histories. In particular,
Lagrangian approaches should be more widely applied to understand critical ecological patterns in highly
dynamic systems.

Marine plankton are passively drifting organisms of
immense ecological and biogeochemical importance in the
functioning of ocean ecosystems. Plankton spatial distribu-
tions are profoundly impacted by ocean currents, particularly
in regions of highly energetic mesoscale stirring. In stirring
features, such as fronts and eddies, horizontal current
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velocities can reach up to 50-80 km d~' (Barth et al. 2000;
McWilliams 2016; Zaba et al. 2021), resulting in transport over
long distances within a few days to weeks. Importantly, bio-
logical processes, such as growth, competition, or predation,
occur on similar time scales. Phytoplankton blooms, for
instance, can develop within a few days given adequate light
and nutrient availability, such as during spring blooms
(Lewandowska et al. 2015) or in upwelling filaments (Zaba
et al. 2021). Most mesozooplankton can complete a reproduc-
tion cycle in a few weeks (Eiane and Ohman 2004; Deibel and
Lowen 2012).

As a result, physical and biological processes are highly
coupled, often resulting in a high level of heterogeneity in bio-
logical properties on small spatial scales (1-10 km), or “patchi-
ness.” Disentangling the interacting roles of physics and
biology in driving plankton patchiness has been a central ques-
tion in ecology for many decades (Levin and Segel 1976; Mar-
tin 2003; McGillicuddy and Franks 2019). The processes driving
plankton diversity and community structure have similarly
been examined, with many studies showing the influence of
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bottom-up and top-down trophic interactions (Allen
et al. 2005; Dugenne et al. 2020; Mangolte et al. 2022), trans-
port (Wilkins et al. 2013), or a combination of all of these pro-
cesses (Clayton et al. 2013; Schmid et al. 2023). Lagrangian
studies have also explored how water parcels are connected
between remote regions (i.e., their “connectivity”) across differ-
ing spatial scales—from a single basin to the global ocean—and
how this connectivity influences various biological processes,
such as genetic similarity or larval dispersal (Wilkins et al. 2013;
Rossi et al. 2014; Jonsson and Watson 2016).

Recently, many studies have employed Lagrangian
approaches to describe how plankton communities transform
as they are transported, sometimes hundreds of kilometers in a
matter of days (Messié and Chavez 2017; Lehahn et al. 2018;
Messié et al. 2022). These approaches have shown that the
abundance of plankton is not only determined by their imme-
diate environment (e.g., temperature and nutrient concentra-
tion; Mousing et al. 2016; Tzortzis et al. 2021; Haberlin
et al. 2019), but is also shaped by the conditions experienced
during the previous weeks at different locations (d’Ovidio
et al. 2010; Gangrade and Franks 2023; Hernandez-Carrasco
et al. 2023). The first view—local environmental conditions
determine species abundance—can be likened to the classic
Eulerian concept of an “ecological niche.” This concept was
originally developed for terrestrial ecosystems and successfully
applied to the ocean on large scales (e.g., biogeochemical prov-
inces as in Longhurst (2006)). The second view—transport his-
tory shapes species distributions—is a Lagrangian concept,
relevant to small scales and specific to passively drifting marine
plankton. This concept has been described as “fluid dynamical
niches” (d’Ovidio et al. 2010): finescale plankton patchiness is a
moving mosaic of water parcels carrying different plankton
communities.

Here, we investigate the processes generating finescale
cross-frontal patchiness in plankton community structure in
an upwelling system, the California Current System (CCS).
In an Eastern Boundary Upwelling System (EBUS) such as the
CCS, wind-driven vertical nutrient injections at the coast
modulate biological variability at time scales ranging from
days to decades (Jacox et al. 2018; Messié et al. 2023), while
horizontal currents structure the ecosystem spatially by
advecting recently upwelled waters in filaments from the coast
to offshore (Chelton et al. 2011; Rossi et al. 2013; Zaba
et al. 2021). The California Current System is thus structured
by a cross-shore gradient: new production (primary produc-
tion resulting from nutrient inputs from outside the euphotic
zone, such as coastal upwelling) generally takes place inshore
while export takes place further offshore (Stukel et al. 2013;
Chabert et al. 2021). In addition to the small-scale circulation
(filaments and eddies), the California Current System is com-
posed of two main flow features: the California Current (CC),
an equatorward-flowing current of subarctic origin, and the
California Undercurrent (CU), a subsurface poleward-flowing

Lagrangian history explains patchiness

current of equatorial origin (Lynn and Simpson 1987; Bograd
et al. 2019).

We use the case study of a front in the southern California
Current System, characterized by an intense frontal jet and
horizontally converging flow (de Verneil et al. 2019), to
explore how coastal upwelling pulses propagate offshore
(Gangrade and Franks 2023) and generate plankton patchiness
(Mangolte et al. 2023) on time scales of a few weeks. We eval-
uate the relationship between plankton distributions and the
characteristics of water parcels based on two different frame-
works. First, we describe the water parcels by their in situ
hydrographic properties (the regional water-mass types derived
from temperature and salinity: CC or CU). Second, we
describe the water parcels based on their Lagrangian trajecto-
ries since upwelling (the water-mass history, derived from a
backtracking analysis). Our results show that both frameworks
give insights into the drivers of plankton community struc-
ture; however, the Lagrangian method provides a more
detailed understanding of the mechanisms generating local
finescale patchiness.

Data and methods

Cruise data

Biological and hydrographic measurements were collected
during the California Current Ecosystem Long-Term Ecologi-
cal Research (CCE LTER) Process Cruise P1208 in August 2012.
This cruise sampled an eddy-associated front, dubbed “E-
Front,” located approximately 200-250 km offshore of Point
Conception, California. This front was positioned between an
anticyclonic eddy to the west (offshore) and a cyclonic eddy
to the east (inshore) (de Verneil and Franks 2015; Stukel
et al. 2017). The cross-frontal sampling included two transects
(E1 and E2) with high horizontal resolution (3-5 km between
consecutive stations), conducted on August 4-5, 2012 and
August 20-21, 2012, respectively (Fig. 1).

At each transect station, a CTD (conductivity, temperature,
depth) vertical profile was recorded down to 350 m and
binned to 1-m vertical resolution, and water samples were col-
lected in Niskin bottles at discrete depths (5-6 levels between
0 and 100 m) on the ascent. The CTD rosette included a fluo-
rometer which measured in vivo chlorophyll a (Chl a) fluores-
cence. After the CTD cast, zooplankton samples were collected
with a 0.71-m diameter, 202-ym mesh vertical Bongo net tow
from O to 100 m. The plankton samples were later analyzed
using three different methods; the full dataset was described
in detail in Mangolte et al. (2023) (see their Fig. 2) and is sum-
marized here (Supporting Information Table S1). Flow cyto-
metry was performed on the Niskin bottle water samples (0-
100 m), producing the abundance (number of cells L™!') of
four taxa of pico-plankton (<2 um) identified by their
light-scattering properties. High-performance liquid chroma-
tography (HPLC) was performed on the surface Niskin bottle
samples; the concentrations of Chl a and accessory pigments
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E-Front Transect 1 - August 4-5, 2012
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Fig. 1. Maps of sea-surface temperature (SST in °C, color scale) and finite size Lyapunov exponents (FSLEs in d~', white contours) averaged over the
duration of E-Front Transect E1 (a) and Transect E2 (b). We used FSLEs to visualize the transport patterns creating convergent flow structures such as
fronts. FSLE contours represent values from 0 to —0.3 d~', in increments of 0.1 d~'. Green markers indicate the locations of the sampling stations in each
transect. Filaments of recently upwelled cold water were advected offshore via mesoscale stirring features (outlined by the FSLE contours) at various loca-

tions along the coast (e.g., at 38°N in Transect E2).

were measured and used to determine the contributions (per-
centage) of eight phytoplankton taxa relative to the total chlo-
rophyll (Goericke and Montoya 1998). Zooplankton samples,
collected from vertical Bongo nets, were preserved in 1.8%
buffered formaldehyde, and organisms were then identified in
the lab using the ZooScan semi-automated imaging system
(Ohman et al. 2012) with 100% manual validation, producing
the vertically integrated abundance (number of organisms
m?) of 15 groups of mesozooplankton.

Water-mass classification

We classified the waters sampled by the CTD as California
Current (CC) or California Undercurrent (CU) based on their
salinity and temperature values. We used criteria that were
defined by Zaba et al. (2021) using climatological measure-
ments from the California Underwater Glider Network. They
first identified the currents by their velocities (poleward for
the CU vs. equatorward for the CC) and then determined the
corresponding boundaries in temperature-salinity space. Thus,
waters saltier and warmer than the CU threshold were classi-
fied as CU, while waters fresher and colder than the CC
threshold were classified as CC. Waters with intermediate
salinity and temperature values were assumed to be composed
of a mixture of CC and CU water and were classified as MIX
(Supporting Information Fig. S1).

Statistical analysis of water-mass type and abundance
association

We combined the information on hydrographic classifica-
tions (CC, CU, or MIX) and plankton abundances to

determine whether plankton were preferentially associated
with a certain water mass. For phytoplankton and bacteria, we
used abundances and water-mass type classification at each
Niskin bottle depth. Because the Bongo nets generate verti-
cally integrated zooplankton abundances, we found it most
informative to relate the zooplankton distributions to the
dominant water-mass type in the sampled water column (0-
100 m). We defined this dominant water type as CC or CU if
more than 50% of the vertical bins were classified as such, and
MIX in other cases. The abundances of bacteria, phytoplank-
ton, and zooplankton in each water-mass type were first
examined qualitatively (Supporting Information Figs. S2-S5)
and Kruskal-Wallis tests were then used to determine whether
abundances among the three water-mass types were statisti-
cally different.

Water-parcel tracking

We advected the water parcels backward in time from ini-
tial locations (i.e., each transect station), using the following
equations:

x(t+Af) =x(t) +u(x,y,t) x At,
y(t+A) =y(t)+v(x,y,t) x At.

(1)
(2)

Instead of a positive At, we applied a At=-1d and itera-
tively computed x and y for the 2 months (66 d) preceding the
transect date. We limited the backtracking to 2months
because the contribution of stirring and mixing to water-mass
property changes is likely to be smaller than the contribution
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of advection for this duration. We used a 2D advection
scheme with surface velocities because upwelled waters par-
cels are likely to stay near the surface for this duration. We
used the “GLOBCURRENT” velocity product from the Coper-
nicus Marine Environment Monitoring Service (CMEMS;
https://doi.org/10.48670/mds-00327), which consists of sur-
face zonal and meridional velocities (u(x,y,f), v(x,y,t)) with a
1-d temporal resolution and a 0.25° horizontal resolution.
When water-parcel locations (x,y) fell between grid points, we
linearly interpolated the GLOBCURRENT gridded velocity
product to obtain (u(x,y,t), v(x,y,t)) at each location along the
trajectory. The velocities include a geostrophic component
(derived from satellite altimeter measurements) and a wind-
driven Ekman component at Om and 15m depth, derived
from the wind stress from the ERA reanalysis (Rio et al. 2014).
We selected the 15-m Ekman component because it is more
representative of the movement of the euphotic layer, which
was measured to be 60-70m during this same cruise (Stukel
et al. 2017), than the 0-m component. Additionally, we used
backward-in-time finite-size Lyapunov exponents (FSLEs) to
visualize transport patterns creating convergent flow struc-
tures such as fronts. The FSLEs represent the exponential rate
of separation (when calculated forward-in-time) or conver-
gence (when calculated backward-in-time) of water-parcel tra-
jectories. The FSLEs, obtained from Aviso + (https://doi.org/
10.24400/527896/a01-2022.002), were calculated with a final
separation distance of 0.6° and advected by altimetry-derived
velocities (d’Ovidio et al. 2004).

Random parcel seeding

To estimate the uncertainty associated with these trajecto-
ries (primarily caused by the coarse 0.25° spatial resolution of
the velocities, representing approximately two velocity data
points in each 50 km transect), we performed the backtracking
for 100 parcels seeded randomly within a 0.0625° (approxi-
mately 5 km) radius around each transect station. The dis-
tance between stations ranged between 1 and 10 km, with an
average of about 5 km. We then described the presumed
upwelling conditions experienced by the waters sampled at
each station based on this ensemble of possible trajectories.

Upwelling pulses

Wind-driven upwelling pulses were determined from the
Coastal Upwelling Transport Index (CUTI; Jacox et al. 2018),
which is defined in 1° latitudinal bands. We defined anoma-
lies relative to the temporal average of the CUTI during the
study period (June to August 2012). Upwelling pulses were
defined as short periods (typically a few days) of positive CUTI
anomalies. Large positive anomaly values indicate strong
upwelling pulses that are expected to upwell high-nutrient
waters from below the euphotic zone and generate a strong
biological response.

Lagrangian history explains patchiness

Upwelling conditions upstream of the front

We used the backward-in-time trajectories and Coastal
Upwelling Transport Index (CUTI) values along the California
coast to determine how many days before being sampled at
the front a water parcel had experienced an upwelling pulse,
and the intensity of that pulse. First, we determined whether
each sampled water parcel was in the coastal region influenced
by wind-driven upwelling (i.e., within 25 km of the coastline;
Huyer 1983) in the 2 months before sampling. Next, for par-
cels with coastal origins, we determined whether the parcel
experienced an upwelling pulse. If it did, we recorded the loca-
tion (latitude, longitude, and date) of the water parcel when it
was last at the coast during an upwelling pulse; these coordi-
nates thus represented the parcel’s temporal and spatial origin.
Finally, we characterized a parcel’s upwelling pulse using two
criteria: (1) the intensity of the upwelling pulse (Coastal
Upwelling Transport Index anomaly) at the parcel’s origin and
(2) the water parcel age since the upwelling pulse (i.e., the
time elapsed between the origin date and the frontal sampling
date, in days). We followed this procedure for all 100 points
seeded around each transect station.

Results

Distribution of water masses and Chl a across the front

In the upper 100 m, the eastern (inshore) side of the
front was composed of primarily CU waters while the western
(offshore) side was composed of primarily CC waters (Fig. 2).
The interface between the water masses, where water-mass
mixing occurred, was composed of a 2-15 km wide layer of
MIX waters. While this MIX layer persisted for at least the
duration of the cruise (approximately 1 month), its geometry
changed between the two transects, which were sampled
2 weeks apart. During the first transect (E1, Fig. 2a), the MIX
water layer between the CC and CU water masses was tilted
across the front, with CU waters extending offshore below the
CC waters (and vice versa: CC waters extending inshore above
CU waters). During the second transect (E2, Fig. 2b), the MIX
layer was mostly vertical, with the exception of an intrusion
of offshore CC waters into inshore CU waters below the sur-
face (30-70 m).

The distribution of Chl a fluorescence (Fig. 2, hatched con-
tours) across the front was closely related to the distribution of
the water masses. Generally, CC waters contained less Chl a
than CU waters. Most strikingly, small patches of high Chl
a were associated with MIX waters at the interface between
CC and CU waters. This visual pattern was then confirmed by
the results of a Kruskal-Wallis statistical test summarized in
Table 1, where statistically significant associations are indi-
cated by “X,” and taxa with a weak association with a water
mass (identified qualitatively, but without passing the
Kruskal-Wallis tests) with “x.” The geometry of the Chl a pat-
ches was closely aligned with the boundaries between the
water masses, consistent with a coupling of hydrographic and
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Fig. 2. Vertical sections (0-100 m) across the front from west (offshore, on the left) to east (inshore, on the right) of water masses for Transect E1 (a)
and Transect E2 (b). Cyan, magenta, and yellow colors indicate California Current (CC), California Undercurrent (CU), and Mixed (MIX) waters, respec-
tively. Here, the frontal interface coincided with the MIX waters (yellow). Hatches show the position of chlorophyll a patches (fluorescence > 1 V). Vertical
black lines indicate the position of the CTD stations, with the station number colored by the majority water-mass type on the top x-axis.

biological properties. In the next section, we investigate this
coupling in more detail by looking at the individual phyto-
plankton and zooplankton taxa.

Distribution of plankton taxa across the front

We analyzed the spatial distribution of 23 plankton taxa
(including bacteria, phytoplankton, and zooplankton) across
the front to characterize their relationship with water-mass
type. We found that spatial distribution across the front varied
by taxon; bacteria, phytoplankton, and zooplankton were not
necessarily co-located in space in terms of abundance (Fig. 3).
This cross-frontal patchiness and variability both within and
across transects prompted us to investigate the association of
each taxon with water-mass type.

We considered that a given taxon was consistently associ-
ated with CC or CU if it had a significantly higher abundance
in that water-mass type for the two transects conducted
2 weeks apart during the cruise. We found that eight taxa
(chlorophytes, cryptophytes, dinoflagellates, pelagophytes,
prymnesiophytes, heterotrophic bacteria, rhizaria, and ptero-
pods) were consistently associated with CU waters, and one
taxon (Prochlorococcus) was consistently associated with CC
waters in both transects (Table 1, upper rows).

The remaining taxa (n = 14) did not have a consistent asso-
ciation with a single water-mass type (CC or CU) and displayed
a range of patterns (Table 1, bottom rows). Ostracods were asso-
ciated with MIX waters in both transects, while the 13 other
taxa exhibited time-dependent water-mass associations.
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Table 1. Association between plankton taxa and water-mass types.
Different market indicate different associations: X = statistically signif-
icant association; x = minor association; — = no association. The
upper rows (Chlorophytes to Prochlorococcus) indicate taxa that were
consistently associated with a single water-mass type (CC or CU),
while the bottom rows (Chlorophyll a fluorescence to Other crusta-
ceans) indicate taxa that were not consistently associated with a sin-
gle water-mass type. The full results of the Kruskal-Wallis tests are
provided in Supporting Information Tables S2 and S3.

CcC MIX cuU
Taxa E1 E2 El E2

Chlorophytes — — — —
Cryptophytes — — — —
Dinoflagellates — — — —
Pelagophytes — — — —
Prymnnesiophytes — — — —

m
ity
m
N

Heterotrophic bacteria — — — —
Rhizaria — — — —

X X X X X X X X
X X X X X X X X

Pteropods — — — —

Prochlorococcus X X — —

Chlorophyll a — — X X
fluorescence (0-100 m)

Ostracods — — X X — —
Diatoms — — — X — —
Synechococcus — —

X
Pico-eukaryotes — — X — — —
Appendicularians — — X
Chaetognaths — — X
Cnidarians — — X
Doliolids — X — — X _
Copepods — — X — — X

(Calanoids, Oithona, others)

Polychaetes — — X — _
Euphausiids — — % — _
Other crustaceans — — X — _

CC, California Current; CU, California Undercurrent; MIX, Mixed.

Doliolids were associated with CU waters in E1, but CC waters
in E2; three copepod taxa, polychaetes, euphausiids, and other
crustaceans were associated with MIX waters in E1, but with CU
waters in E2. The remaining taxa were associated with a particu-
lar water mass in only one transect, with no statistically signifi-
cant association in the other: pico-eukaryotes, Synechococcus,
chaetognaths, cnidarians, and appendicularians were associated
with MIX waters in E1 only; diatoms were associated with MIX
waters in E2 only (Supporting Information Tables S2, S3).

While the distributions of some plankton taxa were
explained by the local water-mass type (consistent association
with either CC or CU), the majority were not. In the next sec-
tions, we explore the possibility that the water-mass history
(through a Lagrangian approach) could provide an alternative
explanation.

Lagrangian history explains patchiness

Horizontal convergence of water masses at the front

Here, we examine the origins of the water parcels sampled
across the front to investigate how wind-driven coastal
upwelling upstream of the front drove temporal and spatial
biological variability across the front.

Geographic origins

Our backward-in-time tracking showed that waters sampled
during both E1 and E2 had variable geographic origins
(Fig. 4). While almost all the stations contained waters that
originated at the coast in the 2 months before sampling
(Supporting Information Table S4), the origin locations varied.
Waters sampled in E1 originated from a broad stretch of the
coast (from 34°N to 39°N, about 500 km), while the waters
sampled in E2 originated in a narrower region (34°N to 36°N,
about 200 km). Thus, for both transects, water parcels sampled
within 25 km of each other at the front were hundreds of kilo-
meters apart 2 months earlier. The lengths and geometries of
parcel trajectories from the coast to the transect locations were
also variable: water parcels sampled on the offshore side of the
transects generally had long, meandering trajectories, while
water parcels sampled on the inshore side of the transects gen-
erally had shorter, more direct trajectories to the front (Fig. 4).

Temporal origins: Upwelling pulses

Water parcels sampled at the frontal transect sites also origi-
nated at the coast at different times. For simplicity, we assumed
that water parcels originating in the coastal region during an
upwelling pulse were upwelled from depth. Remarkably, despite
the fact that upwelling pulses only occurred 40-50% of the
time (Fig. 5), our backtracking analysis revealed that almost all
the water parcels sampled during the cruise originated at the
coast during an upwelling pulse (Supporting Information
Table S4). Some of the sampled parcels were upwelled much
more recently than others: the median ages (times since upwell-
ing) ranged from 8 to 51 d for Transect E1, and from 11 to 43 d
for Transect E2 (Fig. 6). For E1, the inshore stations tended to
contain more recently upwelled water than the offshore sta-
tions (Fig. 6a). However, counter-intuitively, for E2, the oldest
waters (median age = 43 d) were found at the two most inshore
stations (E2 Stas. 1 and 2), while the other stations contained
more recently upwelled water with median ages ranging from
11 to 15 d (Fig. 6b). We discuss this apparent discrepancy fur-
ther in the next section. Finally, we found that the intensities
of the upwelling pulses were variable along the coast, with the
Coastal Upwelling Transport Index anomaly ranging from
approximately O to 1.8 m?s~'(Figs. 5, 6).

Relationship between upwelling and water masses

The distributions of CC and CU waters across the front
were related to their geographic and temporal origins during
upwelling pulses. The data collected during the Transect E1
supported the typical scenario of subsurface nearshore CU
waters being entrained first upward (into the euphotic zone
by upwelling) and then offshore by transport (Zaba
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Fig. 3. Cross-frontal abundances, normalized by the maximum abundance for each taxon in each transect, of select bacteria, phytoplankton, and zoo-
plankton taxa in Transect E1 (@) and Transect E2 (b). Top x-axis and vertical black lines indicate locations of the stations for each transect, and coloring
of transect station numbers correspond to water-mass type as defined in Fig. 2 (cyan for California Current [CC], magenta for California Undercurrent
[CU], and yellow for Mixed [MIX]). The color of each plotted line represents a specific taxon.

et al. 2018). The water parcels with short, direct trajectories
between coastal upwelling sites and the transect location
(E1 Stas. 10-13) retained a CU temperature-salinity signature,
while parcels with long, meandering, offshore trajectories
(E1 Stas. 1-9) mixed with CC waters, leading to their classifica-
tion as MIX, and CC for the oldest water parcels (Figs. 2, 4).
Data from E2, however, indicate a more complicated sce-
nario. E2 included recently upwelled water parcels (with very
short and direct trajectories from the coast) that were classified
as CC (E2 Stats. 5-10). Conversely, some older water parcels

with long meandering trajectories were classified as CU
(E2 Stats. 1-2, Figs. 4, 6). Some trajectories can be seen
meandering strongly between offshore and coastal regions
(Fig. 4); this suggests that CC waters may have first been
brought from offshore into the coastal regions and then were
advected offshore again along with newly upwelled waters.

Biological history along water-parcel trajectories
We investigated the relationship between the age of an
upwelled water parcel and the plankton community found
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Fig. 4. Trajectories of water parcels sampled across E-Front Transect E1 (a) and Transect E2 (b) in the 2 months before sampling. Trajectories were com-
puted from backward-in-time advection, using a velocity field that includes a geostrophic and a 15-m depth Ekman component. Filled circles show the
locations of the sampled stations, with each station consisting of a CTD (conductivity, temperature, depth) cast and a Bongo net tow. For each station,
the back-trajectories of 100 points, randomly seeded in a 5-km radius around the actual station, were computed. The colors of each circle and trajectory

pathline correspond to the dominant water-mass type of the water parcel

when it was sampled (as defined in Fig. 1). The light gray region outlined by

the dotted line indicates the coastal upwelling region, which encompasses the coastal region within approximately 25 km of the coastline. The blue and

magenta arrows show the approximate position and direction of the Califo

within this water parcel. We defined the “biological history”
of a water parcel as the relationship between its age (defined
as time since upwelling) and abundances of key planktonic
taxa within that water parcel. By combining the trajectories of
water parcels of different ages, we reconstructed the biological
histories of these water parcels between the upwelling pulse
(at the coast) and sampling (at the transects). Since we found
no relationship between plankton abundance and upwelling
pulse intensity (Supporting Information Figs. S6-S8), we

3-d pulse at 35°N

rnia Current [CC] and California Undercurrent [CU], respectively.

assumed that all upwelling pulses generated a similar biologi-
cal response.

We found that the abundances of diatoms and copepods
exhibited the clearest relationship with age since upwelling,
with peaks at about 15 and 30 d, respectively, after a water
parcel experienced an upwelling pulse (Fig. 7). This succession
is consistent with the well-known trophic dynamics of these
two taxa. In this region, diatom doubling times are only a few
days under nutrient-rich conditions (Sarthou et al. 2005),
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ses are highlighted (gray-shaded regions), illustrating upwelling variability in
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Fig. 6. Upwelling conditions experienced by the ensemble of trajectories for each sampled station of Transect E1 (a) and Transect E2 (b). Box plots
show the interquartile range of age since upwelling pulse in days (left y-axis, with outliers indicated by black x-markers). Box plots and transect station
numbers are colored by the majority water-mass type at each station. Green filled circles indicate the median upwelling intensity, calculated as the
Coastal Upwelling Transport Index (CUTI) anomaly, when parcels were at the coast (right y-axis in green).

though times may vary depending on the exact nutrient and
diatom species present. Copepods, which are among the main
predators of diatoms, can complete a reproduction cycle in
28 d (Eiane and Ohman 2004). Thus, we interpreted this suc-
cession of abundance peaks as a diatom bloom in response to
the upwelling pulse, followed by a copepod bloom in response
to the increase of their food supply. The other taxa showed
more complex relationships between abundance and age,
which, due to higher uncertainties regarding their food-web
dynamics and growth rates, prevented us from deriving robust

interpretations of the influence of the upwelling pulses (see
Supporting Information “Biological responses of non-diatom
and non-copepod taxa” section and Figs. S6-S8).

Discussion

In this study, we sought to investigate the influence of
wind-driven coastal upwelling on the finescale plankton com-
munity structure observed across a front. We first attempted
to relate the ecosystem structure to the hydrographic
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Fig. 7. Relationship between plankton abundance and time since upwelling for diatoms (prey) in green and copepods (predator) in blue. Each marker
represents one station (triangles for Transect E1, circles for Transect E2). The green and blue lines represent the locally weighted scatterplot
smoothing (LOWESS) fits (f = 0.75) for the diatom and copepod abundances respectively. The gray shaded regions indicate the 95% confidence interval
for each LOWESS fit. The vertical dashed line in magenta indicates the typical copepod generation time (28 d). Plankton illustrations: Freya Hammar.

properties of water (the water-mass type, CC or CU), relying
on previous literature that established that CU waters are gen-
erally recently upwelled while CC waters are found offshore.
However, we found that the explanatory power of this
approach was limited: many plankton taxa were either found
at the interface between the two water masses, or they did not
have a consistent association with a particular water-
mass type.

We then used a Lagrangian approach to describe the history
of the water parcels by backtracking each parcel to its origin.
Our results from this approach demonstrated a consistent story
(Fig. 8). Intermittent increases in alongshore wind generated
short upwelling pulses every week or so, transporting deep,
nutrient-rich waters into the euphotic zone in the coastal
region. These water parcels were then advected offshore, follow-
ing distinct trajectories until they reached the front where they
were sampled. During this advection, the plankton community
carried by each water parcel transformed in response to nutrient
injections, experiencing a succession of phytoplankton and
zooplankton blooms. Eventually, various distinct water parcels
were brought together by the horizontally convergent flow at
E-Front. Because the water parcels were generated by different
upwelling pulses (i.e., at different dates and locations along the
coast), they contained plankton communities at different stages
of maturity since upwelling (i.e., young parcels were dominated
by phytoplankton, and older parcels dominated by zooplank-
ton). However, because they converged at the front, they were
located very close to one another in space (within the 25 km
sampled by an in situ transect). Thus, the horizontal conver-
gence of water parcels of different ages since upwelling
(and thus different plankton communities) created finescale

variations in the distribution of plankton abundances across
the front, thus the generation of cross-frontal plankton
patchiness.

The critical mechanisms underlying cross-frontal plankton
patchiness have been previously discussed in other studies;
however, they are often treated—and analyzed—separately.
These key concepts can be summarized by the following three
points: (1) a front is a mosaic of distinct water parcels brought
together by convergence; (2) plankton patchiness can be
explained to only a limited extent by hydrographic properties;
and (3) plankton communities transform while they are
advected by currents, particularly in response to nutrient
injections. Below, we discuss how these ideas have been
applied in previous literature and conclude that combining
these concepts within a Lagrangian framework provides us
with a more holistic view of physical-biological interactions at
ocean fronts.

Refining our view of finescale patchiness at ocean fronts

We found that E-Front was very patchy on small spatial
scales (approximately 1-5 km). The front was composed of a
mosaic of water parcels contrasting in terms of biology
(i.e., the plankton community), hydrography (i.e., the water-
mass type derived from temperature and salinity), and history
(i.e., the origin and trajectory).

Our conclusion thus extends and complements previous
findings about fronts in the California Current System. For
instance, Mangolte et al. (2023) demonstrated the existence of
sub-frontal-scale plankton patchiness at multiple fronts in the
CCE, including E-Front. Furthermore, de Verneil et al. (2019),
by inferring water-mass histories from finite size Lyapunov
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Fig. 8. Schematic representation of the biological transformation taking
place in upwelled water parcels and their subsequent convergence at a
front. The longer trajectory (left) originates in the north during an upwell-
ing pulse that occurs 50 d before sampling, and the shorter trajectory
(right) originates in the south during an upwelling pulse that occurs 20 d
before sampling. Along each trajectory, nutrients, phytoplankton, and
zooplankton concentrations peak in succession, resulting in two very dif-
ferent communities sampled during the cross-frontal transect. lllustration:
Peter |. S. Franks and Freya Hammar. Icons: Freya Hammar (plankton) and
Woods Hole Oceanographic Institution (ship).

exponents, showed that water parcels with different biological
and hydrographic signatures converged at E-Front. By integrat-
ing both the approaches and data presented in Mangolte et al.
(2023) and de Verneil et al. (2019) for E-Front, we have shown
that cross-frontal plankton community structure was well
explained by upstream and along-trajectory factors.

These results challenge the traditional representation of a
front as either a well-defined, localized boundary between two
distinct biogeochemical provinces (Mousing et al. 2016;
Tzortzis et al. 2021), or as a homogeneous patch of enhanced
productivity that emerges from a (typically) less productive
background (Allen et al. 2005; Taylor et al. 2012; Mangolte
et al. 2022). These views are generally associated with a focus
on the local processes that control plankton community struc-
ture: in the first view, the two provinces contain different
plankton communities because of the different environmental
conditions (e.g., temperature, nutrients, light, etc.), while in

Lagrangian history explains patchiness

the second view the productive patches are explained as a
response to vertical processes, such as an enhanced nutrient
supply or an increased exposure to light due to restratification
(Mahadevan 2016; Lévy et al. 2018). In the California Current
System, which already has very shallow mixed layers
(Franks 2015), the restratification mechanism is unlikely to play
a role. While the contribution of frontal nutrient supply is
impossible to quantify without dedicated measurements, we
emphasize the role of the horizontal circulation that brings
together plankton communities with distinct origins, and
influenced by earlier conditions. We were thus able to explain
the observed plankton patchiness by invoking only upwelling
dynamics and Lagrangian backtracking. It should be noted that
the California Current System contains additional sources of
nutrients farther offshore, mainly generated by finescale pro-
cesses (such as the frontal circulation [Li et al. 2012; Kessouri
et al. 2020] or eddy pumping [Gaube et al. 2013; Chenillat
et al. 20135]). However, these sources appear to have influenced
plankton patchiness at E-Front to a much smaller extent than
horizontal transport from the coastal upwelling zone.

Integrating local hydrographic properties and Lagrangian
dynamics

In a coastal upwelling system, ecosystem variability can
often be explained by the variability in upwelling itself; this
hinges on the idea that vertical transport of nutrient-rich
waters at the coast stimulates primary production, which in
turn fuels biomass of higher trophic levels (Chavez and
Messié 2009; Checkley and Barth 2009). However, the path-
ways through which wind-driven upwelling influences the
ecosystem involve both physical (particularly, horizontal cur-
rents) and biological (growth and predation) processes that are
often difficult to disentangle. In this study, we attempted to
explain the underlying drivers of plankton community struc-
ture using two approaches that connected a given water parcel
to wind-driven coastal upwelling.

In the first approach (applying a water-mass type associa-
tion), we based the connection between biology and hydrog-
raphy on the following assumption: water parcels with a CU
signature were likely more recently upwelled than water par-
cels with a CC signature, and thus CU waters likely contained
higher nutrient concentrations more recently than CC waters.
However, our results showed that the assumptions underlying
this first approach were too simplistic, especially at very small
spatial scales. For example, recently upwelled water may have
acquired a CC signature by mixing with offshore waters that
had recirculated inshore. Thus, we learned that we needed to
understand the Lagrangian trajectories of each individual
water parcel to better analyze the relationship between their
hydrographic and biological signatures.

Therefore, in the second approach, we used a Lagrangian
backtracking analysis to explicitly describe the upwelling con-
ditions experienced by a given water parcel. We found that
the timing and location of upwelling influenced the biological
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history of each water parcel, and that qualitatively describing
a water parcel as “recently upwelled” (as was the case with the
first approach) was not precise enough to explain biological
patterns. For example, we found that two CU water parcels
may have been accurately described as “recently upwelled,”
but if 20 d had elapsed since upwelling for the 1°* one and
50d for the 2™ one, they would have had very different
plankton communities (Fig. 8). The location and intensity of
upwelling may have also affected the concentration and com-
position of nutrients available (Jacox et al. 2018). For example,
dissolved iron supply, which exerts a bottom-up control on
phytoplankton biomass, varies spatially along the coast,
depending on factors such as shelf width, degree of sediment
resuspension, and riverine inputs (Till et al. 2019; Forsch
et al. 2023). These processes may drive some biological patchi-
ness, which has been seen with diatoms across fronts
(Brzezinski et al. 2015). Indeed, investigating the effects of ini-
tial nutrient concentrations and composition would require
dedicated analyses that, while beyond the scope of this study,
should receive further attention.

Overall, our results showed that in order to understand the
drivers of plankton structure in a highly dynamic system, a
local, hydrographic description of the water masses is not suf-
ficient: all CU waters are not biologically equivalent, and
sometimes CU water parcels can have more in common
(in terms of biology) with a CC water parcel than another CU
water parcel. The division of ocean basins into water masses,
or biogeochemical provinces, is a powerful tool to understand
large scale patterns of biodiversity (Longhurst 2006). However,
at smaller spatiotemporal scales, this question is more appro-
priately addressed through a Lagrangian approach that
describes the history of the water parcels.

The Lagrangian history: A powerful framework to
understand plankton community structure

In this study, we found that the spatial structure of plank-
ton communities is better explained by a Lagrangian metric
like time since upwelling than by the hydrographic properties
of the water parcel. Thus, analyzing the Lagrangian history of
biological data allows for a more comprehensive view
of plankton ecosystem dynamics.

Many studies, using a variety of approaches, have similarly
investigated how plankton communities carried by horizontal
currents transform in response to an initial nutrient injection,
driven by coastal upwelling or by other processes. For
instance, empirical studies have taken advantage of iron fertil-
ization experiments to explore how phytoplankton blooms
develop in response to a natural or artificial iron source (Boyd
et al. 2007; Robinson et al. 2014; d’Ovidio et al. 2015), while
retentive eddies give a unique glimpse into the transformation
of a virtually isolated plankton community over a few weeks
or even months (Lehahn et al. 2011; Chenillat et al. 2015).

Other studies have wused growth-advection models—
validated by in situ observations—to describe how chlorophyll

Lagrangian history explains patchiness

and zooplankton patches are generated downstream of a
nutrient source (Lehahn et al. 2017; Messié and Chavez 2017;
Ser-Giacomi et al. 2023). Lagrangian approaches can also help
elucidate the physical mechanisms driving phytoplankton
blooms, such as nutrient injections driven by finescale turbu-
lence (Hernandez-Carrasco et al. 2023), or iron enrichment
driven by interactions with islands (Della Penna et al. 2018) or
seamounts (Sergi et al. 2020).

Conclusion

In this study, we employed a novel Lagrangian framework
based on empirical data (in situ sampling and satellite observa-
tions) and water-parcel backtracking to demonstrate that the
observed plankton patchiness across a front in the California
upwelling region can be explained by distinct biological histo-
ries along converging trajectories.

This framework allows us to explicitly employ the dimen-
sion of time, thus challenging the static view of fronts and
underscoring the notion that in order to identify the processes
driving frontal plankton communities, we must view them as
responses to their spatial and temporal histories rather than
solely resulting from local frontal dynamics. For instance, the
many frontal studies in the California Current System (includ-
ing the present study and others referenced above) show that
even superficially similar fronts located in the same region can
be driven by completely different processes (e.g., nutrient
injections by the frontal vertical circulation or horizontal
transport from the coastal upwelling), and that more effort
should be directed toward identifying these processes.

Thus, we encourage the widespread adoption of Lagrangian
approaches such as satellite-based backtracking analyses,
modeling studies, or dedicated in situ sampling strategies
aimed at collecting data along water-parcel trajectories. The
inclusion of these Lagrangian approaches will be beneficial to
research efforts aimed at gaining a better understand of the
mechanisms generating and maintaining biodiversity in
the ocean, especially at small scales.

Data availability statement

The satellite-derived data used for our analyses and/or figures
can be downloaded from the CMEMS website (https://marine.
copernicus.eu/) and the Aviso + website (https://www.aviso.
altimetry.fr/en/home.html). The velocity dataset is cataloged
here: https://doi.org/10.48670/mds-00327. The sea-surface tem-
perature dataset is cataloged here: https://doi.org/10.48670/
moi-00169. The finite-size Lyapunov exponent (FSLE) dataset is
cataloged here: https://doi.org/10.24400/527896/a01-2022.002.
The P1208 cruise data are available on the CCE LTER Datazoo
website  (https://oceaninformatics.ucsd.edu/datazoo/catalogs/
ccelter/datasets) or from the Environmental Data Initiative
(searchable through the ezCatalog: https://ccelter.ucsd.edu/
data/). The Coastal Upwelling Transport Index data are avail-
able here: https://mjacox.com/upwelling-indices/.
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