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ABSTRACT OF THE DISSERTATION

Plankton patchiness at mesoscale fronts and filaments: drivers, dynamics, and implications in
the California Current System
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In the California Current System (CCS), mesoscale features such as fronts and filaments
horizontally stir planktonic communities, generating heterogeneity in their spatial and temporal
distributions, or “patchiness.” Planktonic biomass and community structure have also been found
to be nonuniform within the flow features themselves, often in correlation with water-mass

properties such as temperature and salinity. But due to high horizontal velocities (50-80 km d!)
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along fronts and filaments, the transit times of waters within a flow feature (a few days) are
shorter than the timescales required for significant biological community changes (several days
to weeks). Given this strong lateral advection, mesoscale flow features must contain distinct
plankton patches that propagate along their jets, and these patches must be predominantly
structured by processes occurring at their upstream origins. However, few studies have
investigated the underlying dynamics and upstream controls that lead to plankton patchiness at
mesoscale fronts and filaments, and so this hypothesis remains largely untested.

In this dissertation, I used a diverse suite of hydrographic and biological measurements
from satellite and field sampling to characterize spatiotemporal patterns in hydrographic and
plankton patchiness at (across and along) mesoscale fronts and filaments in the CCS. I also
developed and employed a Lagrangian particle backtracking method to investigate the relative
contribution of physical and biological mechanisms in structuring the observed patchiness.

I found that mesoscale fronts and filaments are highly advective systems that act as
conduits of different water masses with distinct planktonic communities. “Plankton patches” are
entrained into fronts or filaments, where they can converge with other patches and advect along a
jet. Distinct plankton patches, with nonuniform community structure and biomass, are shaped by
fluctuations in upstream wind-driven upwelling intensity and source-water nutrient
concentrations, as well as biological processes—such as growth, grazing, and iron limitation—
that occur along Lagrangian trajectories. A combined Eulerian-Lagrangian approach is needed to
appropriately characterize and interpret planktonic patchiness in mesoscale fronts and filaments,
which are fundamentally non-steady-state systems. These findings help us to identify the
physical-biological dynamics that structure biological productivity and diversity, ecological

hotspots, and carbon export in Eastern Boundary Upwelling Systems.
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INTRODUCTION

Upwelling and hydrography in the California Current System
In the California Current System (CCS), an Eastern Boundary Upwelling System

(EBUS), wind-driven upwelling is temporally and spatially dynamic (Chelton, 1982). Coastal
upwelling, driven by alongshore equatorward winds, occurs within a narrow (approximately 25-
km wide) band along the coast (Huyer, 1983; Jacox & Edwards, 2012; Rykaczewski &
Checkley, 2008), while regions of wind-stress curl upwelling can extend up to 200—300 km
offshore (Pickett & Paduan, 2003). Upwelling intensifications and relaxations due to
modulations in wind stress can result in fluctuations in coastal flow direction as well as shifts in
biogeochemical properties, such as nutrient and phytoplankton concentrations, of coastal waters
(Checkley & Barth, 2009; Melton et al., 2009; Rykaczewski & Checkley, 2008).

The CCS is composed of distinct water masses with different hydrographic and
biogeochemical properties. These water masses originate from subarctic, subtropical, and
tropical regions (Bograd et al., 2019; Thomson & Krassovski, 2010; Tomczak & Godftrey, 2003).
While the regional-scale water-mass composition of the CCS can vary over several years
(Bograd et al., 2015; Bograd et al., 2019), there is a persistent presence of two dominant water-
mass features: the California Current (CC) and California Undercurrent (CU). The CC transports
relatively fresh, nutrient-poor waters equatorward, while the CU transports relatively salty,
nutrient-rich waters poleward (Lynn & Simpson, 1987). The CU is found inshore of the CC and
its core is centered within 50—150 km of the coastline and at 50200 m depth, varying seasonally
(Gay & Chereskin, 2009; Lynn & Simpson, 1987; Rudnick et al., 2017; Todd et al., 2011; Zaba
et al., 2018). During the upwelling season, waters can originate from source depths near the CU

core (Chhak & Di Lorenzo, 2007; Meinvielle & Johnson, 2013).



Plankton patchiness: Characteristics and drivers

In the CCS, the distribution of planktonic communities is nonuniform in space and time;
therefore, it is often described as “patchy.” The biomass and community structure of
phytoplankton —photosynthetic unicellular organisms forming the base of oceanic food webs—
are often regulated by multiple physical, biological, and chemical forcings, and their interactions.
Bottom-up effects such as the availability of temperature, light, and nutrients regulate
phytoplankton growth and biomass (Goericke, 2011b; Tilman, 1977). Top-down processes such
as grazing by zooplankton and forage fishes (e.g., sardine and anchovy) can decrease
phytoplankton concentrations (Calbet & Landry, 2004; Rykaczewski & Checkley, 2008). In
some cases, viruses can attack phytoplankton cells, leading to mortality (Kolody et al., 2019).
These processes together enact biological controls on phytoplankton patchiness.

The spatiotemporal distribution of nutrients is a key bottom-up driver of phytoplankton
patchiness. Phytoplankton rely on both macronutrients, such as nitrate (NO3), and
micronutrients, such as iron (Fe), to conduct the cellular and enzymatic processes critical for
photosynthesis, respiration, and growth. While these nutrients are often supplied by the
upwelling of nutrient-rich waters from depth into the euphotic zone where photosynthesis can
take place, in some waters, these nutrients can also be limiting. For example, NOs is often
depleted in well-lit surface waters and is also found in low concentrations in offshore regions of
the CCS (King & Barbeau, 2011), due to rapid uptake by phytoplankton (Eppley & Renger,
1986). Moreover, dissolved Fe concentration constrains both phytoplankton growth and biomass
and is generally low in the CCS (King & Barbeau, 2007; King & Barbeau, 2011). Supplies of Fe
are predominantly modulated by continental shelf width, benthic boundary layer waters, and
riverine inputs (Chase et al., 2007; Elrod et al., 2004). Furthermore, the availability of both

macro- and micronutrients can depend on preformed concentrations within source water masses



that are advected into the region, reflecting the importance of upstream controls (Bograd et al.,
2019; Fiechter & Moore, 2024; Forsch et al., 2023).

Both the supply and composition of nutrients have important implications for
phytoplankton community composition and photophysiology. Cyanobacteria, primarily
Synechococcus and Prochlorococcus, are small prokaryotes (cell diameter < 1.5 um) that
dominate communities in low-nutrient waters in this region (Goericke, 2011a, 2011b; Taylor et
al., 2012). In contrast, diatoms are large (lengths > 10-500 um) and often chain-forming
eukaryotes that dominate high-nutrient waters in this region (Goericke, 2011a, 2011b; Van
Oostende et al., 2015). Other phytoplankton, such as prymnesiophytes (which include
coccolithophorids) and dinoflagellates (a diverse taxon of often bloom-forming cells) make up
heterogeneous communities throughout the CCS (Venrick, 2002). In their chloroplasts, these
phytoplankton utilize protein complexes called photosystems with light-harvesting pigments
such as chlorophyll a (Chl-a) to conduct photosynthesis. The functionality of these photosystems
differs among taxa and is often sensitive to nutrient stress (Behrenfeld & Milligan, 2013;
Campbell et al., 1998). Because Chl-a is the main light-harvesting pigment used by
phytoplankton, Chl-a fluorescence and concentration are often used as proxies for phytoplankton
biomass. The quantum yield of photosystem II can be estimated by the ratio of variable to
maximal fluorescence (Fy/Fi) in cells and measured using fast repetition rate fluorometry
techniques, yielding estimates of the photochemical efficiency and photophysiological status of
phytoplankton cells (Falkowski et al., 2004; Gorbunov & Falkowski, 2022; Schuback et al.,
2021).

Zooplankton, which include a wide range of unicellular and multicellular organisms with

different reproductive and feeding strategies, are also found in patchy distributions, and this



patchiness is often driven by patchy food supplies. Copepods and euphausiids are important
consumers of large phytoplankton and exhibit high abundances in waters with high
phytoplankton concentration in this region (Lara-Lopez et al., 2012; Ohman et al., 2012). Some
pelagic tunicates (e.g., salps and pyrosomes) are also prolific grazers of small phytoplankton and
can be abundant in the CCS (Lavaniegos & Ohman, 2003; O'Loughlin et al., 2020). Zooplankton
distributions thus often covary with phytoplankton distributions, though zooplankton are also
patchy vertically. Many zooplankton exhibit diel vertical migration, in which organisms remain
at depth during the day and migrate toward the surface during the night—mainly to avoid visual
predators (Ohman, 1990). Vertical habitat use of zooplankton also varies with cross-shore
distance in the CCS (Matthews & Ohman, 2023). Such variability in zooplankton vertical
distribution can also affect their horizontal distributions. Zooplankton community composition
and spatiotemporal distributions also depend on factors beyond food supply, including the
combined effect of bottom-up and top-down forcing (i.e., wasp-waist dynamics), as well as
climate conditions (Di Lorenzo & Ohman, 2013; Lilly & Ohman, 2021; Lindegren et al., 2018).

Horizontal stirring of plankton patches

While there are multiple interacting and co-occurring controls on plankton patchiness in
this region, previous studies have shown that mesoscale (spatial scales of 10—100 km) and
submesoscale (spatial scales of < 10 km) plankton patchiness is predominantly shaped by the
coupling of biological processes and horizontal stirring (Lévy et al., 2018; Mahadevan, 2016;
Martin, 2003). In the CCS, horizontal stirring is regulated by a mosaic of mesoscale physical
features, such as fronts, filaments, and eddies. These stirring features typically persist and slowly
evolve over weeks to months (Brink, 1992; Nagai et al., 2015; Strub et al., 1991; Zaba et al.,
2021) and thus are robustly detected by both in situ sampling and satellite remote sensing (Barth

et al., 2005; Ryan et al., 2005). Planktonic communities are transported within these features,



with different types of plankton sometimes dominating different features, generating an
ecological landscape known as “fluid dynamical niches” (d'Ovidio et al., 2010). The types of
plankton forming these niches are set by initial environmental conditions, and different flows
containing different niches can be subsequently stirred together or apart by mesoscale turbulence
(Lévy et al., 2015). Because these transient mesoscale flow features occur nonuniformly along
the California coast (Marchesiello et al., 2003), they contribute to the patchy distribution of
plankton, often generating conspicuous “tendrils” or “pockets” of high Chl-a (i.e., phytoplankton
biomass) (Barth et al., 2005; Hood et al., 1990).

Plankton communities are also nonuniformly distributed within the stirring features
themselves. Velocities along these flow features are often 50-80 km d-! (Barth et al., 2000;
Kosro & Huyer, 1986; Zaba et al., 2021). So, while these mesoscale features appear relatively
stationary for weeks, sometimes with slight westward propagations, the waters they contain
move through them rather quickly—usually within days. Given the short transit times of waters
through relatively longer-lived hydrographic features, we would expect that plankton patches
would similarly propagate along the jets of these features. Patchy distributions of plankton have
indeed been observed in fronts, filaments, and eddies in the CCS (Chenillat et al., 2016; de
Verneil et al., 2019; Keister et al., 2009). And so here, I describe the general physical and
biological characteristics of fronts, filaments, and eddies and briefly explain how they might
contribute to plankton patchiness.

Fronts

Fronts, defined as regions of high horizontal density gradients, can form at the boundaries
of distinct water masses. In the CCS, mesoscale fronts often form at the interface between
counter-rotating eddies (Ohman et al., 2013; Stukel et al., 2017) and at the abutment between

mesotrophic upwelled waters and oligotrophic waters of offshore or equatorial origins (Landry et



al., 2009). Strong fronts also form at the boundaries between California Current and California
Undercurrent waters (Zaba et al., 2021).

Distributions of biological communities at and across fronts exhibit several different
patterns. In many cases, fronts are sites of locally enhanced biomass within the frontal zone
distinguishing high-Chl-a frontal waters from relatively low-Chl-a surrounding waters (Claustre
et al., 1994). Biological enhancement at these “peak fronts” (Mangolte et al., 2023) is thought to
be driven by vertical fluxes of nutrients into the euphotic zone generated from strong horizontal
frontal density gradients (Li et al., 2012). Such fronts have also been observed to attract higher
trophic level predators (Belkin, 2021; Prants, 2022). In contrast, fronts can also act as boundaries
between distinct biological communities associated with different biogeographical domains.
These “transition fronts” (Mangolte et al., 2023) thus exhibit strong across-front gradients in
planktonic community composition and organic matter (e.g., marine snow) (Gastauer & Ohman,
2024; Lara-Lopez et al., 2012; Ohman et al., 2012; Powell & Ohman, 2015). In some cases,
biologically rich waters from remote locations can converge into frontal zones, in which primary
production is additionally fueled by nutrient injections within the front (de Verneil et al., 2019)
and structured by along-front processes (de Verneil & Franks, 2015).

Filaments

Filaments are also flow features characteristic of the CCS, and they can develop in a
variety of ways. Submesoscale filaments, often defined as a central density maximum or
minimum across the axis of flow, tend to rapidly develop between eddies and are usually
elongated and weakly energetic, with widths < 10 km (Lapeyre & Klein, 2006; McWilliams et
al., 2009; McWilliams & Fox-Kemper, 2013). In the CCS, some slightly larger, mesoscale
filaments (widths ~50 km) can develop as meanders from the broader California Current and are

usually associated with the boundary between the current and a cyclonic eddy (Brink, 1992).



These types of filaments were extensively studied during the Coastal Transition Zone (CTZ)
experiments conducted in the 1980s. With the advent of satellite technology to measure sea
surface height, temperature, and chlorophyll, CTZ experiments explored waters in these
filaments and distinguished them from inshore and offshore waters (Huyer et al., 1991; Strub et
al., 1991), finding filaments to carry cold, high-chlorophyll waters offshore (Hood et al., 1991).
Brink et al. (1992) concluded, however, that some “cold filaments” were not closely coupled to
wind-driven coastal upwelling processes. However, filaments occurring close to the coast,
inshore of the California Current, are indeed associated with upwelling. These upwelling
filaments tend to form at coastal headlands (Abbott & Barksdale, 1991), during or shortly after
upwelling events (Cravo et al., 2010). Upwelling filaments are associated with relatively cold
sea-surface temperatures, high surface Chl-a concentrations, and high offshore-flowing velocities
(Forsch et al., 2023; Zaba et al., 2021).

Eddies

Mesoscale eddies are circular current features that exist on horizontal scales of < 100 km
and timescales of approximately a month. These eddies, which are primarily generated from
baroclinic instabilities in the upwelling jet in the nearshore CCS, trap fluid parcels and transport
them offshore (Chenillat et al., 2016; Chenillat et al., 2015; Marchesiello et al., 2003; Nagai et
al., 2015). Cyclonic and anticyclonic eddies also tend to form at the offshore ends of filaments,
limiting offshore transport within the filaments themselves; however, some filament waters can
continue to move offshore in westward-propagating eddies (Strub et al., 1991). Eddy-driven
upwelling, or eddy pumping, of nutrients into the euphotic zone leads to increased primary
productivity associated with cyclonic eddies (McGillicuddy et al., 2003; McGillicuddy et al.,

2007). In contrast, eddies can also contribute to a suppression of biological productivity,



particularly in coastal regions of EBUSs, through the lateral or downward transport of waters
rich with unused nutrients (Chenillat et al., 2016; Damien et al., 2023; Gruber et al., 2011).

Ecological implications of patchiness

The strong lateral advection of biological material facilitated by mesoscale features can
affect ecosystems in a variety of ways. Fronts, filaments, and eddies have been shown to
transport organic carbon, which is a large component of living organisms and detritus, from
nearshore to offshore regions (Amos et al., 2019; Chenillat et al., 2015; Kosro et al., 1991; Nagai
et al., 2015). These features can also transport coastal species offshore, while advecting oceanic
species nearshore (Mackas & Coyle, 2005). Furthermore, coastally sourced nutrients can be
redistributed offshore, generating areas of localized production offshore (Legaard & Thomas,
2006) that can act as “hotspots” for higher trophic level organisms (Palacios et al., 2006). These
modifications in the distribution of organic material by mesoscale features lead to persistent
spatial patterns in productivity and export within pelagic and benthic ecosystems, as detailed
below.

Spatial decoupling of new and export production

Long-term ecosystem monitoring in the CCS has facilitated the study of persistent,
regional-scale ecological variability that is mediated by strong mesoscale advection.
Observations and data from the California Current Ecosystem Long-Term Ecological Research
(CCE LTER) program, as well as modeling experiments, have revealed that there is a spatial
decoupling of coastal new production (production supported by nutrient inputs from outside the
euphotic zone) and export production (production exported below the euphotic zone) (Chabert et
al., 2021; Kelly et al., 2018; Stephens et al., 2018; Stukel et al., 2011). These studies have found
low export production relative to new production in nearshore regions, leading to the hypothesis

that mesoscale advective features not only structure biological patchiness but also transport new



production offshore, where the ratio of new production to export production is closer to one
(Plattner et al., 2005). While we know filaments and eddies transport biologically rich waters
away from the coast (Chenillat et al., 2015; Nagai et al., 2015), we do not fully understand how
such across-shore flows mediate these productivity and export patterns, especially when waters
transported along these flow features are potentially patchy in space and intermittent in time.

Ecological hotspots and climate implications

Characterizing the spatiotemporal patchiness of new and export production has important
implications for both pelagic and benthic ecosystems, as well as oceanic carbon sinks. Knowing
the spatial and temporal scales of phytoplankton patchiness at fronts, filaments, and eddies can
help predict or diagnose ecological hotspots that may act as feeding grounds for commercially
and ecologically important species of fishes (Ryther, 1969), seabirds (Ballance et al., 1997;
Russell, 2024), and marine mammals (Barlow et al., 2008). Knowing the contributions of fronts,
filaments, and eddies to carbon export can also help elucidate the spatial and temporal scales of
ocean-mediated sinks of atmospheric carbon: inorganic CO; is converted into organic carbon by
phytoplankton, and some fraction is eventually exported from the euphotic layer. This export has
important impacts on deep-sea ecosystems and food webs (Tecchio et al., 2013). Sinking
phytoplankton and fecal pellets are important food sources for benthic organisms (Rathburn et
al., 2001; Smith et al., 1996; Turner, 2015). Characterizing the patchiness of this supply can help
constrain models of benthopelagic coupling and further highlight how broad ecosystem patterns
may be mediated from the bottom-up by phytoplankton patchiness in mesoscale stirring features.

Lagrangian approaches to investigate controls on patchiness

While static snapshots of the CCS clearly show spatiotemporal plankton patchiness, such
measurements obtained using an Eulerian framework are not sufficient for describing how

patchiness develops and how it may change in an advective flow field. Within such a stationary



sampling framework, questions remain as to the origins, pathways, and transformations of
plankton patches. One powerful way to resolve these dynamics is to incorporate a Lagrangian
framework, which follows the trajectories of individual fluid parcels in space and time (van
Sebille et al., 2018), thus removing the contributions of physical advection to transformations of
the planktonic communities being observed. The use of Lagrangian trajectories can also expand
the spatiotemporal dimensions at which we can analyze physical and biogeochemical
processes—beyond the coordinates of in situ sampling. Using Lagrangian frameworks, previous
studies have estimated changes in biological variables as water masses age (Chabert et al., 2021)
and are advected across shore (Messi¢ & Chavez, 2017). By tracing biological processes in
tandem with advection, ecological hotspots can be identified (Messié et al., 2022).

By taking a Lagrangian view of plankton patchiness, we can ask: What drives plankton
patchiness within (across and along) a mesoscale flow feature (e.g., a front or filament)? Three
main hypotheses stem from this question.

The first hypothesis—the “Boundary Condition Hypothesis”—is that differences in
boundary conditions (e.g., upstream initial conditions) generate patches with different properties.
This could result from time-dependent fluctuations in properties at a stationary boundary (or
origin). This sub-hypothesis is referred to later in this dissertation as the
“Pulsatile Patch Hypothesis.” An additional sub-hypothesis is that differences in boundary
conditions could result from spatial variability in properties along a boundary, which would lead
to water parcels with different geographic origins having different initial conditions. In both
cases, distinct patches, generated by fluctuating (at a point) or spatially distinct boundary

conditions, converge and are advected along a flow feature, resulting in spatial gradients in
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properties across and along the axis of flow. This concept is also known as the advection-
reaction framework.

The second hypothesis—the “Lagrangian Reaction Hypothesis”—is that reactions occur
within individual water parcels, or patches, resulting in the time-dependent evolution of plankton
patches as they are advected. This would result in a changing concentrations of a hypothetical
tracer C in a water parcel based on its net reaction rate (), which includes both sources and sinks
of C. Time-varying concentrations driven by internal dynamics within a patch that is advected
would generate spatial patchiness along the axis of flow.

The third hypothesis—the “Stationary Patch Hypothesis”—is that a spatially stationary
process or reaction (e.g., a nutrient injection) leads to the appearance of a spatially stationary
patch. While tracer C (i.e., plankton) in water parcels are advected along a flow feature, the
sources and sinks of C, described by the net reaction rate r, are stationary relative to this flow;
therefore, the patch is stationary. Depending on how this patch is sampled in space and time, this
process could generate the appearance of patchiness across and (or) along a flow feature.

Ultimately, patchy distributions of plankton result from all these hypothesized
mechanisms, which occur contemporaneously. In this dissertation, we explore the relative
contribution of these mechanisms to observed plankton patchiness in mesoscale fronts and
filaments.

Objectives

The objectives of this dissertation are to:
1. Characterize the spatiotemporal patterns of hydrographic and plankton patchiness at
mesoscale fronts and filaments in the California Current System.
a. Quantify the temporal and spatial scales at which transport of phytoplankton

through fronts and filaments is intermittent in time and patchy in space.
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2. Investigate the relative contributions of physical and biological mechanisms in
structuring plankton patchiness along and across fronts and filaments.

a. Determine how the variability in nutrient and phytoplankton content of waters
at the source of fronts and filaments varies with wind-driven coastal
upwelling.

b. Determine how along-front or along-filament advection contributes to
variability in the spatial distribution and community structure of
phytoplankton and zooplankton.

c. Determine how planktonic communities evolve along Lagrangian trajectories.

Dissertation outline

Chapter 1 of this dissertation, “Phytoplankton patches at oceanic fronts are linked to
coastal upwelling pulses: observations and implications in the California Current System,”
investigates phytoplankton patchiness along an eddy-associated front. Patches of elevated
phytoplankton concentration were found to have developed at the coast during distinct wind-
driven upwelling pulses and then advected into the frontal system, transiting along the front
within 3—4 days. In this chapter, I employ an advection-reaction framework to demonstrate the
dominant role of advection in structuring patchiness, relative to the weaker contribution of
biological reactions such as phytoplankton growth and grazing.

Chapter 2 of this dissertation, “Patchiness of plankton communities at fronts explained by
Lagrangian history of upwelled water parcels,” is a study conducted with co-first-author Ines
Mangolte. In this study, we show that water parcels with distinct planktonic community
composition across an eddy-associated front in the CCS (same frontal system as Chapter 1),
originated at the coast during episodic wind-driven upwelling events. Different water parcels

followed widely different trajectories before converging temporarily at this front. Planktonic
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communities in these water parcels transformed during their journeys into the front, with a
succession of phytoplankton and zooplankton blooms. We emphasize the utility of Lagrangian
approaches that allowed us to show that fine-scale spatial patchiness in planktonic communities
can be driven by a patchwork of water parcels at different points in their biological histories.

Chapter 3 of this dissertation, “Salinity is diagnostic of maximum potential chlorophyll
and phytoplankton community structure in an Eastern Boundary Upwelling System,” derives an
explanation for persistent relationships of phytoplankton community composition and Chl-a with
salinity and nitrate in this region. In this chapter, I quantify the relationship between salinity and
the maximum potential Chl-a (MPC) concentration of a water parcel, using nitrate concentration,
a carbon to chlorophyll ratio, and the Redfield ratio. I explain cases in which the MPC is and is
not reached, discussing scenarios in which Fe-limitation reduces observed Chl-a. I ultimately
demonstrate that phytoplankton patchiness is fundamentally linked to hydrographic patchiness,
through the correlation of nitrate with salinity. Therefore salinity, which is more easily measured
than nutrients, is diagnostic of critical ecological dynamics.

Chapter 4 of this dissertation, “A salinity-age framework for describing variability in
phytoplankton community structure and photophysiology within coastal upwelling filaments”
describes spatiotemporal patterns in hydrographic and biological properties associated with
coastal upwelling filaments in the CCS. In this chapter, I demonstrate that distinct phytoplankton
communities within different water masses can converge in filaments, generating across-filament
patchiness in phytoplankton community structure, photophysiology, and Chl-a. I also show that
planktonic communities evolve along filaments, and changes in Chl-a and phytoplankton
photochemical efficiency are consistent with growth-grazing dynamics and Fe-limitation. By

tracking changes in Chl-a and photochemical efficiency in water of different salinities over time
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(with age), I can predict the spatial and temporal scales at which export is likely occurring, thus
diagnosing ecological conditions in the CCE using a replicable pseudo-Lagrangian strategy.

To conclude this dissertation, I describe how the main findings from each chapter fit
within the Eulerian-Lagrangian framework of the controls on patchiness (i.e., Boundary
Condition Hypothesis, Lagrangian Reaction Hypothesis, and Stationary Patch Hypothesis). I
explore the ecological implications of the results and summarize how this dissertation could be
used to characterize how planktonic ecosystems in EBUSs respond to changes in biological,
chemical, physical, and climate forcings. Finally, I discuss future work that could be done to

refine our understanding of biological patchiness in dynamics mesoscale flow fields of EBUSs.
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Chapter 1: Phytoplankton patches at oceanic fronts are linked to coastal upwelling pulses:
Observations and implications in the California Current System

1.1 Abstract

Locally enhanced biological production and increased carbon export are persistent
features at oceanic density fronts. Studies often assume biological properties are uniform along
fronts or hypothesize that along- and across-front gradients reflect physical-biological processes
occurring in the front. However, the residence times of waters in fronts are often shorter than
biological response times. Thus, an alternate—often untested—hypothesis is that observed
biological patchiness originates upstream of a front. To test these two hypotheses, we explore an
eddy- associated front in the California Current System sampled during two surveys, separated
by 3 weeks. Patches of high phytoplankton biomass were found at the northern ends of both
surveys, and phytoplankton biomass decreased along the front. While these patches occurred in
similar locations, it was unclear whether the same patch was sampled twice, or whether the two
patches were different. Using an advection-reaction framework combined with field and satellite
data, we found that variations in along-front gradients in dissolved oxygen, particle biovolume,
and salinity support the conclusion that the two phytoplankton patches were different. They were
only coincidentally sampled in similar locations. Backward- and forward-in-time tracking of
water parcels showed that these phytoplankton patches had distinct origins, associated with
specific, strong coastal upwelling pulses upstream of the front. Phytoplankton grew in these
recently upwelled waters as they advected into and along the frontal system. By considering both
local and upstream physical-biological forcings, this approach enables better characterizations of
critical physical and biogeochemical processes that occur at fronts across spatial and temporal

scales.
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1.2 Introduction

Oceanic density fronts, regions of high horizontal density gradient, are well-known to be
sites of enhanced biological activity (Claustre et al., 1994; Franks, 1992; Marra et al., 1990;
Yoder et al., 1994) and carbon export (Stukel et al., 2017). Recent studies of frontal systems in
the California Current Ecosystem (CCE), a region forced by coastal wind-driven upwelling, have
examined cross-frontal gradients of biological and hydrographic properties (Landry et al., 2012;
Powell & Ohman, 2015; Stukel et al., 2017). These studies have shown that phytoplankton
patchiness at fronts is often associated with enhanced nutrient fluxes along tilted isopycnals,
which lead to local phytoplankton blooms as nutrient-rich waters enter the euphotic zone of the
front (Levy et al., 2018; Li et al., 2012; Stolte et al., 1994). Patchiness of zooplankton and
mesopelagic fish at and across fronts are often directly correlated with enhanced phytoplankton
concentrations, and fronts can act as transitional boundaries of abundance and (or) community
composition of organisms (Lara-Lopez et al., 2012; Ohman et al., 2012; Powell & Ohman,
2015). Plankton patchiness in the frontal zone is generally thought to be maintained by physical-
biological processes occurring at the front, including bottom-up and top-down controls on
phytoplankton communities (Li et al., 2012). For instance, Li et al. (2012) found that diapycnal
nutrient fluxes combined with reduced microzooplankton grazing contributed to net growth and
accumulation of phytoplankton at a frontal system in the CCE. Complex physical and
biogeochemical processes are expected to occur at density fronts in the CCE, spanning a wide
range of spatial and temporal scales. As a result, characterizing the active, passive, and reactive
processes (Levy et al., 2018) that lead to biological patchiness at fronts is exceedingly difficult.
In particular, these processes are seldom quantified—or even considered—in the along-front

direction, despite strong along-front velocities (0.5-0.8 m s™!) at fronts and other upwelling-

16



associated jets and filaments in the California Current System (Barth et al., 2000; Kosro &
Huyer, 1986; Zaba et al., 2021).

Many studies of fronts have simplified frontal dynamics by assuming that (i) single or
repeated cross-frontal transect(s) are representative of the physical-biological processes along the
front, and that (ii) fronts can be interpreted as being in a steady state in the along-front direction.
For instance, Franks and Walstad (1997) simulated phytoplankton patch formation at a model
front due to transient wind events, aligned either along or against the frontal jet, that occurred
over a few days. While they showed that physical processes—such as episodic wind events—
may intensify phytoplankton patchiness at fronts, they did not consider any variation in
properties along the axis of the front. Their simulation thus omitted any effects of along-front
processes in driving patchiness at the front.

Because frontal features and their associated density gradients often appear stable and
stationary over several days or weeks, some studies have implicitly assumed that planktonic
communities are also stationary along the front. For example, Claustre et al. (1994) conducted
repeated cross-frontal sampling, over one month, of a persistent front between Atlantic and
Mediterranean waters in the strait of Gibraltar. They observed that cross-frontal physical and
biological features were “identical and reproducible along the front.” Curiously, however, they
observed that a phytoplankton community that was seemingly identical at two frontal sites
appeared to be in two different stages of a bloom. At one site, the community was at an early-
bloom stage; at the other, the community was at an end-bloom stage. They reported that these
unexpected differences within a supposedly uniform community warranted further investigation.
Their assumption of along-front uniformity thus led them away from investigating how distinct

plankton communities—which may have been at different stages of a bloom—can advect along
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the front on short time scales relative to changes of the front itself. These examples show how
applying steady-state boundary conditions or assumptions of along-front uniformity can
potentially oversimplify frontal dynamics and lead to biased conclusions regarding physical-
biological dynamics at the front. The residence times of water masses in fronts, and the spatial
and temporal scales of transient forcings, must be considered when quantifying biogeochemical
fluxes, such as carbon export, at fronts.

If residence times of waters in frontal features are short relative to the time scales of in
situ biological reactions, fluctuations in biological and hydrographic properties entering through
the upstream boundary may dominate the water mass structure observed at the front. One
possible forcing mechanism in the CCE is wind-driven upwelling. Coastal wind-driven
upwelling occurs within a narrow band along the coast (Rykaczewski & Checkley, 2008),
though regions of wind-stress curl upwelling can extend up to 200-300 km offshore (Pickett &
Paduan, 2003). Upwelling is temporally and spatially dynamic in this region (Chelton, 1982;
Giddings et al., 2022; Rykaczewski & Checkley, 2008). Mesoscale stirring, driven by a
patchwork of filaments and eddies, contributes to the lateral transport of biological productivity
away from the upwelling zone (Amos et al., 2019; Nagai et al., 2015; Zaba et al., 2021). Thus,
water parcels that originate at the coast in upwelling regions can be entrained into spatially and
temporally dynamic mesoscale advective pathways. To understand the dynamics of along-front
physical and biological gradients, we must understand the links between fronts, coastal
upwelling, and cross-shelf mesoscale advection.

Here, we explored the physical and biological mechanisms associated with phytoplankton
patchiness at an eddy-associated density front in the California Current Ecosystem. This front

was sampled during two SeaSoar surveys, three to four weeks apart. Striking features of the two
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surveys were patches of high phytoplankton biomass at the northern boundaries of each survey.
We used an along-front advection-reaction equation (Cushman-Roisin & Beckers, 2011) to
formalize two hypotheses that describe the presence of these patches: the stationary patch
hypothesis (SPH) and the pulsatile patch hypothesis (PPH). The SPH assumes that gradients of
biogeochemical properties are at steady state along the front: along-front advection of these
gradients is balanced by in situ biological processes, leading to a geographically stationary patch.
This SPH requires a constant flux of chlorophyll into the front at the northern boundary. On the
other hand, the PPH assumes that along-front patchiness is driven by a time-varying flux of
chlorophyll at the northern boundary. This leads to the along-front advection of distinct
chlorophyll patches, with minimal modification by biological processes as they advect rapidly
along the front. To test whether in situ biological processes maintained a stationary patch (SPH)
or whether individual patches advected through the front (PPH), we calculated along-front
gradients in chlorophyll, salinity, particle biovolume, and dissolved oxygen. We also tracked
water parcels backward and forward in time to test whether the high-chlorophyll patches at the
front could have originated from distinct pulses in coastal upwelling. Our analyses support
reinterpretation of physical-biogeochemical dynamics at fronts and demonstrate the need for
careful sampling in this region. We must consider the pulsatile nature of upwelling and the
subsequent advection and transformation of plankton patches into and along fronts to understand
critical biogeochemical processes and fluxes.

1.3 Data and methods
1.3.1 Cruise Sampling and SeaSoar Surveys

The California Current Ecosystem Long Term Ecological Research (CCE LTER) Process
Cruise P1208 was conducted off the coast of California from July to August 2012 aboard R/V

Melville. This cruise identified and sampled an eddy-associated front, dubbed the “E-Front.” The
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sampling region spanned the area within 33.5-35.1°N and 121.5-123.9°W. Data were collected
during two SeaSoar surveys (Figure 1.1). Survey 1 occurred from 30 July to 3 August, and
Survey 2 occurred from 21 August (22 August in UTC) to 25 August. The two SeaSoar surveys
spanned ~200 km and ~140 km, respectively, from the northernmost to southernmost transects.
Survey 1 sampled in the south-to-north direction (against the along-front flow) (Figure 1.2a),
while Survey 2 sampled north-to-south (with the along-front flow) (Figure 1.2b). Because of this,
Survey 2 resampled some of the same waters as they advected along the front, while Survey 1
did not (de Verneil & Franks, 2015). The towed SeaSoar acquired data from the surface to
approximately 300 m depth. The equipment mounted on the SeaSoar included two CTD sensors,
a Chl-a fluorometer, a dissolved oxygen sensor, and a Laser Optical Plankton Counter (LOPC)
(Herman et al., 2004). Temperature, salinity, and fluorescence data were averaged into 5-m depth
bins; particle counts, particle sizes, and particle biovolumes derived from the LOPC were
averaged into 3-m depth bins. Only biovolumes from particles with an equivalent spherical
diameter (ESD) of 105-510 pm (~0.1-0.5 mm) were used in this study. This size class contains
microzooplankton, such as large ciliates (Dolan, 2010), and mesozooplankton, such as small
copepods and pteropods (Brandao et al., 2021; Lopez & Anadon, 2008). Fecal pellets, such as
those from copepods, are also within this size range (Feinberg & Dam, 1998). We also used
surface chlorophyll concentrations derived from underway measurements by an advanced laser
fluorometer (ALF) (Chekalyuk & Hafez, 2008). Persistent cloud cover in this region during the
time of sampling precluded the use of satellite-derived sea-surface temperature and chlorophyll
in assessing the variability of biological and hydrographic patchiness.

1.3.2 Objective Mapping

SeaSoar data were objectively mapped on depth surfaces to create two-dimensional

interpolated fields for both surveys, as in de Verneil and Franks (2015). The along-track and
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across-track sampling resolution was ~1 km and ~15-17 km, respectively. Assuming a Gaussian
autocovariance and a noise-to-signal ratio of 0.05, we applied decorrelation length scales of 27
km in the along-track direction and 34 km in the across-track direction for salinity, temperature,
particle biovolume, oxygen, and density. For chlorophyll, we used length scales of 15 km along-
track and 30 km across-track. We applied an error threshold of 0.3 to all maps and selected the
depth surface at 27.5 m (25-30 m depth bin) for our analyses, as this eliminated poor-quality
surface data (the upper 3—4 bins) while ensuring that the data were collected within the euphotic
zone. Euphotic depth ranged from ~40-90 m at the front (Stukel et al., 2017). We also mapped
SeaSoar data on isopycnal surfaces. However, many isopycnals in each SeaSoar transect did not
remain in the euphotic zone across the front, confounding chlorophyll-oxygen-salinity
relationships on density surfaces (Supplemental Figures 1.1 and 1.2).

1.3.3 Horizontal Density Gradient

We defined the front in the two-dimensional objective maps using the region of
maximum horizontal density gradient (Supplemental Figure 1.3). Density-gradient contours are
symmetric around the maximum gradient; we found that the along-front axis was best described
by the eastern 0.04 kg m™* gradient contour for Survey 1 and the eastern 0.02 kg m™ gradient
contour for Survey 2. In Survey 2, regions of high horizontal density gradient appear to fork at
the northern boundary (Supplemental Figure 1.3). However, we chose the easternmost contour to
define the along-front axis because it was the only continuous contour line that aligned with the
high-chlorophyll patch; furthermore, the temperature-salinity properties of waters along this line
were consistent with those along the frontal axis in Survey 1.

1.3.4 Finite Size Lyapunov Exponents (FSLEs) and Geostrophic Currents

The context of the mesoscale flow in and around E-Front from July to August 2012 was

provided by altimetry-derived geostrophic velocities and FSLEs. The geostrophic velocities were
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obtained from the Archiving, Validation, and Interpretation of Satellite Oceanography (AVISO)
gridded product with 0.25° resolution, provided by Copernicus Marine Environment Monitoring
Service (https://marine.copernicus.eu/). FSLE intensities, at a spatial resolution of 0.04°, are
calculated based on d’Ovidio et al. (2004) and were downloaded from the AVISO website
(https://www.aviso.altimetry.fr/). These backward-in-time FSLEs are derived from backward
advection and thus represent rates of convergence of fluid parcels in forward time. FSLE values
are inversely proportional to the time it takes for particles to reach a target separation. Therefore,
more negative values of FSLEs represent regions of faster convergence. FSLEs often form
continuous lines, or ridges, that outline regions of high convergence of fluid parcels. These
ridges can therefore represent convergence zones along which waters travel, and we can trace
them in space upstream from the front to identify possible source regions of waters found in the
front. We also used the altimetry-derived geostrophic currents to obtain streamlines of flow;
these were found to align with the FSLE ridges.

We explored velocity products that included both geostrophic currents and wind-driven
Ekman currents (at 0 m and 15 m) modelled using European Centre for Medium-Range Weather
Forecasts (ECMWF) ERAS wind stress (Rio et al., 2014). We ultimately selected geostrophic
current velocities for our water-parcel trajectories (Section 1.3.5). Although the data products
including the geostrophic and Ekman velocities are important for estimating surface currents, in
this study, we primarily explore patterns and trajectories of sub-surface (25-30 m) patchiness at
the front. The Ekman velocities did not significantly alter our water-parcel trajectory analyses.
Because the reliability of satellite data decreases close to shore, we used daily averaged high-
frequency (HF) radar velocities (6-km, hourly resolution) provided by the Southern California

Coastal Ocean Observing System to complement the geostrophic velocity products (not shown).
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These surface currents include potential ageostrophic components of flow, such as wind-driven
Ekman currents, but provided particle trajectories that were similar to those generated from the
coastal geostrophic velocities. This process further validated the use of the geostrophic velocities
to compute water-parcel trajectories for narrow regions close to the coast.

1.3.5 Water-Parcel Trajectories

To explore advection between coastal upwelling regions and the front, we employed the
geostrophic velocity fields described above to generate water-parcel trajectories. Given initial
water-parcel locations (x(t) , y(t)) at time ¢, we applied the first-order Euler method to find new

parcel locations:
x(t+ At) = x(t) + u(x,y, t) X At (1.1)
y(t+At) =y(t) + v(x,y,t) X At (1.2)

Water-parcel trajectories were analyzed in two different ways (using a Az =1 d):
backward in time, with particles seeded in the frontal region, or forward in time, with particles
seeded in a defined coastal region. Particles initialized at the frontal region were selected based
on the latitude-longitude locations of water parcels with Chl-a > 0.25 volts in the objective map
surfaces. To maintain focus on the upwelling-driven trajectories, only coastally associated
parcels were shown; any parcels that originated (on 21 July for Survey 1 or 6 August for Survey
2) west of 122.8°W for Survey 1 or 123°W for Survey 2 were not plotted. For forward-time
tracking of parcels, the region bounds (diagonal corners) selected for particle seeding (n=100)
were (36.1°N, 121.89°W) and (36.2°N, 122.0°W). This selection was based on trial and error; we
sought to reduce the number of particles that recirculated in the seeding region and therefore

selected a narrow coastal region from which all seeded particles traveled into the frontal region.
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1.3.6 Upwelling Index
The Coastal Upwelling Transport Index (CUTI) combines in situ and satellite data to

provide estimates of upwelling and downwelling at the coast (Jacox et al., 2018). We assembled
a time series of daily indices for the 36°N region to identify the timing of strong upwelling pulses
(CUTI > 0.75 m? s°!). To isolate a narrow timing window for each pulse and to differentiate
between water-parcel trajectories from consecutive pulses, various index threshold values were
evaluated to identify “strong” upwelling pulses (not shown) before selecting 0.75 m? s

1.3.7 Water Mass Classification

To identify and categorize water masses at the front, waters with particular temperature-
salinity (T-S) properties (Supplemental Figure 1.4) were designated as California Current (CC)
or California Undercurrent (CU) waters. Previous literature (Bograd et al., 2015; Lynn &
Simpson, 1987; Zaba et al., 2021) has identified similar T-S values for CC and CU water masses.
These are the two endmembers of the sampled waters found in T-S diagrams. Waters that fell in
between the CC or CU regions on the T-S diagram were considered “mixed.”

1.3.8 Diagnosing Along-Front Patch Dynamics

To describe the temporal and spatial gradients in a reactive tracer C (in this case,
chlorophyll), we applied the three-dimensional advection-diffusion-reaction equation (Cushman-

Roisin & Beckers, 2011):

9C  ouC avC awC _ 9 ¢ 0C\ 9 9C\ 0 C\ (1.3)
ot " ox ' ay | oz _ax<x6x) 6y<y6y> az<zaz) 4

In this equation, the local rate of change of C is determined by advection, diffusion, and a net
source/sink rate . This net rate 7 could represent a balance of growth and grazing, or physically

mediated sources and sinks, such as local nutrient injections and subduction. To make this

equation more tractable, we assumed that diffusion, cross-frontal flows (y-direction), and vertical
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flows (z-direction) are small relative to local rates of change, along-front (x-direction) advection,
and source/sink rates. We set the northern boundary of the frontal survey at x = 0. With these

assumptions, Equation 1.3 simplifies to:

aC ac (1.4)
E+ua = rC

With this simplified along-front advection-reaction equation, we derived equations describing
two potential hypotheses to explain biological patchiness in the advective field at the front.
1.3.8.1. The Stationary Patch Hypothesis

Here, we assume the tracer C is at steady state (Z—i = 0), so that C is stationary in time
and space. Along-front gradients of C must be maintained by a constant flux of chlorophyll into
the northern boundary (x = 0) and a downstream source/sink. Given these assumptions, Equation

1.4 becomes:

ac 1.5
uaer, c(0,t) = C, (1.5)

1.3.8.2. The Pulsatile Patch Hypothesis Equation

Here, we do not assume that the tracer C is at steady state; instead, we include a time-
varying flux of C at the northern boundary (x = 0), and no downstream source/sink. The
fluctuations of C at the boundary are simply advected into and along the front. Given these

assumptions, Equation 1.4 becomes:

ac ac (1.6)
E——Ua, C(O,t)—C(t)

1.4 Results

1.4.1 Horizontal and Vertical Structure of Front

E-Front, located offshore of Point Conception, California, was positioned between an

anticyclonic eddy (positive sea level anomaly) to the west and a cyclonic eddy (negative sea
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level anomaly) to the east (Figure 1.1). During the month between the beginning and end of the

two SeaSoar surveys, the front was relatively stationary, with a slight westward propagation.

However, the flow field surrounding the front evolved over time, with more distinct eddies

forming to the north and east of the frontal region (Figure 1.1). Geostrophic currents showed an

along-front jet flowing from north to south with a mean along-front speed of 0.47 m s™! (~40.6

km d'") (Figure 1.1).
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Figure 1.1: Average altimetry-derived sea level anomaly (colors) and geostrophic velocity
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vectors with cross-frontal survey tracks for (a) SeaSoar Survey 1 (30 July—3 August 2012) and

(b) SeaSoar Survey 2 (22-25 August 2012) sampled during the 2012 CCE LTER Process Cruise.
Positive (negative) sea level anomaly indicates an anticyclonic (cyclonic) eddy to the west (east)
of the front. White arrows show the SeaSoar sampling directions.

The front was defined as the region where the horizontal gradient in density was highest

(see Methods). The cross-frontal density structure revealed sloping isopycnals that shoaled from

west to east (offshore to inshore), and isopycnals ¢ < 25.2 kg m™ outcropping at the surface at

the front (Supplemental Figures 1.1 and 1.2). The front was located at the interface of fresher

California Current waters to the west, and saltier California Undercurrent waters to the east

(Supplemental Figure 1.4). Cross-frontal transects from each SeaSoar survey showed vertically
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and horizontally layered chlorophyll patches that were associated with fine-scale salinity

structures and FSLEs at the front (de Verneil et al., 2019).
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Figure 1.2: Satellite-derived FSLE fields, averaged over the duration of each survey, with
SeaSoar tracks for (a) Survey 1 and (b) Survey 2. Altimetry-derived streamlines, averaged over
the duration of each survey, over objectively mapped surfaces of Chl-a at 27.5 m (color) for (c)
Survey 1 and (d) Survey 2. Both FSLE ridges and streamlines connect the eastern waters of E-
Front to potential coastal upwelling regions, near 36°N.

1.4.2 Along-Front Patchiness
During both surveys, both biological and hydrographic gradients were found along the

front; these included along-front variability in chlorophyll, salinity, dissolved oxygen (both
concentration and % saturation, not shown), and particle biovolume on the 27.5 m depth surface
(Figures 1.3 and 1.4). Both surveys showed a high-chlorophyll (HC) patch positioned at the
northern survey boundary; chlorophyll generally decreased from this patch along the front
(Figures 1.3e and 1.4e). The along-front decrease in chlorophyll was sharper for Survey 1 than

for Survey 2 (Figures 1.3e and 1.4e).
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Figure 1.3: Survey 1 objective maps on the 27.5 m depth surface of (a) Chl-a fluorescence, (b)
salinity, (c) dissolved oxygen, and (d) particle biovolume (ESD 0.1-0.5 mm). Contour of the
horizontal density gradient (white dashed line) shows the along-front axis, from north to south.
(e) Along-front fluctuations of Chl-a fluorescence, salinity, dissolved oxygen, and particle

biovolume.
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During both surveys, high chlorophyll at the northern boundary was also associated with
high salinity and high particle biovolume, but low dissolved oxygen (Figures 1.3 and 1.4).
During Survey 1, there were two high-salinity (> 33.6 psu) features (Figure 1.3b): one positioned
at the northern boundary associated with the high chlorophyll patch and another just south, not
associated with high chlorophyll. Similarly, during Survey 2, the highest chlorophyll was
associated with the highest salinity (and low oxygen) at the northern boundary (Figures 1.4a and
1.4b). While the along-front axis did not clearly intersect this northern patch, it still aligned with
some high-chlorophyll, high-salinity (HC-HS) waters to the north that appeared to mix with low-
chlorophyll, low-salinity waters (LC-LS) to the west as they advected downstream (Figure 1.4b).
Fluctuations and a general decrease in chlorophyll along the front were mirrored by fluctuations
and decreases in both salinity and particle biovolume (Figures 1.3e and 1.4e). In contrast, oxygen
remained relatively constant or increased along the front. In Survey 1, the highest oxygen
concentration was found at the southern end of the survey region where chlorophyll was lowest.
The negative mean along-front gradients in chlorophyll, salinity, and particle biovolume thus
contrasted with positive mean along-front gradients in oxygen in both surveys. Superimposed on
the mean along-front gradients were fluctuations at 10-20 km scales (Figures 1.3e and 1.4¢);
these smaller-scale fluctuations in biological properties (chlorophyll, particle biovolume,
oxygen) were usually aligned spatially with fluctuations in salinity.

Based on this biological and hydrographic structure on the 27.5 m depth surface, we
observed that HC-HS waters flowed into the front at the northern boundary and were sampled
about three weeks apart during surveys carried out in two different directions: south to north

(against the along-front flow, Survey 1), and north to south (with the along-front flow, Survey 2).
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1.4.3 Thermohaline Characteristics of Patchy Waters

We identified endmember water masses in the T-S diagrams as low-salinity, low-
chlorophyll California Current waters, and high-salinity, high-chlorophyll California
Undercurrent waters (Figure 1.5 and Supplemental Figure 1.4). These water-mass patterns have
been seen in other upwelling features in the CCE, such as coastal upwelling filaments (Zaba et
al., 2021). The highest chlorophyll (> 0.7 volts) at the front in both surveys fell within a narrow
band of high salinity: 33.6-33.7 psu for Survey 1, and 33.5-33.7 psu for Survey 2 (Figure 1.5).
On the T-S diagram, these HC-HS waters also appeared within a narrow temperature range for
Survey 1, but a broader temperature range for Survey 2 (Figures 1.5c and 1.5d). This broader

temperature range was driven by higher temperatures due to radiant heating of the surface.
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1.4.4 Mesoscale Flow Context Links Patchiness to Coast

Chlorophyll patchiness at this front has previously been linked to both coastal and
offshore waters through FSLEs (de Verneil et al., 2019). There were three main FSLE ridges
contributing to the along-front jet in Survey 1, with the easternmost frontal ridge connecting to
the inshore coastal region (Figures 1.2a and 1.2c). In Survey 2, these three FSLE ridges had
shifted to the west, and a cyclonic eddy had formed on the eastern (inshore) side of the front,
circulating coastal waters into the front. The streamlines of flow indicate that waters flowing into
the front and containing the HC-HS patch at the northern boundary of Survey 1 likely originated
at the coast around 36 °N. Waters forming the HC-HS patch concentrated at the northern end of
Survey 2 originated in a broader coastal region connected to the frontal system by the coastal
streamlines centered around 36 °N as well as the cyclonic eddy on the eastern side of the front
(Figures 1.2b and 1.2d).

1.5 Discussion

We observed pronounced patches of high phytoplankton biomass at the northern boundaries of
both SeaSoar surveys, and phytoplankton biomass decreased along the front (north-to-south).
These features were sampled three to four weeks apart and appeared relatively geographically
stationary in the face of constant advection along the front. To diagnose the dynamics that
created these strong along-front biological gradients, we tested both the stationary patch
hypothesis (SPH) and pulsatile patch hypothesis (PPH).

Our analyses showed that even though the front was relatively geographically stationary
over the entire month-long sampling period, waters were only resident in the front for a few
days. We found that the front was not in a biological steady state, which rejects the SPH. Instead,

hydrographic and biological patches advected along the front with relatively little change,
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supporting the PPH. Backward- and forward-in-time advection showed that these patches
originated from distinct pulses in coastal upwelling, which occurred upstream of the front.

To highlight how the SPH-PPH hypothesis framework can influence estimates of carbon
export and how our novel characterization of along-front gradients can improve our
understanding of E-Front, we begin by discussing assumptions that have been made in previous
analyses of this frontal system.

1.5.1 Previous Interpretations of E-Front Dynamics

Chronologically, over the month-long study, sampling included SeaSoar Survey 1, a
Moving Vessel Profiler survey, two cross-frontal transects separated by five Lagrangian
“cycles”, and SeaSoar Survey 2. Other studies of this frontal system interpreted the decreasing
phytoplankton biomass along the front as driven by an in situ biological sink (de Verneil &
Franks, 2015) or vertical export along the front (Stukel et al., 2017). These studies assumed that
the productive waters at the front either had a “similar source” (de Verneil & Franks, 2015) or
were geographically stationary and at steady state between the various sampling campaigns
conducted (Stukel et al., 2017). These interpretations are consistent with the assumptions of the
SPH.

Using a pseudo-Lagrangian tracer-rate analysis, de Verneil and Franks (2015) quantified
the loss rate of chlorophyll in Survey 2 (the survey in the direction of the frontal flow that
resampled some water masses) to be »=—0.17 d"'. Stukel et al. (2017) used sediment traps and a
steady-state 28U—2**Th disequilibrium model to estimate carbon export rates of 437 mg C m2 d!
and 145 mg C m2 d’!, respectively. These export processes were presumed to have been driven
by sinking particle fluxes and increased mesozooplankton grazing along the front. This study
noted that potential error in calculating these export rates could have arisen from the fact that the

half-life of Thorium-234 (24.1 d) was much longer than the residence time of waters in the front
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(3—4 d). Also, the export rates measured from cross-frontal transects in this study averaged
across several distinct high-chlorophyll, high-particle-load layers at the front, as described by de
Verneil et al. (2019). This may have also invalidated some of the assumptions underlying Stukel
et al.’s (2017) calculations.

Neither of these studies considered changes in the biological patterns over the month-
long sampling period outside of a steady-state framework. In other words, these two studies
implicitly assumed the SPH, but did not consider or test the PPH. Applying only the SPH could
lead to overestimates of carbon export, forced by biological processes. On the other hand,
assuming only along-front advection in the PPH could lead to underestimates of biological
processes or vertical particle fluxes. In the next section, we outline predictions associated with
both the SPH and PPH and evaluate evidence that either supports or rejects each hypothesis.

1.5.2 Testing the SPH and PPH
The SPH posits that the phytoplankton patch was geographically and temporally

stationary in the face of strong along-front advection. To keep such a patch stationary, the along-
front advection of high chlorophyll concentrations from the north would have to be balanced by
a loss of chlorophyll along the front. In contrast, the PPH posits that the chlorophyll patchiness at
the front resulted from fluctuations in chlorophyll at the northern boundary, rather than an in situ
sink. Here, we outline a set of predictions for each hypothesis, followed by a test of the
predictions based on the data.

SPH Prediction 1: There was an along-front loss of chlorophyll driven by grazing and
sinking; the respiration associated with grazing should cause a decrease in dissolved oxygen
along the front. Furthermore, the elevated presence of grazers and/or detritus associated with the
decreasing phytoplankton should appear as an increase in particle biovolume (both grazers and

detritus) along the front.
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PPH Prediction 1: There was no significant grazing loss or export of chlorophyll
maintaining the along-front chlorophyll gradient in either survey. Along-front variations in
oxygen and particle biovolume were associated with the fluctuating water masses that entered
the front at the northern boundary and subsequently advected along the front.

Test 1: Dissolved oxygen concentration on the 27.5 m depth surface in both surveys
increased from north to south, along the front, non-monotonically (Figure 1.3e). The lowest
oxygen was found at the northern end in waters associated with the highest chlorophyll, while
the highest oxygen was found downstream in regions of much lower chlorophyll (Figure 1.3¢)—
exactly the opposite of the prediction from the SPH. Particle biovolume peaked at the northern
boundary, decreasing along the front (Figures 1.3e and 1.4e)—again, the opposite of the
prediction of the SPH. These trends, however, are consistent with the predictions of the PPH,
which predicts that changes in properties along the front reflect the properties of different water
masses advecting along the front.

SPH Prediction 2: Water mass properties were relatively uniform along the front; salinity
variations along the front were minimal and unrelated to variability in biological and chemical
properties.

PPH Prediction 2: Variations in chlorophyll, dissolved oxygen, and particle biovolume
were associated with the differing water masses entering the front through the northern boundary
and were correlated with variations in salinity (an indicator of water mass).

Test 2: In both surveys, salinity fluctuated along the front, and along-front fluctuations in
chlorophyll were associated with these fluctuations in salinity (Figures 1.3e, 1.4e, and
Supplemental Figure 1.5). Most waters within certain high-salinity ranges (~33.5-33.7 psu) also

had higher chlorophyll (Figure 1.5). Oxygen had a nonlinear and mostly negative relationship
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with salinity (Supplemental Figure 1.5): while salinity generally decreased along the front,
oxygen increased (Figures 1.3e and 1.4e). Particle biovolume had a nonlinear and positive
relationship with salinity for most points along the front (Supplemental Figure 1.5). There were
regions along the frontal axis, particularly in Survey 2, where biovolume and salinity were not
positively associated, but these occurred at spatial scales < 10 km, which are smaller than the
across-track sampling resolution (15—17 km). Thus, these small-scale patterns could represent
unresolved submesoscale biological and hydrographic patchiness, but we cannot resolve the
contributing processes at those spatial scales. Overall, the along-front relationships between
salinity, chlorophyll, oxygen, and particle biovolume are inconsistent with the SPH, but strongly
support the PPH predictions.

1.5.3 The Potential Influences of Vertical Processes in the Front

Modulations in chlorophyll along the front could occur due to local vertical fluxes, such
as nutrient injections, subduction, and sinking. In our advection-reaction framework, these
processes are implicitly included in the net rate ». However, our data do not allow us to resolve
the relative influence of each process within the net rate term.

Nutrient fluxes within the front, especially those that may be regulated by the cyclonic
eddy east of the front, may contribute to phytoplankton growth—particularly at Survey 2—as
cold, nutrient-rich waters upwelled at the edges of eddies stratify and are exposed to more light
(Mahadevan, 2016). The stratification of waters by eddy-associated processes may lead to
inhomogeneous and patchy phytoplankton distributions (Mahadevan et al., 2012). While we
cannot test the degree to which eddy restratification influenced the timing and intensity of
phytoplankton growth upstream of or along the front, we found that the along-front variability in

chlorophyll was tightly coupled to the along-front variability in salinity. This is consistent with
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the patches of chlorophyll being predominantly driven by the advection of distinct water masses
along the front.

An along-front loss of chlorophyll could result from subduction or sinking; however,
these processes do not appear particularly strong at the front. On the time scales of sampling at
this front (10—12 hours between individual transects), both subduction and sinking would lead to
unusually high concentrations of chlorophyll below the euphotic zone, but this was not observed
at the front (Supplemental Figures 1.6 and 1.7). There is no unusually high chlorophyll
fluorescence any deeper than the subsurface chlorophyll maximum found on the western side of
the front (Supplemental Figure 1.1). This suggests that if subduction or sinking of the
phytoplankton patches occurred, it was weak over the spatial and temporal scales of sampling at
the front.

While vertical fluxes and stratification processes are relevant to this frontal system, we
cannot currently separately estimate the sources and sinks related to each physically mediated
horizontal or vertical process. However, our analyses show that the spatial and temporal patterns
of chlorophyll, oxygen, particle biovolume, and salinity are better explained by the PPH and
SPH.

1.5.4 Evidence Supports the PPH

Our analyses show that the survey data are more consistent with the PPH than the SPH.
Increases in oxygen and decreases in particle biovolume along the front indicate that the losses
of chlorophyll were not solely a reflection of biological processes. Oxygen was lowest where the
SPH would predict it to be greatest: in waters associated with the chlorophyll patch. Oxygen
increased downstream, inconsistent with the respiration required to drive a loss of phytoplankton
(SPH). Moreover, particle biovolume decreased downstream where we expected to have a high

grazing and export signal, according to the sink of the SPH. Furthermore, particle biovolume,
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dissolved oxygen, and chlorophyll all varied in association with salinity—a water mass tracer—
along the front. From this, we conclude that the chlorophyll patches in the two surveys must have
been entirely different: it was only by coincidence that the patches were sampled in similar
geographic locations in the front. We now investigate the PPH in more detail, exploring the
sources of the water-mass fluctuations at the northern boundary of the front.

1.5.5 Relating PPH Predictions to Upwelling Dynamics
The PPH posits that the along-front gradients in chlorophyll varied in time and space and

were not predominantly mediated by biological processes. Instead, given that the residence time
of waters at the front was only 3—4 days, patches of high-chlorophyll, high-salinity, and low-
oxygen water must have entered the survey region at the northern boundary and advected along
the front. Thus, differences in the upstream origins and advective pathways of these patches may
explain the coincidental observation of the two patches at similar locations. The high chlorophyll
concentrations at the front suggest a prior influx of nutrients into the water mass that supported
the phytoplankton growth. A likely source of high nutrient concentrations in the euphotic zone is
coastal wind-driven upwelling.

The easternmost FSLEs and streamlines in the front (Figure 1.2) showed a clear upstream
connection of the front to coastal regions to the east. We therefore investigated the potential for
advection of chlorophyll/salinity patches into the front from the coast, where wind-driven
upwelling occurs. In particular, we tested whether the chlorophyll/salinity patches found at the
front in the two surveys could have been linked to distinct upwelling pulses. To assess this, we
used satellite-derived geostrophic velocities to calculate water-parcel trajectories backward-in-
time from the front to potential source regions, and forward-in-time from potential coastal

upwelling source regions to the front.
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These trajectories, which tended to align with the coastally associated FSLE ridges or
streamlines, revealed the patterns of the mesoscale flow field surrounding the relatively
physically stationary front. These FSLE ridges and streamlines showed the flow of water into the
front and displayed how these flows were connected to coastal upwelling regions. Understanding
the spatial and temporal dynamics of coastal upwelling and the pathways for upwelled water to
enter the front will allow us to explore links between these flow pathways, and the spatial and
temporal variability of biological and chemical properties measured at the front.

1.5.5.1 Patch Source Dynamics: Geographic
We tracked the water parcels that formed the high-chlorophyll patches (locations where

Chl-a > 0.25 volts on 27.5 m depth surfaces) backward-in-time to identify potential source
locations. These analyses showed that the high-chlorophyll waters in Survey 1 likely originated
within a narrow region centered at ~36°N and 121.75°W (Figure 1.6). The high-chlorophyll
patch in Survey 2 was also linked to a coastal source region; however, this region was broader
than that in Survey 1, encompassing both waters at the coast, and waters circulating around a
cyclonic eddy just east of the frontal region (Figure 1.7). A coastal filament that wrapped around
the northern edge of this eddy carried coastal waters into the frontal sampling region. This
cyclonic eddy appeared to be the dominant mechanism by which coastal, high-chlorophyll
waters were entrained and transported into the front before being sampled during Survey 2.
Vertical nutrient fluxes and stratification, regulated by this cyclonic eddy, likely contributed to
the growth of phytoplankton in nutrient-rich waters exposed to the euphotic zone upstream of the
front (Chenillat et al., 2016; Mahadevan, 2016). In addition, the entrapment and retention of
some upwelling-associated waters within this eddy over the shelf could have also enhanced local

phytoplankton growth as well (Chenillat et al., 2016; Chenillat et al., 2015).
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These parcel trajectories demonstrated that the high-chlorophyll waters flowing into the
northern boundary of the front originated at the coast. However, the patch observed during
Survey 1 had different spatial origins (narrow region at ~36°N) than the patch observed during
Survey 2 (broader coastal region around 36°N and driven by a cyclonic eddy inshore of the

front).
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Figure 1.6: Daily FSLE field with snapshots of water parcel locations (red filled circles) of the
high-chlorophyll patch sampled in Survey 1 (black lines) from 21, 24, 27 and 30 July (a-d) and
31 July to 3 August (e-h). Water-parcel trajectories are shown on the day of estimated origin (a),

on subsequent days as a filament that connects the coast to the front (b-g) and the day the patch
was sampled (h).

1.5.5.2 Patch Source Dynamics: Temporal

The backward-in-time water-parcel trajectories showed that the waters sampled in Survey
1 originated at the coast around 20-21 July (Figure 1.6). A filament carrying these water parcels
developed at the coast from approximately 20 July to 30 July, eventually connecting the parcels

to the frontal survey region by 2 August. This resulted in a time window of 12—14 days after
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upwelling, during which phytoplankton biomass could have increased as the water mass transited
from the coast to the front before being sampled by Survey 1 from south to north.

The waters sampled at the front during Survey 2 originated later than Survey 1 waters
and were likely upwelled around 6 August and subsequently advected into the frontal region,
where they were sampled beginning 22 August (Figure 1.7). Some of these waters were then
resampled along the front during Survey 2, which progressed from north to south in the direction
of the along-front flow. This resampling of the advecting patch would make it appear longer
(along the front) than the patch in Survey 1, which was sampled against the direction of the flow.
The different along-front chlorophyll gradients are consistent with the PPH and the sampling
direction of the two surveys: strong gradients when sampled against the flow, weak gradients
when sampling with the flow. This further underscores the need to account for sampling strategy

and flow directions when interpreting spatial patchiness at fronts.
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Figure 1.7: Daily FSLE field with snapshots of water parcel locations (green filled circles) of the
high-chlorophyll patch sampled in Survey 2 (black lines) from 6, 10, 14 and 18 August (a—d) and
22 August to 25 August (e—h). Water-parcel trajectories shown on the day of estimated origin
(a), and on subsequent days as an eddy located east of the front, and coastal upwelling circulate
water into the front (b—d) to be sampled by the SeaSoar (e—h).
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We used records of the daily CUTI (Jacox et al., 2018) at 36°N to investigate whether
particular upwelling pulses might have led to the high-chlorophyll water masses found in the
front during the surveys. Seeding water parcels within a narrow region (0.1° latitude x 0.1°
longitude) at ~36°N during strong upwelling pulses (Figure 1.8) gave us forward-in-time
trajectories (Figure 1.9) showing the timings and trajectories of water parcels entering the
surveyed frontal region. We compared those to the timings approximated from the backward-in-

time trajectories (Figures 1.6 and 1.7).
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Figure 1.8: Coastal upwelling transport index (CUTI, black line) at 36°N for 13 July to 27
August 2012. Index values above 0.75 m? s”! (dashed line) were identified as “strong pulses” and
were considered in forward-tracking water-parcel trajectories with colors of filled circles
corresponding to specific upwelling pulses. Red-shaded regions indicate the SeaSoar survey
periods.

Our analyses support the hypothesis that the phytoplankton patches observed in the
frontal SeaSoar surveys originated from distinct upwelling pulses that preceded our sampling by

about 11 to 16 days (Figure 1.8). The high-chlorophyll waters sampled in Survey 1 on 2-3

42



August were formed by the 21-22 July upwelling pulse; at that time, a filament connected the
coast directly to the front (red dots in Figures 1.8 and 1.9). Strong upwelling pulses prior to this
date did not feed into the frontal region (not shown). The high-chlorophyll waters sampled in
Survey 2 on 21-22 August originated partially from the 67 August upwelling pulse (green dots
in Figures 1.8 and 1.9). At that time, there was still a filament directly connecting the coast to the
front, as well as a developing cyclonic eddy circulation seen in the FSLE field (Figure 1.9¢e-h).
These results from the forward-tracking analyses are also consistent with the spatial
origins we detected in the backward tracking. These results underscore the hypothesis that the
high-chlorophyll patch in Survey 1 originated from a narrow region at the coast ~36°N, while the
patch in Survey 2 originated from a broader coastal region, near 36°N, that was also directly
associated with the cyclonic eddy inshore of the front. Notably some of the waters sampled by
Survey 2 in the forward-tracking (green dots in Figure 1.9) were located slightly west of those
identified in the backward-tracking (green dots in Figure 1.7), highlighting how waters in the
interior of the cyclonic eddy inshore of the front may have contributed to the high-chlorophyll
patch in Survey 2. Indeed, the backward tracking (Figure 1.7) confirms that waters from the 67
August upwelling pulse that developed at the coast ~36°N—as well as the interior eddy waters—
contributed to high chlorophyll at the northern end of Survey 2 and subsequently along the front
(Figure 1.7). In summary, both backward-tracking and forward-tracking of the water parcels to
and from the coast, respectively, identified the same temporal windows of origin that
corresponded to distinct and intense upwelling pulses: 21-22 July for Survey 1 and 67 August

for Survey 2.
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Given the time scale of 11 to 16 days to advect from the coast to the sampled frontal
patches, we can use the increase in chlorophyll along the water parcel’s trajectory to calculate

phytoplankton net growth rates (»). Assuming a constant growth rate, we can calculate r as:

1 C() (7
r—Eln C)

With an assumed initial chlorophyll concentration Cp = 0.1 pg L' in recently upwelled
waters at the coast (Kahru et al., 2012; Zaba et al., 2021) and maximum surface chlorophyll
values of 7.9 ug L'! (Survey 1) and 8.7 pg L' (Survey 2) as the final concentrations, r ranged
from 0.28 to 0.40 d! for A = 11 to 16 days, respectively. These rates are consistent with those
previously measured during CCE process studies (Landry et al., 2012; Landry et al., 2009; Li et
al., 2012). This provides support for the hypothesis that the nutrient-rich waters that led to the
chlorophyll patches in the front originated during upwelling at the coast, approximately two

weeks prior to sampling.
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Figure 1.9: Daily FSLE fields (background) and forward-tracking water parcel locations from
36°N for the duration of Survey 1 (a—d), every 5 days in between the two surveys (e—h), and
Survey 2 (i-1). Colors of parcel locations correspond to the upwelling pulses in Figure 1.8.

1.5.5.3 Patch Source Dynamics: Depth

Temporal variations in upwelling intensity will influence the biogeochemical properties
of the upwelled waters. Modeling experiments have shown that the intensity of wind stress at the
coast determines the magnitude of vertical transport, and thus the source depth from which
upwelled waters originate (Jacox & Edwards, 2012). Increased stratification is associated with

shallower upwelling source depths (Bograd & Lynn, 2003; He & Mahadevan, 2021), with
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reduced nutrient supply to the euphotic zone and subsequently smaller increases in
phytoplankton biomass (McGowan et al., 2003). We qualitatively linked these upwelling
intensity-depth-nutrient relationships to the chlorophyll-salinity-oxygen relationships we
examined at the front. In this region, California Undercurrent waters have been found to upwell
into the euphotic zone and to generate elevated phytoplankton concentrations (Zaba et al., 2021).
Here, we hypothesize that as the source depth of upwelling increases, the upwelled waters are
higher in nutrients, but lower in oxygen—even within California Undercurrent waters. The
nutrient concentrations set the subsequent phytoplankton concentrations of the upwelled waters.

Most high-chlorophyll waters at the front were associated with California Undercurrent
waters within a narrow salinity band of 33.5-33.7 psu (Figure 1.5). These HC-HS waters likely
originated from a source depth below the euphotic zone, where nutrient concentrations were
higher than in the euphotic zone. Once upwelled into the euphotic zone, these nutrient-rich
waters would fuel subsequent phytoplankton growth. Some waters found at the front were within
this 33.5-33.7 psu salinity range yet had low chlorophyll concentrations (Figures 1.5¢ and 1.5d).
We hypothesize that these LC-HS waters either (i) were not recently upwelled, (i1) did not have
high enough nutrients and/or irradiance to support enhanced phytoplankton growth after
upwelling, or (iii) experienced grazing losses that offset phytoplankton growth.

We used our water-parcel trajectories to trace the spatial origins of both the HC-HS patch
and the LC-HS patches (Figures 1.3 and Supplemental Figure 1.8) in Survey 1. The LC-HS patch
seems to have originated before the HC-HS patch (before 21-22 July), and slightly south of 36°N
where the HC-HS originated. CUTI values at both 35°N (not shown) and 36°N (Figure 1.8) were
relatively weak (< 0.75 m? s'!) during the week prior to 20 July when the LC-HS patch likely

formed. These upwelling intensities are weaker than the pulses that we believe generated the
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HC-HS patches in Survey 1 and Survey 2 (CUTI > 0.75 m? s”! during 21-22 July and 67
August). Therefore, the LC-HS signature could have resulted from a weaker upwelling pulse,
which could have been associated with a shallower source depth and thus lower initial nutrient
concentrations.

We also tested the influence of upwelling source depth on the chemical properties of
frontal waters by using dissolved oxygen as a water mass tracer. In the California Undercurrent
(Supplemental Figure 1.4), around the base of the euphotic zone, deeper waters have lower
oxygen concentrations than shallower waters (Supplemental Figure 1.2), as oxygen respired
during the remineralization of organic matter outweighs any potential photosynthetic production.
On the 27.5 m depth surface, the mean [O2] was 5.84 mL L! for the HC-HS patch and 5.86 mL
L! for the LC-HS patch (Figure 1.3c). This 0.02 mL L-! difference is small but consistent with
the hypothesis that the higher-oxygen LC-HS waters were upwelled during a weaker upwelling
pulse and hence originated from a shallower source depth.

These analyses are consistent with the temporal variability in intensity of wind-driven
upwelling at the coast accessing different source depths with different hydrographic and
biogeochemical properties. Waters originating at the coast in upwelling pulses can be transported
offshore by narrow but geographically and temporally persistent filaments. Fluctuations in wind
stress will change the source depths of upwelled waters: deeper source waters will be higher in
nutrient concentrations, with the capability of stimulating intense phytoplankton blooms when
brought into the euphotic zone (Figure 1.10). Therefore, it is likely that the phytoplankton
patches at this front resulted from specific combinations of wind, upwelling, nutrients,

irradiance, and advection conditions.
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Figure 1.10: A 3-D illustration of the origins and advection of phytoplankton patches at a
density front in the California Current System. The front, which formed between a cyclonic and
anticyclonic eddy, contained streams of water with both offshore and inshore origins. These
streams formed tilted layers of hydrographic and biological properties within the front. Two
streams originated offshore, while the most productive stream originated at the coast. There,
strong alongshore winds drove local upwelling of nutrients from the aphotic zone to the euphotic
zone. Phytoplankton grew in these upwelled waters, forming distinct patches that advected into
and along the front. The small spatial-scale and short time-scale fluctuations of phytoplankton in
this front were thus largely controlled by upstream processes. Illustration: Freya Hammar.

All of our analyses are consistent with the PPH: water-parcel trajectories, the timing of
upwelling events, the intensities of upwelling, and the vertical gradients in source-water
properties all support the hypothesis that the HC-HS patches measured in the SeaSoar surveys
originated during strong upwelling pulses at the coast (Figure 1.10). Phytoplankton biomass
increased in the upwelled waters during the roughly two-week transit from the coast to the front

and then did not change much during the 3- to 4-day transit along the front. Weaker upwelling
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pulses did not penetrate the high-nutrient, sub-euphotic waters at the coast; therefore, they did
not generate phytoplankton patches, though they did create patches of higher salinity and higher
oxygen that were later found in the front. All of these patches subsequently advected along the
front, with relatively short residence times in the front.

1.6 Conclusion

This study has reinterpreted the physical-biological dynamics at a density front in the
California Current System by applying a new framework to understand the origins of the
observed biological and hydrographic patchiness. By employing an advection-reaction equation,
we explicitly stated the assumptions regarding the physical and biological gradients at the front,
generating two alternate hypotheses: the stationary patch hypothesis (SPH) and the pulsatile
patch hypothesis (PPH).

Our data suggest that the PPH is more strongly supported: biogeochemical patchiness in
the front was regulated by upstream upwelling processes and the advection of biological
properties along the front, rather than solely processes in the front. Chlorophyll, dissolved
oxygen, and particle biovolume were likely not at steady state in the front due to strong-along
front advection. The sources and sinks of these properties were small relative to their fluctuations
at the upstream boundary of the front. While vertical fluxes and mesozooplankton grazing, for
example, likely contributed somewhat to sources and sinks of phytoplankton biomass in the
front, these processes did not fully explain the observed patchiness. Therefore, the most realistic
advection-reaction equations to describe the front would have both non-zero 0C/ot (local time
rate of change) and »C (biological source/sink) terms. This study did not seek to define the
magnitudes of each term; instead, we set up a framework to evaluate the relative importance of
each in conjunction with spatiotemporal along-front gradients. Equilibrium and steady-state

assumptions, while suitable for some interpretations, do not capture the biological and
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hydrographic properties of this front that varied on relatively small spatial and temporal scales:
tens of kilometers and days to weeks.

Fronts are dynamic and patchy environments; therefore, sampling and modeling them
remains complex. A single transect across a front cannot be considered representative of the
entire frontal system. While Lagrangian or pseudo-Lagrangian sampling at fronts have provided
promising measurements of gradients with the flow, there are still potential shortcomings of
these sampling methods due to the across- and along-frontal patchiness that potentially varies
over 5-10 km and over 3—4 days, as seen at E-Front. While steady-state and equilibrium
assumptions simplify analyses of the physical and biological dynamics at upwelling-associated
fronts, they may also overlook or oversimplify the time- and space-dependent dynamics of
frontal source waters. Therefore, in this highly dynamic upwelling system, while eddies and
fronts may appear physically stationary over days or weeks, the waters and the biological
gradients associated with them may vary rapidly, potentially in a pulsatile way.

To further support the results presented in this study, measurements of plankton
community composition over the month-long period of sampling at E-Front would be useful in
characterizing the biological patchiness and differentiating the pulsatile upwelled waters at the
front. Despite its along-front variability, the E-Front was still a site of elevated plankton biomass
and export over the time it was sampled. But the along-front spatial and temporal variability is
strikingly important, and this study provides an effective framework for investigating more fine-
scale spatial and temporal variations in these ecologically important patterns given different, and
often opposing, assumptions.

Open Research
All cruise and SeaSoar data sets are available on the CCE LTER Datazoo website

(https://oceaninformatics.ucsd.edu/datazoo). Satellite altimetry and FSLE data are available on
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the AVISO+ website (https://www.aviso.altimetry.fr/en/home.html). Data for geostrophic and
wind-driven currents are available from CMEMS (https://marine.copernicus.eu/; product
identifiers: "SEALEVEL GLO PHY L4 MY 008 047" and

"MULTIOBS GLO PHY REP 015 004"). HF radar data are available using the NOAA
ERDDAP griddap tool (“Currents, HF Radar, US West Coast, RTV, Near-Real Time, 2012-
present, Hourly, 6km, Lon0360”"). Upwelling indices are also available online
(https://mjacox.com/upwelling-indices/).
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Supplemental Information

Here, we provide depth-dependent sections, from selected transects from the two SeaSoar
surveys across E-Front, of biological, chemical, and hydrographic properties (Supplemental
Figures 1.1 and 1.2). These sections show the fine-scale, layered structure of tongues of high
salinity and chlorophyll at the front (de Verneil et al., 2019) as well as the interweaving of low
oxygen, high- particle load waters. To calculate along-front gradients in biological and chemical
properties, the along-front axis was determined from contours of the horizontal density gradient,
objectively mapped onto the 27.5 m depth surface (Supplemental Figure 1.3). The relationship
between temperature, salinity, and California Current and California Undercurrent water masses
were also explored (Supplemental Figure 1.4) at E-Front, revealing how many of the high-
salinity, high-chlorophyll waters on the eastern (inshore) side of the front are associated with the
California Undercurrent. The chlorophyll, dissolved oxygen, and particle biovolume
concentrations of waters along the front had nonlinear associations with salinity, a water mass
tracer (Supplemental Figure 1.5). The depth-dependent, cross-frontal transects of chlorophyll
from each SeaSoar survey (Supplemental Figures 1.6 and 1.7) revealed patches of chlorophyll at
the northern boundary and decreases in chlorophyll from north to south (in the direction of the
frontal jet) without a strong signal of subduction along the frontal jet. The origins of high-salinity
patches (one with higher chlorophyll, one with lower chlorophyll) at the E-Front were also
investigated using water-parcel trajectories (Supplemental Figure 1.8). Backward- tracking
revealed that these patches had different temporal origins, and slightly different geographic
origins. The temporal origins may be associated with different upwelling pulses, with the

stronger episode aligning with the high-chlorophyll, high-salinity patch.
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SeaSoar Survey 1 Transect 8
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Supplemental Figure 1.1: Survey 1 depth transects (from Transect 8) of with isopycnals (white
lines) for (a) Chl-a fluorescence, (b) temperature, (c) salinity, (d) dissolved oxygen, (e) particle
biovolume for ESD 0.1-0.5 mm, (f) particle biovolume for ESD 0.5-1.0 mm, and (g) particle
biovolume for ESD 1.0-1.5 mm.

SeaSoar Survey 2 Transect 2
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Supplemental Figure 1.2: Survey 2 depth transects (from Transect 2) of with isopycnals (white
lines) for (a) Chl-a fluorescence, (b) temperature, (c) salinity, (d) dissolved oxygen, (e) particle
biovolume (in logio mm? m) for ESD 0.1-0.5 mm, (f) particle biovolume for ESD 0.5-1.0 mm,
and (g) particle biovolume for ESD 1.0-1.5 mm.
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Supplemental Figure 1.3: Horizontal density gradient (in kg m™) for (a) Survey 1 and (b)
Survey 2 with maximum density gradient (red line) and contours of 0.04 kg m™* and 0.02 kg m™
(black lines), for Survey 1 and 2 respectively.
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Supplemental Figure 1.4: Temperature-salinity diagrams of all waters sampled during (a)
Survey 1 and (b) Survey 2, with California Current (CC, cyan markers) and California
Undercurrent (CU, magenta markers) water masses highlighted. Transect of salinity with depth
from (c) Survey 1 and (d) Survey 2 with isopycnals (white lines). Waters classified as CC (cyan
markers) primarily make on the western side of the front, while waters classified as CU (magenta
markers) make up the eastern side of the front.
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Supplemental Figure 1.6: Depth-dependent transects of chlorophyll from Survey 1 (south-to-
north direction). Horizontal white line is the 27.5 m depth used in objective maps. White
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Supplemental Figure 1.7: Depth-dependent transects of chlorophyll from Survey 2 (north-to-
south direction). Horizontal white line is the 27.5 m depth used in objective maps. White
contours are isopycnals.
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Supplemental Figure 1.8: Snapshots, shown forward in time, from eight different days (a—f) of
a backward-tracking of two high-salinity patches (only parcels with inshore origins), from the
27.5 m depth, sampled in Survey 1. Red circles were seeded at locations of Survey 1 HC-HS
water parcels and run backward, and their locations are shown here from 21 July to 3 August.
Blue circles were seeded at locations of Survey 1 LC-HS water parcels, and their locations are

shown here from 7 July to 3 August. Survey 1 tracks (black lines) appear from 30 July to 3
August.
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Chapter 2: Patchiness of plankton communities at fronts explained by Lagrangian history of
upwelled water parcels

2.1 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 bio-physical
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 convergence 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 communities 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.
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2.2 Introduction

Marine plankton are passively drifting organisms of immense ecological and
biogeochemical importance in the functioning of ocean ecosystems. Plankton spatial
distributions are profoundly impacted by ocean currents, particularly in regions of highly
energetic mesoscale stirring. In stirring features, such as fronts and eddies, horizontal current
velocities can reach up to 50-80 km/day (Barth et al., 2000; McWilliams, 2016; Zaba et al.,
2021), resulting in transport over long distances within a few days to weeks. Importantly,
biological 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 reproduction cycle in a few
weeks (Deibel & Lowen, 2012; Eiane & Ohman, 2004).

As a result, physical and biological processes are highly coupled, often resulting in a high
level of heterogeneity in biological properties on small spatial scales (1-10 km), or "patchiness."
Disentangling the interacting roles of physics and biology in driving plankton patchiness has
been a central question in ecology for many decades (Levin & Segel, 1976; Martin, 2003;
McGillicuddy & Franks, 2019). The processes driving plankton diversity and community
structure have similarly been examined, with many studies showing the influence of bottom-up
and top-down trophic interactions (Allen et al., 2005; Dugenne et al., 2021), transport (Wilkins et
al., 2013), or a combination of all of these processes (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 differing 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 (Jonsson & Watson, 2016; Rossi et al., 2014; Wilkins et al., 2013).
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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 (Lehahn et al., 2018; Messié et al., 2022; Messi¢ & Chavez, 2017). These approaches have
shown that the abundance of plankton is not only determined by their immediate environment
(e.g., temperature and nutrient concentration (Haberlin et al., 2019; Mousing et al., 2016;
Tzortzis et al., 2021)) but is also shaped by the conditions experienced during the previous weeks
at different locations (d'Ovidio et al., 2010; Gangrade & Franks, 2023; Herndndez-Carrasco et
al., 2023). The first view—Ilocal 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 provinces as in Longhurst (2007)). The second view—transport history 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 production resulting from nutrient
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inputs from outside the euphotic zone, such as coastal upwelling) generally takes place inshore
while export takes place further offshore (Chabert et al., 2021; Stukel et al., 2011). In addition to
the small-scale circulation (filaments and eddies), the California Current System is composed 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 current of
equatorial origin (Bograd et al., 2019; Lynn and Simpson, 1987).

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 evaluate the
relationship between plank- ton distributions and the characteristics of water parcels based on
two different frameworks. 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 trajectories since upwelling (the
water-mass history, derived from a backtracking analysis). Our results show that both
frameworks give insights into the drivers of plankton com- munity structure; however, the
Lagrangian method provides a more detailed understanding of the mechanisms generating local
finescale patchiness.

2.3 Data and methods
2.3.1 Cruise data

Biological and hydrographic measurements were collected during the California Current
Ecosystem Long-Term Ecological 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
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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 2 transects (E1 and E2) with high
horizontal resolution (3—5 km between consecutive stations), conducted on 4-5 August 2012 and

20-21 August 2012 respectively (Figure 2.1).
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Figure 2.1: 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 to 0 d! 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 locations along the coast (e.g., at 38°N in Transect
E2).

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 collected
in Niskin bottles at discrete depths (5—6 levels between 0 and 100 m) on the ascent. The CTD
rosette included a fluorometer which measured in vivo chlorophyll-a fluorescence. After the
CTD cast, zooplankton samples were collected with a 0.71-m diameter, 202-um mesh vertical
Bongo net tow from 0 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 Figure 2) and

is summarized here (Supplemental Table 2.1). Flow cytometry was performed on the Niskin
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bottle water samples (0—100 m), producing the abundance (number of cells/L) of 4 taxa of pico-
plankton (< 2 um) identified by their light-scattering properties. High-performance liquid
chromatography (HPLC) was performed on the surface Niskin bottle samples; the concentrations
of chlorophyll a and accessory pigments were measured and used to determine the contributions
(percentage) of 8 phytoplankton taxa relative to the total chlorophyll (Goericke & 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 m2) of 15 groups of mesozooplankton.

2.3.2 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 measurements 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 classified 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 (Supplemental Figure 2.1).

2.3.3 Statistical analysis of water-mass type and abundance association

We combined the information on hydrographic classifications (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 vertically integrated
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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, phytoplankton, and zooplankton in each
water-mass type were first examined qualitatively (Supplemental Figures 2.2-2.5) and Kruskal-
Wallis tests were then used to determine whether abundances among the three water-mass types
were statistically different.

2.3.4 Water-parcel tracking

We advected the water parcels backward in time from initial locations (i.e., each transect

station), using the following equations:
x(t+ At) = x(t) + u(x,y, t) X At 2.1)

y(t+At) =y(t) + v(x,y,t) X At (2.2)
Instead of a positive A¢, we applied a At =—1 day and iteratively computed x and y for the 2
months (66 days) preceding the transect date. We limited the backtracking to 2 months because
the contribution of stirring and mixing to water-mass property changes is likely to be smaller
than the contribution of advection for this duration. We used a 2-D advection scheme with
surface velocities because upwelled waters parcels are likely to stay near the surface for this
duration. We used the “GLOBCURRENT” velocity product from the Copernicus Marine
Environment Monitoring Service (CMEMS; https://doi.org/10.48670/mds-00327), which
consists of surface zonal and meridional velocities (u(x, y, t), v(x, y, t)) with a 1-day temporal
resolution and a 0.25-degree 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
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geostrophic component (derived from satellite altimeter measurements) and a wind-driven
Ekman component at 0 m and 15 m 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—70 m 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
structures such as fronts. The FSLEs represent the exponential rate of separation (when
calculated forward-in-time) or convergence (when calculated backward-in-time) of water-parcel
trajectories. The FSLEs, obtained from Aviso+ (https://doi.org/10.24400/527896/a01-2022. 002),
were calculated with a final separation distance of 0.6 degrees and advected by altimetry-
derived velocities (d'Ovidio et al., 2004).

2.3.5 Random parcel seeding

To estimate the uncertainty associated with these trajectories (primarily caused by the
coarse 0.25-degree 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° (approximately 5 km) radius around each transect station. The
distance 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.

2.3.6 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 anomalies
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
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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.

2.3.7 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 two months before
sampling. Next, for parcels with coastal origins, we determined whether the parcel experienced
an upwelling pulse. If it did, we recorded the location (latitude, longitude, and date) of the water
parcel when it was last at the coast during an upwelling pulse; these coordinates 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.

2.4 Results
2.4.1 Distribution of water masses and chlorophyll 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 (Figure 2.2). 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

65



sampled two weeks apart. During the first transect (E1, Figure 2.2a), 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, Figure 2.2b), the MIX layer was mostly vertical, with the
exception of an intrusion of offshore CC waters into inshore CU waters below the surface (30-70
m).

The distribution of Chl-a fluorescence (Figure 2.2, hatched contours) 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 2.1, where statistically significant
associations are indicated 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
patches was closely aligned with the boundaries between the water masses, consistent with a
coupling of hydrographic and biological properties. In the next section, we investigate this

coupling in more detail by looking at the individual phytoplankton and zooplankton taxa.
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Figure 2.2: Vertical sections (0—100 m) across the front from west (offshore, on the left) to east
(in-shore, 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, respectively. 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.

2.4.2 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
(Figure 2.3). This cross-frontal patchiness and variability both within and across transects

prompted us to investigate the association of each taxon with water-mass type.
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Figure 2.3: Cross-frontal abundances, normalized by the maximum abundance for each taxon in
each transect, of select bacteria, phytoplankton, and zooplankton taxa in Transect E1 (a) 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
Figure 2.2 (cyan for CC, magenta for CU, and yellow for MIX). The color of each plotted line
represents a specific taxon.

We considered that a given taxon was consistently associated with CC or CU if it had a
significantly higher abundance in that water-mass type for the two transects conducted two
weeks apart during the cruise. We found that 8 taxa (chlorophytes, cryptophytes, dinoflagellates,

pelagophytes, prymnesiophytes, heterotrophic bacteria, rhizaria, and pteropods) were
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consistently associated with CU waters, and 1 taxon (Prochlorococcus) was consistently

associated with CC waters in both transects (Table 2.1, upper rows).

Table 2.1: Association between plankton taxa and water-mass types. Different market indicate
different associations: X = statistically significant 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 crustaceans) indicate taxa that were not consistently
associated with a single water-mass type. The full results of the Kruskal-Wallis tests are
provided in Supplemental Table 2.2 and Supplemental Table 2.3.

CcC MiIX cuU
Taxa El E2 El E2

Chlorophytes — — — —
Cryptophytes — — — —
Dinoflagellates — — — —
Pelagophytes — — — —
Prymnnesiophytes — — — —
Heterotrophic bacteria — — — —
Rhizaria — — — —
Pteropods — — — —
Prochlorococcus X
Chlorophyll a — — X X
fluorescence (0-100 m)
Ostracods — —
Diatoms — —
Synechococcus — —
Pico-eukaryotes — —
Appendicularians — —
Chaetognaths — —
Cnidarians — —
Doliolids — X — — X —
Copepods — — X — — X
(Calanoids, Oithona, others)

Polychaetes — — X — —
Euphausiids — — X — —

Other crustaceans — — X — —

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

The remaining taxa (n=14) did not have a consistent association with a single water-mass
type (CC or CU) and displayed a range of patterns (Table 2.1, bottom rows). Ostracods were
associated with MIX waters in both transects, while the 13 other taxa exhibited time-dependent

water-mass associations. Doliolids were associated with CU waters in E1, but CC waters in E2;
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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 particular
water mass in only one transect, with no statistically significant 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 (Supplemental
Table 2.2 and Table 2.3). 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 sections, we explore the possibility that the water-mass history (through a Lagrangian
approach) could provide an alternative explanation.

2.4.3 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.

2.4.3.1 Geographic origins
Our backward-in-time tracking showed that waters sampled during both E1 and E2 had

variable geographic origins (Figure 2.4). While almost all the stations contained waters that
originated at the coast in the two months before sampling (Supplemental Table 2.4), 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 kilometers apart two 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
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water parcels sampled on the inshore side of the transects generally had shorter, more direct

trajectories to the front (Figure 2.4).
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Figure 2.4: Trajectories of water parcels sampled across E-Front Transect E1 (a) and Transect
E2 (b) in the two months before sampling. Trajectories were computed 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
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 Figure 2.1). 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
CC and CU, respectively.

2.4.3.2 Temporal origins: Upwelling pulses

Water parcels sampled at the frontal transect sites also originated 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 (Figure 2.5), our backtracking analysis revealed that almost all
the water parcels sampled during the cruise originated at the coast during an upwelling pulse
(Supplemental Table 2.4). Some of the sampled parcels were upwelled much more recently than
others: the median ages (times since upwelling) ranged from 8 to 51 days for Transect E1, and

from 11 to 43 days for Transect E2 (Figure 2.6). For E1, the inshore stations tended to contain
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more recently upwelled water than the offshore stations (Figure 2.6a). However, counter-
intuitively, for E2, the oldest waters (median age = 43 days) were found at the two most inshore
stations (E2 Stations 1 and 2), while the other stations contained more recently upwelled water
with median ages ranging from 11 to 15 days (Figure 2.6b). We discuss this apparent
discrepancy further 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 0 to 1.8 m? s~! (Figures 2.5-2.6).
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Figure 2.5: Time series of the Coastal Upwelling Transport Index (CUTI) anomaly from 1 June
to 24 August 2012 for different latitudinal bands (colors) in the California Current System. Two
contrasting upwelling pulses are highlighted (gray shaded regions), illustrating upwelling
variability in terms of location, timing, duration, and intensity.
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Figure 2.6: 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).

2.4.3.3 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 et al., 2018). The
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water parcels with short, direct trajectories between coastal upwelling sites and the transect
location (E1 Stations 10—13) retained a CU temperature-salinity signature, while parcels with
long, meandering, offshore trajectories (E1 Stations 1-9) mixed with CC waters, leading to their
classification as MIX, and CC for the oldest water parcels (Figures 2.2 and 2.4).

Data from E2, however, indicates a more complicated scenario. E2 included recently
upwelled water parcels (with very short and direct trajectories from the coast) that were
classified as CC (E2 Stations 5-10). Conversely, some older water parcels with long meandering
trajectories were classified as CU (E2 Stations 1-2, Figures 2.4 and 2.6). Some trajectories can
be seen meandering strongly between offshore and coastal regions (Figure 2.4); 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.

2.4.4 Biological history along water-parcel trajectories

We investigated the relationship between the age of an upwelled water parcel and the
plankton community found 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 (Supplemental Figures
2.6-2.8), we assumed that all upwelling pulses generated a similar biological response.

We found that the abundances of diatoms and copepods exhibited the clearest
relationship with age since upwelling, with peaks at about 15 days and 30 days, respectively,
after a water parcel experienced an upwelling pulse (Figure 2.7). This succession is consistent

with the well-known trophic dynamics of these two taxa. In this region, diatom doubling times
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are only a few days under nutrient- rich conditions (Sarthou et al., 2005), 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 days (Eiane and Ohman,
2004). Thus, we interpreted this succession 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 Supplemental
Information: Biological responses of non-diatom and non-copepod taxa, and Supplemental

Figures 2.6-2.8).
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Figure 2.7: 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 days).
Plankton illustrations: Freya Hammar.
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2.5 Discussion

In this study, we sought to investigate the influence of wind-driven coastal upwelling on
the finescale plankton community structure observed across a front. We first attempted to relate
the ecosystem structure to the hydrographic properties of water (the water mass-type, CC or CU),
relying on previous literature that established that CU waters are generally 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 (Figure 2.8). 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, following 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 zooplankton).
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 convergence of

water parcels of different ages since upwelling (and thus different plankton communities) created
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finescale variations in the distribution of plankton abundances across the front, thus the

generation of cross-frontal plankton patchiness.
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Figure 2.8: 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 upwelling pulse that occurs 50 days before sampling, and the shorter
trajectory (right) originates in the south during an upwelling pulse that occurs 20 days before
sampling. Along each trajectory, nutrients, phytoplankton, and zooplankton concentrations peak
in succession, resulting in two very different communities sampled during the cross-frontal
transect. [llustration: Peter J.S. Franks and Freya Hammar. Icons: Freya Hammar (plankton) and
Woods Hole Oceanographic Institution (ship).
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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.

4.5.1 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 exponents, showed that water parcels with different biological and hydrographic
signatures converged at E-Front. By integrating 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;
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Tzortzis et al., 2021), or as a homogeneous patch of enhanced productivity that emerges from a
(typically) less productive background (Allen et al., 2005; Mangolte et al., 2022; Taylor et al.,
2012). These views are generally associated with a focus on the local processes that control
plankton community structure: 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 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 (Lévy et al., 2018; Mahadevan, 2016). In the California Current System, which
already has very shallow mixed layers (Franks, 2014), 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 processes (such as
the frontal circulation (Kessouri et al., 2020; Li et al., 2012), or eddy pumping (Chenillat et al.,
2015; Gaube et al., 2013). 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.

4.5.2 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 & Messié, 2009; Checkley & Barth, 2009). However, the pathways through

which wind-driven upwelling influences the ecosystem involve both physical (particularly,
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horizontal currents) 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
structure using two approaches that connected a given water parcel to wind-driven coastal
upwelling.

In the first approach (applying a water-mass type association), we based the connection
between biology and hydrography on the following assumption: water parcels with a CU
signature were likely more recently upwelled than water parcels 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 conditions experienced by a given water parcel. We found that
the timing and location of upwelling influenced the biological 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 days had
elapsed since upwelling for the first one and 50 days for the second, they would have had very
different plankton communities (Figure 2.8). The location and intensity of upwelling may have
also affected the concentration and composition of nutrients available (Jacox et al., 2018). For

example, dissolved iron supply, which exerts a bottom-up control on phytoplankton biomass,
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varies spatially along the coast, depending on factors such as shelf width, degree of sediment
resuspension, and riverine inputs (Forsch et al., 2023; Till et al., 2019). These processes may
drive some biological patchiness, which has been seen with diatoms across fronts (Brzezinski et
al., 2015). Indeed, investigating the effects of initial 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 sufficient:
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, 2007). However, at smaller
spatiotemporal scales, this question is more appropriately addressed through a Lagrangian
approach that describes the history of the water parcels.

4.5.3 The Lagrangian history: a powerful framework to understand plankton community
structure

In this study, we found that the spatial structure of plankton 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 fertilization experiments to explore how phytoplankton blooms develop in

81



response to a natural or artificial iron source (Boyd et al., 2007; d'Ovidio et al., 2015; Robinson
et al., 2014), while retentive eddies give a unique glimpse into the transformation of a virtually
isolated plankton community over a few weeks or even months (Chenillat et al., 2015; Lehahn et
al., 2011).

Other studies have used growth-advection models—validated by in situ observations—to
describe how chlorophyll and zooplankton patches are generated downstream of a nutrient
source (Lehahn et al., 2017; Messié & 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 turbulence (Hernandez-Carrasco et al., 2023), or iron
enrichment driven by interactions with islands (Della Penna et al., 2018) or seamounts (Sergi et
al., 2020).

2.6 Conclusion

In this study, we employed a novel Lagrangian framework based on empirical data (in
situ sampling and satellite observations) 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 histories along converging trajectories.

This framework allows us to explicitly employ the dimension 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 (including 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
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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

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 data set is cataloged here:
https://doi.org/10.48670/mds-00327. The sea-surface temperature data set is cataloged here:
https://doi.org/10.48670/moi-00169. The Finite Size Lyapunov Exponent (FSLE) data set 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 available here: https://mjacox.com/upwelling-indices/.
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Supplemental Information
Biological responses of non-diatom and non-copepod taxa

The diatom-copepod food chain, despite its importance (both in terms of quantity and in
ecological and biogeochemical consequences), is one dimension of a very complex plankton
ecosystem. On the one hand, many other grazing zooplankton taxa also consume diatoms
(particularly filter-feeding tunicates); on the other hand, the diet of copepods can include a
variety of sources including other phytoplankton, zooplankton, or detritus (Whitmore & Ohman,
2021).

Many factors might explain why the collected data only showed a significant biological
response for diatoms and copepods. In the case of non-diatom phytoplankton (Supplemental
Figure 2.6), it is possible that a bloom developed at the subsurface only and was thus not
measured in our surface measurements. Or, it is also possible that—unlike diatoms—the other
phytoplankton taxa were unable to escape grazing pressure due to their slower growth rates
(Inomura et al., 2023). In the case of carnivorous zooplankton (Supplemental Figure 2.7), it is
likely that the duration of our backtracking analysis (two months) was too short relative to their
reproduction rates. We would expect large changes in their abundances to be visible after several
months or even years. For instance, Messié et al. (2023) described a "damping effect" in the
California upwelling region by which metazoan organisms with longer lifespans or those located
deeper in the water column (i.e., mesopelagic or benthic) respond slower to environmental
forcings than phytoplankton or micro-zooplankton: the response time scales may be months to
years as opposed to days to weeks.

Moreover, some taxa showed multiple peaks in abundance within water parcels of
different ages, which could indicate more complex trophic interactions. For instance,

appendicularians (Supplemental Figure 2.8a) showed an initial peak at about 10 days, consistent
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with their fast growth rate in response to the diatom bloom (Capitanio & Esnal, 1998), followed
by a second peak at about 30 days, which could be generated by the consumption of copepod
fecal pellets.

The only taxon other than diatoms and copepods that showed a clear relationship with
age since upwelling pulse was rhizarians. The abundance of rhizarians peaked at approximately
30 days (Supplemental Figure 2.8b). While the feeding strategies and growth rates of rhizarian
organisms are extremely diverse (Biard, 2015; Biard & Ohman, 2020), the time scale of this
increase in abundance is consistent with a growth response to an increase in the availability of
their nutrition source (whether they are photosynthetic, eat inorganic nutrients, diatoms, or
detritus).

Supplemental Table 2.1: List of plankton taxa sampled during the E-Front transects, the
methodologies used (sampling and identification methods), and the vertical resolution.

Sample Instrument Taxa included Depth

Niskin bottle Flow Cytometry = Heterotrophic bacteria, Prochloro- Discrete levels 0-120 m
coccus (PRO), Synechococcus
(SYN), pico-eukaryotes

Niskin bottle HPLC Diatoms, dinoflagellates, coccol- Surface
ithophores, pelagophytes, chloro-
phytes, cryptophytes

Bongo net ZooScan 3 copepod groups (calanoids, Vertically averaged O-
oithonoids, and others), pteropods, 100 m
euphausiids, other crustaceans,

rhizarians, doliolids, appen-
dicularians, salps, pyrosomes,
cnidarians+ctenophores, poly-

chaetes, chaetognaths, ostracods
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Supplemental Figure 2.1: Salinity-temperature plots for E-Front Transect E1 (a) and Transect
E2 (b) from CTD vertical profiles (0—100 m). Dashed gray lines indicate the density ()
isolines. Points are colored according to their water-mass type classification: California Current
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Supplemental Figure 2.2: Distribution of zooplankton abundance (no./m?) in each majority
water-mass type for E-Front Transect E1. Box plots indicate the median and interquartile ranges
of abundance and are colored by the corresponding water-mass type (cyan for CC, yellow for
MIX, and magenta for CU). Zooplankton abundances were vertically integrated (0—100m), and
the majority water-mass type in the vertical water-column profile was used (see Chapter 2 Data
and Methods).
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Supplemental Figure 2.4: Distribution of picoplankton and phytoplankton abundance in each
majority water-mass type for E-Front Transect E1. Box plots indicate the median and
interquartile ranges of abundance and are colored by corresponding water-mass type (cyan for
CC, yellow for MIX, and magenta for CU). Picoplankton abundance (Prochlorococcus,
Synechococcus, picoeukaryotes, and heterotrophic bacteria, in cells/L) were measured with flow
cytometry at each vertical level. Phytoplankton (ug Chl/m®) were measured with HPLC for the
surface sample only. The water-mass types were taken at the vertical level corresponding to each
sample.
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Supplemental Table 2.2: Results from Kruskal-Wallis statistical tests comparing the
distributions of plankton abundances in pairs of water-mass types (CC vs. CU, CC vs. MIX and
CC vs. MIX) for E-Front Transect E1. High p-values (> 0.05) indicate that the distributions are
not statistically different (i.e., the null hypothesis—that the data originate from the same
distributions—is not rejected). In contrast, low p-values < 0.01 (yellow) and 0.01 < p-value <
0.05 (orange) indicate that the distributions are statistically different (null hypothesis is rejected).

Taxon/Group* |CC vs. MIX| CCvs. CU | MIX vs. CU
chloro 0.558 0.0109 0.7485
crypto 0.3817 0.0095 0.8791
diat 0.1996 0.0377 0.9878
dino 0.4415 0.019 0.8965
fl 0 0.005 0.0111
hetbact 0 0 0.9098
pelago 0.2032 0.0391 0.988
picoeuk 0.0254 0.9393 0.0095
pro 0.01 0 0.0001
prym 0.4425 0.0192 0.8967
syn 0.0029 0.8109 0.0138
tchl 0.4425 0.0192 0.8967
appen 0.1775 0.9715 0.0989
calanoid 0.0329 0.3312 0.7239
chaeto 0.0268 0.4321 0.5359
cnid 0.0487 0.3800 0.7465
dolio 0.1981 0.2860 0.9906
eggs 0.0401 0.2448 0.8867
euphaus 0.0401 0.2448 0.8867
nauplii 0.0704 0.2077 0.9906
oithona 0.0268 0.2077 0.8692
ostrac 0.8389 0.4818 0.1181
othercop 0.0401 0.2448 0.8867
othercrust 0.0364 0.8228 0.1912
polych 0.0487 0.3800 0.7465
ptero 0.1267 0.0145 0.3025
pyro NaN NaN NaN
rhiz 0.0643 0.0984 0.9576
salp NaN NaN NaN
totvintfl 0.3267 0.4779 0.9953
totvintdiat 0.3267 0.4779 0.9953
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Supplemental Table 2.3: Same as Supplemental Table 2.2 above, but for E-Front Transect E2.

Taxon/Group* |CC vs. MIX| CC vs. CU | MIX vs. CU
chloro 0.6601 0.0180 0.3668
crypto 0.4869 0.0140 0.4869
diat 0.1116 0.3402 0.6667
dino 0.7777 0.2227 0.7777
fl 0.0224 0.0050 0.8300
hetbact 0.0841 0.0000 0.4874
pelago 0.6064 0.0510 0.6064
picoeuk 0.9666 0.9662 0.9963
pro 0.1458 0.0000 0.1926
prym 0.9559 0.0680 0.0903
syn 0.6079 0.7643 0.8802
tchl 0.1991 0.0378 0.9559
appen 0.9976 0.7389 0.6575
calanoid 0.1935 0.1193 0.8475
chaeto 0.9710 0.9615 0.8677
cnid 0.9995 0.9827 0.9729
dolio 0.1446 0.0175 0.4306
eges 0.0940 0.0227 0.6060
euphaus 0.2725 0.4010 0.9998
nauplii 0.1781 0.1394 0.9047
oithona 0.8621 0.7300 0.9365
ostrac 0.9024 0.9326 0.7082
othercop 0.1228 0.0918 0.8868
othercrust 0.2308 0.2327 0.9623
polych 0.7775 0.7389 0.9818
ptero 0.1446 0.0175 0.4306
pyro NaN NaN NaN
rhiz 0.2725 0.0290 0.3621
salp NaN NaN NaN
totvintfl 0.0585 0.0290 0.7810
totvintdiat 0.0585 0.0290 0.7810
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Supplemental Table 2.4: Description of water-parcel origins for each E-Front transect station
based on an ensemble of back-trajectories (100 parcels seeded randomly in a 5-km radius around
each station). A water parcel was considered to have originated from the coast (6th column) if its
trajectory location was within 25 km of the coastline at any point during the 2-month
backtracking. A water parcel was assumed to have been upwelled (last column) if it was at the
coast during an upwelling pulse (positive CUTI anomaly). The median age since upwelling and

pulse intensity were computed only for upwelled water parcels.

Transect | Station | Median Median Median Fraction Fraction of
age since | CUTI CUTI of parcels | upwelled
upwelling | (m?/s) anomaly from coast | parcels
(days) (m?/s)

1 1 51 1.618 0.629 0.68 0.68

1 2 50 2.787 1.727 0.80 0.80

1 3 45 2.130 1.159 0.95 0.95

1 4 45 2.130 1.159 0.91 0.91

1 5 45 2.130 1.159 0.92 0.91

1 6 45 1.020 0.198 0.94 0.94

1 7 32 1.020 0.198 0.95 0.95

1 8 26 1.020 0.198 0.92 0.92

1 9 26 1.020 0.198 0.95 0.95

1 10 26 1.020 0.198 1 1

1 11 26 1.503 0.532 1 |

1 12 15 1.225 0.403 1 0.96

1 13 8 1.248 0.426 1 0.89

2 1 43 0.909 0.222 1 |

2 2 43 0.909 0.222 1 1

2 3 15 1.433 0.612 1 |

2 4 14 1.433 0.612 1 1

2 5 14 1.433 0.612 1 1

2 6 13 1.345 0.524 1 |

2 7 11 0.863 0.042 1 |

2 8 11 0.863 0.042 1 1

2 9 11 0.863 0.042 1 0.91

2 10 11 0.863 0.042 0.96 0.91
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Supplemental Figure 2.6: Relationship between phytoplankton and bacteria abundance and age
(time) since upwelling, in days. Each marker represents one station; the points include data from
both transects. Blue lines represent the lowess fits (f=0.75) of time vs. abundance, with gray
shaded regions indicating the 95% confidence interval. The color of the points indicate the
median upwelling pulse intensity calculated from the magnitude of CUTI when parcels were at
the coast.

95



Appendicularian Calanoid copepod

. - .
8 “ g :
8 1 s H i
H H :
2 L - n
e -
$ s |
Time since upwelling (days) Time since upwelling (days)
Chaetognath Cnidarian
£ ) 5 \
8 o ] :
g " g .
H . ] .
: n 3 /\\ N
. )
Time since upwelling (days) Time since upwelling (days)
Doliod Eggs
c amatsy g aumats
s s
3 ; :
g : g . p
g . g .
H L n; H ( o — n
Time since upwelling (days) Time since upwelling (days)
Euphausiid Nauplii
A A com s
= = . :
3 . 3
H TN n 3 1 n
\ .
.
Time since upwelling (days) Time since upwelling (days)
Oithona copepod Ostracod
e ammsy g i
2 R \ | H . \ [
. . ot . 't
Time since upwelling (days) Time since upwelling (days)
Other copepod Other crustacean
T R
3 - *
3 M 3
g . g -
H _\; -
4 . .
2 | M H D |
(] \ [ -
Time since upweling (days) Time since upweling (days)
Polychaete Pteropod
€ ’ E s
£ 3 3 )
-4 0 H v
£ £ A
: ;/\ n 5 / : R
M
p ]
Time since upwelling (days) Time since upweling (days)
Rbizarian Total copopod
T gy T
H ~ 3 :
H . g .
g . . g O .
2 . 3 D . \ |
:
Time since upwelling (days) Time since upwelling (days)

Supplemental Figure 2.7: Relationship between zooplankton (and related taxa) abundances and
age (time) since upwelling. Each marker represents one station; the points include data from both
transects. Blue lines represent the lowess fits (f=0.75) of time vs. abundance, with gray shaded
regions indicating the 95% confidence interval. The color of the points indicate the median
upwelling pulse intensity calculated from the magnitude of CUTI when parcels were at the coast.
Vertical dashed lines in red, when plotted, indicate the estimated generation time of the taxon
(e.g., 28 days for copepods).
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Supplemental Figure 2.8: Relationship between plankton abundance and age (time) since
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in (a) shows the typical appendicularian generation time (9 days). Plankton illustrations: Freya
Hammar.
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Chapter 3: Salinity is diagnostic of maximum potential chlorophyll and phytoplankton
community structure in an Eastern Boundary Upwelling System

3.1 Abstract

Coastal upwelling ecosystems associated with strong physical stirring exhibit significant
mesoscale hydrographic and biological patchiness. Though many studies have found broad
correlations between hydrographic properties (e.g., temperature and salinity) and phytoplankton
biomass, we lack a detailed understanding of the mechanisms underlying these correlations.
Here, using observational data from coastal waters in the California Current System, we
demonstrate that the maximum observed chlorophyll in a water parcel increases with salinity—a
conservative water-mass tracer. This relationship arises from the correlations of vertical salinity
and sub-euphotic zone nitrate profiles. This allows us to define the maximum potential
chlorophyll as a function of salinity, and thus nitrate. We show that variations in salinity explain
patterns in phytoplankton community structure, and discuss how growth, grazing, and light and
micronutrient limitation can generate chlorophyll values below the maximum potential. Our
mechanistic explanation provides a novel framework for diagnosing biological patchiness solely
using salinity observations.

3.2 Introduction

Within Eastern Boundary Upwelling Systems (EBUSs), equatorward alongshore winds
drive the upwelling of cold, nutrient-rich waters at the coast. These waters, once upwelled into
the euphotic zone, promote phytoplankton growth and fuel secondary production of zooplankton
and fishes, many of which contribute to important commercial fisheries (Chavez & Messié,
2009; Pauly & Christensen, 1995).

The California Current System (CCS), an EBUS in the Northeast Pacific, is a confluence

of hydrographically and biogeochemically distinct waters transported within two main flow
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features: the equatorward-flowing, relatively fresh, nutrient-poor California Current (CC); and
the coastal, poleward-flowing, relatively salty, nutrient-rich California Undercurrent (CU)
(Bograd et al., 2015; Bograd et al., 2019; Lynn & Simpson, 1987).

In the CCS, coastal-upwelling-associated filaments can rapidly transport phytoplankton-
rich California Undercurrent waters offshore (Zaba et al., 2021). Within these broad, high-
velocity but slowly-varying mesoscale features, there are strong biological gradients at small
spatial scales (tens of kilometers) and short time scales (days to weeks) (de Verneil & Franks,
2015; Gangrade & Franks, 2023; Mangolte et al., 2023). Such gradients are often associated with
hydrographic (as opposed to velocity) properties. In particular, fine-scale variability in
chlorophyll a (Chl), a proxy for phytoplankton biomass, is often associated with salinity
gradients: high nutrient and Chl concentrations are found in high-salinity waters (Strub et al.,
1991; Zaba et al., 2021). This relationship between biological variables and water-mass
properties has been well-investigated in estuarine systems, where gradients in phytoplankton
biomass have been linked to salinity gradients (Cloern et al., 2017). In estuaries, low-salinity
waters are correlated with high nutrient concentrations (Conomos et al., 1979) and high
phytoplankton abundance (Peterson et al., 1975).

Here, we similarly investigate the relationship between salinity, a commonly measured
conservative water-mass tracer, and Chl in the coastal waters of the CCS—a region with
relatively little riverine freshwater input. We use high-resolution observations from two cruises
that sampled the California coastal region in 2017 and 2019. We demonstrate a systematic
relationship between the maximum observed Chl (MOC) in a water parcel and its salinity. We
then derive a nitrate-based estimate of the maximum potential Chl (MPC) that can be achieved in

a water parcel, given its salinity. We also show that phytoplankton community structure varies
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systematically with salinity, and we explain how sub-euphotic zone nitrate concentrations drive
these salinity-based relationships. Finally, we explore cases in which the MPC of a water parcel
is not achieved, due to timing of phytoplankton growth and grazing losses, as well as
micronutrient and (or) light limitation. Fundamentally, we emphasize how a simple salinity-
based framework can provide an estimate of the MPC that can be applied to upwelling
ecosystems, even when nutrient measurements are lacking. The MPC framework also allows for
the identification of when, where, and why the MPC may not be reached, elucidating important
ecological dynamics that potentially mediate biological productivity, energy transfers to higher
trophic levels, and carbon export in the CCS.

3.3 Methods
3.3.1 Hydrographic and biogeochemical data

Data were collected during two California Current Ecosystem Long-Term Ecological
Research (CCE LTER) cruises. The P1706 cruise (June 1-July 2, 2017) sampled the coastal
region surrounding a westward-flowing upwelling filament offshore of Morro Bay, California
(the “Morro Bay filament”). The P1908 cruise (August 5—September 6, 2019) sampled the region
surrounding a southwestward-flowing upwelling filament offshore of Pt. Sur, California (the “Pt.
Sur filament”). We analyzed measurements of Chl, salinity, temperature, and depth from a towed
SeaSoar that undulated between 0—250 m depth. We used data from the first SeaSoar survey of
each cruise (Figure 3.1). As in Zaba et al. (2021), we objectively mapped SeaSoar profiles by
assuming a Gaussian covariance with a horizontal decorrelation length scale of 15 km and noise-
to-signal ratio of 0.1. This generated maps with 5 km along-track and 5 m vertical resolution of
salinity and Chl; we omitted points with normalized mean squared error greater than 0.3.

We also used data from cross-filament CTD-rosette transects (3 per cruise), with 3—8 km

horizontal resolution and 1 m vertical resolution down to 300 m. We obtained measurements of
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Chl fluorescence, temperature, salinity, and depth. From bottle samples at discrete depths (every

10 m from 0-100 m), we obtained nitrate (NO3) and silicic acid (H4SiO4) concentrations, which

were analyzed using a colorimetric assay (Armstrong et al., 1967).
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Figure 3.1: Spatiotemporal patchiness in satellite-derived sea-surface Chl (a, b) and salinity (c,
d) of the central California coast during the CCE LTER P1706 cruise (a, ¢) and P1908 cruise (b,

d). The geographic locations of the alongshore SeaSoar surveys and cross-filament CTD

transects are shown in black and purple, respectively. Sea-surface Chl and salinity are averaged

over the month of June 2017 for P1706, and over 1-14 August 2019 for P1908.

We also obtained Chl concentrations (in ug L!) through shipboard filtration and

fluorometer readings. Using the CHEMTAX V1.95 program, we analyzed taxon-specific

pigments measured by HPLC from surface bottle samples of all six transects; this provided the
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proportion of total Chl attributed to eight phytoplankton taxa: dinoflagellates, diatoms,
prymnesiophytes, prasinophytes, chlorophytes, cryptophytes, chrysophytes, and cyanobacteria
(Gonzalez-Silvera et al., 2020).

We obtained 1-km, daily sea-surface Chl data from a merged satellite ocean data product
(Kahru et al., 2012) and sea-surface salinity data from a merged in situ and satellite observation
data product (Droghei et al., 2016).

3.3.2 Chlorophyll data calibration

The Chl fluorescence measurements from each SeaSoar survey were calibrated using
underway samples collected from the ship seawater intake system. These samples were filtered
and cold-extracted in 90% acetone for approximately 24 hours. Chl concentrations were then
measured with a shipboard Turner fluorometer, using the acidification technique (Lorenzen,
1967). We then compared these Chl concentrations to Chl fluorescence measurements when the
SeaSoar was within 5 m of the surface. Due to the effect of nonphotochemical quenching of Chl
fluorescence (Krause & Weis, 1991), we omitted daytime samples (06:00-20:00 PDT) and
applied linear regressions to nighttime-only measurements to calibrate the entire SeaSoar Chl
fluorescence data set (Supplemental Figure 3.1).

3.3.3 Siex calculation

From all samples with NO3; and H4SiO4 measurements, we calculated Siex, a tracer equal
to [H,Si0,] — [NO3] X Rs;.y, where Rg;.y is the [H,Si0,]/[NO3] of upwelled water. Rg;.y is
approximately equal to 1 in the CCE (Hogle et al., 2018; King & Barbeau, 2011; Stukel et al.,
2017; Stukel & Barbeau, 2020). In general, Siex > 0 in iron-replete conditions for silicifying

organisms, while Siex < 0 in iron-limited conditions.
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3.3.4 Nitrate climatology

We obtained salinity, og (potential density anomaly at potential temperature 6), and
bottle-calibrated nitrate measurements from California Cooperative Oceanic Fisheries
Investigations (CalCOFI) CTD-rosette downcast data sampled from 2003 to 2019. We used
measurements from CalCOFI Lines 66.7 to 80, which cover the region from Monterey Bay to Pt.
Conception, California. We used samples from all available depths for the o4 versus nitrate
relationship and data from 0—100 m for the salinity versus nitrate relationship. We calculated
mean, median, maximum, and standard deviation of nitrate concentrations within 0.05 psu
salinity bins and 0.05 kg m™ o bins; we used median nitrate in our subsequent analyses.

3.4 Results and Discussion
3.4.1 Maximum Observed Chlorophyll (MOC) is correlated with salinity

Waters sampled within the Morro Bay and Pt. Sur filaments and surrounding coastal
regions exhibited both biological (phytoplankton) and hydrographic (salinity) patchiness in space
and time (Figure 3.1). Salinity in the upper 100 m ranged from approximately 33.0 to 34.0 psu
and Chl concentrations ranged from 0 to 12.8 pg L'! (Figure 3.2).

When logio(Chl) was plotted against salinity, there was a distinct upper boundary,
defining a maximum observed Chl (MOC) for a given salinity (Figure 3.2). The logio(MOC)
increased linearly with increasing salinity (Figure 3.1), with a slope of 1.35 logio(png L!)/psu (R?
=0.91) for the combined P1706 and P1908 data set (Supplemental Figure 3.2). High-salinity
waters supported exponentially higher MOC values than low-salinity waters within the salinity
range of approximately 33.0 to 33.75 psu. These results therefore demonstrate that the MOC

within a water parcel is positively correlated with its salinity.
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Figure 3.2: The relationship between salinity and logio(Chl) for waters sampled during both
P1706 (light blue circles) and P1908 (green diamonds) SeaSoar surveys and transects. The
maximum observed chlorophyll (MOC) boundary (solid dark green line) delineates the
maximum Chl sampled in each salinity bin (0.05 psu bin width). The logio(NOs™d2") (solid
magenta line) and the 35" and 65 percentiles of logio(NO3) in each 0.05-psu salinity bin
(dashed magenta lines) show a positive relationship between salinity and NO;. The maximum
potential chlorophyll (MPC) boundary (solid light green line) provides the maximum Chl
expected, given NO3;™dian concentrations and a Chl:C = 0.0126 g Chl g C'.

3.4.2 Nitrate availability drives the relationship between salinity and maximum chlorophyll

It is unlikely that the relationship between MOC and salinity was driven by salinity itself.
Therefore, we hypothesized that NOs, given its potential for limiting phytoplankton growth and
biomass, was a dominant driver of the observed relationship between MOC and salinity. We
assumed that high NO; concentrations in waters upwelled from below the euphotic zone could

support similarly high phytoplankton concentrations. This would require NO3 concentrations to
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exhibit an overall positive relationship with salinity, similar to MOC and salinity. To assess this,
we defined “initial” NOs as the climatological median concentration of NO3 (NO3™%") in a
water parcel; this value reflects the amount of NO;3 that would have been available to
phytoplankton as a water parcel entered the euphotic zone. We found that initial NO; increased
with salinity (slope = 1.55 logio(uM)/psu, R? = 0.96) (Figure 3.2 and Supplemental Figure 3.2).
This relationship, resulting from remineralization below the euphotic zone and source-water
variability in preformed NOs (Supplemental Figure 3.3), is well-known in this region (Bograd et
al., 2019; Jacox et al., 2015; Lynn & Simpson, 1987). The strong salinity-nitrate relationship is
approximately parallel to the salinity-MOC relationship, supporting the hypothesis that nitrate
availability is a dominant determinant of the maximum Chl concentration in a water parcel. This
salinity-nitrate relationship drives the link between hydrographic and biological patchiness, with
high-salinity and high-Chl patches collocated in space and time (Figure 3.1).

3.4.3 Defining the nitrate-controlled Maximum Potential Chlorophyll (MPC)
While the MOC is a function of salinity and correlated with regional climatological NOs,

its values reflect only the waters sampled. Thus, we sought to quantify the maximum potential
chlorophyll (MPC) that could be achieved within a water parcel of a given salinity. We defined
the MPC as a quantity that would reflect regional biogeochemical patterns but would not
necessarily depend on local processes (e.g., timing of bloom dynamics, etc.), as the MOC does.
Given the strong correlations between the MOC, initial NO3, and salinity, we defined the
MPC based on initial NO3 (NOs™e4ia") concentrations as a function of salinity:
MPC (salinity) = Chl: C X m, X C: Ngegfierg X NOTU" (salinity) (3.1)
We used a constant Chl:C (in g Chl g C!), the atomic mass of carbon (12 g mol! C), and the
Redfield ratio of carbon to nitrogen (106 mol C:16 mol N). Equation 3.1 provides a conversion

from an initial NO; value (represented by NOs™4in in ymol L) to the MPC (in ug Chl L") for
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that salinity. We applied Equation 3.1 using a Chl:C of 0.0126 g Chl g C*!; this Chl:C value
generated an MPC that is equal in magnitude to the NO3™dian for all salinities (Figure 3.2).
Therefore, we defined a statistical MPC boundary that reflects regional NO3 availability,
positively correlates with salinity, and forms an upper envelope for most of the observed Chl and
MOC data.

3.4.4 Sources of variability in Chl:C and MPC
The MPC is sensitive to Chl:C variability (Supplemental Figure 3.4). While we expect

the Chl:C to be nonuniform across salinities, and to vary with factors such as light availability,
nutrient limitation, and community structure (Li et al., 2010; Wang et al., 2009), we did not have
adequate data to include these effects. We found the value of 0.0126 g Chl g C! representative of
the mixed phytoplankton (diatom and non-diatom) communities sampled within our study region
and across cruises. This value is also within the range of documented Chl:C for waters with
various nutrient concentrations, depths, and community compositions. Li et al. (2010) reported
minimum and maximum Chl:C of 0.005 g Chl g C-! and 0.052 g Chl g C*!, respectively, in this
region. While we present the MPC as a function of salinity and NOs, micronutrient limitation,
light limitation, and grazing could all reduce the MPC. For instance, the MOC is often reduced
with increasing depth (decreasing light) levels (Supplemental Figure 3.5). Because these
processes often co-occur and exhibit nonlinear relationships with depth and salinity
(Supplemental Figure 3.6), it is difficult to disentangle these mechanisms when defining the
MPC. Thus, we present a simple form for the MPC based on a constant Chl:C. Future studies
with more high-resolution growth, grazing, nutrient concentration, and light data could include

parameterizations of Chl:C in the MPC.
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3.4.5 Salinity is an indicator of phytoplankton community structure

Many studies have noted correlations of phytoplankton community composition with
total Chl. Large phytoplankton, such as diatoms, usually dominate high-Chl communities; small
phytoplankton, such as cyanobacteria, tend to dominate low-Chl communities (Cermefio et al.,
2005; Chisholm, 1992; Goericke, 2011a, 2011b; Marafion et al., 2007). Our data was consistent
with this well-known pattern, but we also showed that changes in community structure were also

correlated with salinity (Figure 3.3).
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Figure 3.3: Phytoplankton size and community structure relationships with total Chl-a (in pg L~
1, summed for the 8 taxa represented here (dinoflagellates, diatoms, prymnesiophytes,
prasinophytes, chlorophytes, cryptophytes, chrysophytes, and cyanobacteria), and salinity. The
proportion (%) of the summed total Chl-a of each phytoplankton taxon (colored markers in
panels a and c) indicate the dominance of diatoms in high-chlorophyll and high-salinity waters
(a, ¢). The logio of the diatom:cyanobacteria ratios show a positive relationship with increasing
total chlorophyll (b) and increasing salinity (R? = 0.48 for linear fit) (d).

We found that waters with high Chl, salinity, and initial NO3 concentrations supported a

higher proportion of large phytoplankton than waters with relatively low Chl, salinity, and initial
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NOs concentrations (Figure 3.3). The fraction of total Chl in diatoms increased with total Chl,
while the fraction of Chl in prymnesiophytes (2-20 um size range) and cyanobacteria decreased
with total Chl (Figure 3.3). Consistent with the trend of increasing MPC with increasing salinity,
diatoms dominated waters in the 33.4-33.8 psu high-salinity range, while cyanobacteria and
prymnesiophytes dominated in the 33.1-33.2 psu low-salinity range. These patterns in
phytoplankton community composition provide further evidence that, because of its relationship
with sub-euphotic zone nitrate concentrations, salinity can serve as a diagnostic of phytoplankton
community structure in this region.

3.4.6 Departures of observed chlorophyll values from the MPC

Given our definition of the MPC as the maximum Chl concentration potentially achieved
by a water parcel given its NOs™da" concentration, statistically we would expect to find values
below the MPC. Indeed, most (99%) of the observed Chl concentrations were below the MPC
(Figure 3.2), and for the combined cruise data we found significant departures of the MOC from
the MPC, particularly at low salinities (33.0—33.2 psu) and high salinities (> 33.5 psu).

We determined that the timing of phytoplankton bloom dynamics as well as
micronutrient and light limitation were likely significant mechanisms driving the departures of
MOC and other observed Chl values, from the MPC. For instance, the temporal lag in
phytoplankton growth can lead to waters being sampled pre-bloom, before Chl concentrations
reached their maximum, giving Chl values below the MPC. Grazing by zooplankton, sinking, or
mortality, such as through viral lysis (Kolody et al., 2019), could also reduce Chl concentrations
relative to their predicted MPC. In addition, iron (Fe) limitation in the CCS is known to result in
waters with reduced phytoplankton biomass despite high nitrate concentrations (Bruland et al.,

2005; Hogle et al., 2018; Hutchins et al., 1998; King & Barbeau, 2011). Light availability also
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limits or co-limits phytoplankton biomass, particularly below the euphotic zone (Johnson et al.,
2010).

Here, we tested the influence of these processes in driving departures from the MPC
(Figure 3.4). We used Siex to diagnose Fe-limited conditions, when diatoms preferentially take up
H4Si104 over NO3s, resulting in waters with negative Siex values. We estimated the effect of light
limitation through the decrease in light availability with increasing depth. Furthermore, when
departures of observed Chl from the MPC could not be explained by Sicx or depth, we used
measured (residual) NOs concentrations to estimate phytoplankton bloom stage. We assumed
that low residual NOs indicated peak- or post-bloom conditions when phytoplankton had taken
up most of the available NOs. In contrast, we assumed that high residual NO3 indicated pre-
bloom conditions when phytoplankton had not yet depleted the NOs, Because these processes
can co-occur, these diagnostics serve as potential—not definitive—explanations for the observed
Chl patterns.

The striking departure of the MOC from the MPC at salinities > 33.5 psu (Figure 3.2)
likely resulted from Fe-limitation dynamics within the Morro Bay filament, sampled by P1706
(Figure 3.4a,c,e), and phytoplankton communities caught pre-bloom or during-bloom within the
Pt. Sur filament, sampled by P1908 (Figure 3.4b,d,f). The high-salinity waters in P1706, with
Chl concentrations approaching the MOC but not MPC, exhibited strongly negative Sicx values,
indicating an Fe-limited diatom community (Figure 3.3c). This conclusion is supported by the Fe
grow-out incubation experiments conducted by Forsch et al. (2023), which demonstrated strong
Fe-limitation within the Morro Bay filament. These findings suggest that, if supplied with
additional dissolved Fe, these waters may have reached even higher Chl concentrations—perhaps

taking up the remaining NO3 and meeting the MPC. The high-salinity waters of P1908, with Chl
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concentrations near the MOC, also exhibited high (> 4 uM) residual NOs concentrations (Figure
3.4b), indicating that phytoplankton in these waters were pre-bloom or actively blooming, with
sufficient NOs3 available to continue growing. These Pt. Sur filament waters were likely upwelled
from a source depth or water mass with high preformed NOs;—and likely high dissolved Fe
concentrations (Forsch et al., 2023). Another significant departure of the MOC from the MPC
occurred at low salinities (33.0-33.2 psu). However, in this case, Chl concentrations exceeded
the MPC (Figure 3.2). These waters were sampled by the P1706 SeaSoar survey; therefore, we
did not have nutrient measurements aligned with these samples. We hypothesize, however, that
local nutrient injections along the water-parcels’ trajectories could have led to this elevated Chl
signal. For example, at (sub)mesoscale density fronts, which are often associated with filaments
and eddies in this region (Taylor et al., 2012; Zaba et al., 2021), enhanced vertical mixing
generates upward nitrate fluxes, leading to elevated phytoplankton biomass (Levy et al., 2018; Li
et al., 2012; Mahadevan, 2016).

Finally, all other waters—other than those that met the MPC directly—had observed Chl
concentrations below the MPC. Some of these waters, such as those with salinities of 33.0-33.2
psu for P1706 and 33.2-33.6 psu for P1908 (Figure 3.4), were probably captured post-bloom and
had experienced significant grazing, sinking, and (or) mortality, resulting in both low NO3 and
Chl concentrations. Notably, some of these low-salinity waters in P1706 were found below 50 m
depth (Figure 3.4¢e) and with very positive Siex values (Figure 3.4c), supporting the notion that
these waters may have had very low initial NOs and a high Si:N, which is characteristic of
offshore-originating oligotrophic waters that would not have supported a diatom bloom (Bograd

et al., 2015; Brzezinski et al., 2015). In contrast, the low-NO3 and low-chlorophyll waters of
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P1908 exhibited weakly negative Siex values (Figure 3.4d), indicating some degree of Fe-

limitation that limited phytoplankton biomass.
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Figure 3.4: Waters sampled in the cross-filament CTD-rosette transects (colored markers) and
SeaSoar surveys (gray circles in background) for P1706 (left column) and P1908 (right column).
Markers were colored by (a, b) residual (in situ) NO3 concentrations, (c, d) the iron-limitation
diagnostic Siex (blue for negative Sicx, red for positive Siex), and (e, f) depth. The MPC (light
green line) is derived from the climatological median NOs3 (solid magenta line) and Chl:C =
0.0126 g Chl g C! (as in Figure 3.2). The 35" and 65" percentiles of NOs are shown (dashed
magenta lines).
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At high salinities in both cruises (salinity >33.4 psu for P1706 and >33.6 psu for P1908)
and low salinities (32.8-33.2 psu) particularly in P1908 (Figure 3.4), we also detected waters that
were consistent with a pre-bloom stage: relatively high residual NO3 (> 4 uM). Some of these
high-salinity filament waters were deeper, and likely light limited (Figure 3.4e—f). In contrast,
the low-salinity, high-NO3 waters in P1908 were sampled at depths < 50 m but exhibited
negative Siex values, indicating that both light and low Fe availability may have limited diatom
growth, locally depressing the MOC.

3.5 Conclusion

We showed that, through its relationship with nitrate, salinity is a robust diagnostic of
MOC, MPC, and phytoplankton community structure in this region—and potentially other
EBUSs. Our theoretical framework thus allows us to estimate the maximum chlorophyll
concentration we would expect to find in a water parcel based solely on a measurement of its
salinity. Departures of observed Chl values from the MPC can be explained through the timing
of phytoplankton bloom dynamics, and regulation by micronutrient and light availability. Iron
limitation, particularly within high-salinity waters, played a significant role in depressing the
MOC relative to the MPC, while light limitation and pre- or post-bloom phytoplankton
communities resulted in Chl concentrations below the MPC and MOC. Using salinity to quantify
the MOC and how it varies in space and time relative to the MPC, will improve our ability to
predict the locations and magnitudes of ecological hot spots, feeding grounds, and sites of
organic carbon transport (Chenillat et al., 2016; Fiechter et al., 2020; Messié¢ et al., 2022; Stukel
et al., 2017). We encourage applying this salinity-MPC framework (Figure 3.5) as a method of
synthesizing nutrient data, phytoplankton growth and grazing rates, and size-dependent plankton
community dynamics —or for use when such measurements are lacking. Our work motivates

long-term hydrographic and biogeochemical sampling to elucidate ecological patterns that are
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intrinsically linked to—and often diagnosable by—easily measured water-mass properties such

as salinity.
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Figure 3.5: Conceptual diagram illustrating the relationships between salinity, chlorophyll a,
initial nitrate, light, and dissolved iron availability in the California Current System. These
relationships drive and set the maximum observed chlorophyll (MOC) and maximum potential
chlorophyll (MPC) boundaries, which show positive linear slopes on salinity-logio(Chl) axes.
Upwelling origin depth and source water masses result in salinity variability in the upper 100 m.
Phytoplankton growth increases Chl, and higher Chl communities contain a higher fraction of
larger phytoplankton (e.g., diatoms). Initial nitrate concentrations, defined as the nitrate
concentration in waters upwelled into the euphotic zone, also increases with salinity, allowing
for a greater maximum Chl (MOC and MPC) in high-salinity waters than low-salinity waters.
Chl concentrations can be decreased by grazing, and iron and light limitation can result in Chl
values below the MPC. Illustration (icons): Freya Hammar.
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Data Availability

Data are available in the Environmental Data Initiative repository at
https://doi.org/10.6073/pasta/1534db121199a8c66ba3e9db85f3debl.
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Supplemental Figure 3.1: The linear relationship between in vivo Chl fluorescence for near-
surface SeaSoar profile data and the concurrent Chl concentrations from the near-surface
seawater intake system, obtained from filtration, for (a) P1706 SeaSoar Survey 1 and (b) P1908
SeaSoar Survey 1. Linear regressions, which indicate significant positive correlations, were used
to calibrate all SeaSoar survey samples within each cruise.
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Supplemental Figure 3.2: Linear regression relationships (equations and R?) for the (a) salinity-
MOC and (b) salinity-NOs™di" relationships. These positive correlations indicate a significant
relationship between salinity and Chl that is driven by the relationship between salinity and NOs.
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Supplemental Figure 3.3: Two-dimensional histograms (heatmaps) indicating the positive
relationship between nitrate and salinity (a), and nitrate and density (og) (b). The maximum,
median, and mean nitrate values within each 0.05 psu salinity bin and 0.05 kg m og bin are
highlighted in magenta, white, and red markers respectively. The blue and pink vertical lines in
(b) indicate that mean NOs at og= 25.8 kg m™ is greater than mean NOs at 6= 26.5 kg m=.
These density surfaces are representative of the California Current (CC) and California
Undercurrent (CU) water masses, respectively, as described in Bograd et al. (2015).
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Supplemental Figure 3.4: The relationship between salinity versus logio(Chl) for waters
sampled during both P1706 and P1908 SeaSoar surveys and transects (dark green circles). The
logio of the NO3™edian (solid magenta line) and the 35" and 65™ percentiles of NOs in each 0.05-
psu salinity bin (dashed magenta lines) demonstrate a positive relationship between salinity and
NOs. The various colored lines indicate different maximum potential chlorophyll values given
NO;™edian concentrations and different Chl:C (dark blue for Chl:C = 0.003 g Chl g C*!, light blue
for Chl:C = 0.005 g Chl g C!, light green for Chl:C = 0.0126 g Chl g C!, yellow for Chl:C =
0.05 g Chl g C*!, red for Chl:C = 0.065 g Chl g C"). These Chl:C values represent a range of
observed Chl:C for non-diatom and diatom communities (Li et al., 2010).
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magenta lines. The various colored lines indicate different maximum observed chlorophyll
(MOC) values for specific 10-m depth bins (from 0 to 70 m).

118



P1706 and P1908

—~
~—
-
[
@
S
—~
~
o

-
@
(=]

log, , Chlorophyll a (ug L™")
o
(4,
8
Depth (m)
Depth (m)

s
90 ¢wo
o

32.8
32.8 33.2

Salinity (psu)

4 6 8 10 12 14
Chl-a concentration (1.9 L'1)

o
N

Supplemental Figure 3.6: (a) The logio(Chl) versus salinity relationship for waters sampled
during the P1706 and P1908 surveys, colored by the depth of the sample. (b) The relationship
between depth and Chl concentration for the same observations, colored by salinity.

119



Chapter 4: A salinity-age framework for describing variability in phytoplankton community
structure and photophysiology within coastal upwelling filaments

4.1 Abstract

Coastal upwelling filaments in the California Current System transport biologically
productive waters away from the coast into oligotrophic offshore regions. Previous studies have
shown that the distribution of planktonic communities in these filaments is patchy—often in
association with water-mass properties such as salinity. However, we lack a detailed
understanding of the controls on biological patchiness across and along upwelling filaments.
Because these filaments play a significant role in structuring cross-shore gradients in
phytoplankton production and carbon export, we seek to characterize hydrographic and
biogeochemical patchiness of waters associated with upwelling filaments—and the controls on
this patchiness. Here, we use in situ and satellite observations of two coastal upwelling filaments
sampled off the California coast. We analyze how phytoplankton community structure,
photophysiology, and chlorophyll a (Chl-a) varied with water-mass type, nutrient concentration,
and water-parcel age predicted from particle backtracking. We demonstrate that across-filament
phytoplankton patchiness resulted from the convergence of disparate water-mass types that had
different initial nitrate conditions and thus supported distinct phytoplankton communities. We
also show that variability in phytoplankton communities along the filaments was consistent with
upstream, source-water nutrient fluctuations and along-trajectory growth-grazing processes,
which sometimes involved the development of iron limitation. We use a salinity-age framework
to describe how such Lagrangian, along-trajectory changes in phytoplankton communities might
also result in conditions associated with carbon export (declining Chl-a and photochemical

efficiency). Our findings emphasize that filaments are fundamentally non-uniform, and we
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provide a replicable pseudo-Lagrangian strategy to diagnose critical ecological patterns in this
dynamic region.

4.2 Introduction

The California Current System (CCS), an Eastern Boundary Upwelling System, has a
strong cross-shore gradient in biological productivity (Giddings et al., 2022; Gruber et al., 2006).
At the coast, upwelling driven by equatorward winds delivers cold, nutrient-rich waters to the
sunlit euphotic layer. These upwelled waters stimulate new production of phytoplankton, fueling
production of higher trophic levels, such as fishes, seabirds, and marine mammals (Checkley &
Barth, 2009; Huyer, 1983; Rykaczewski & Checkley, 2008). The major water-mass features in
this system include the equatorward-flowing California Current, which transports low-salinity
and nutrient-poor waters from subarctic origins, and the poleward-flowing California
Undercurrent, which—found more inshore—transports high-salinity and nutrient-rich waters
northward from subtropical origins (Bograd et al., 2015; Bograd et al., 2019; Lynn & Simpson,
1987).

Broad shifts in ecosystem dynamics are found across shore in the CCS: in the offshore,
new production and export production are balanced, but in nearshore regions (> 300 km from the
coast), export production exceeds new production (Chabert et al., 2021; Plattner et al., 2005;
Stukel et al., 2011). Horizontal stirring features, such as eddies and filaments, that circulate
waters away from the coast are hypothesized to mediate this spatial decoupling between new and
export production (Nagai et al., 2015; Rossi et al., 2009). Mesoscale upwelling filaments, which
intermittently develop in the summertime (May to August), typically around coastal headlands
(Abbott & Barksdale, 1991), are particularly important in carrying upwelled waters with high
nutrient and biomass concentrations offshore (Abbott et al., 1990; Hood et al., 1991; Strub et al.,

1991).
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Previous studies have found that the structure and distribution of phytoplankton
communities transported within upwelling filaments are not homogeneous. In these filaments,
phytoplankton concentrations often vary with water-mass properties, such as temperature and
salinity, which are also nonuniform along and across a filament (Zaba et al., 2021). Furthermore,
the composition of macro- and micro-nutrients are heterogeneous within and across different
filaments, controlling gradients in phytoplankton biomass and community structure (Forsch et
al., 2023). Filaments can also act as boundaries between distinct phytoplankton communities,
typically separating coastal communities dominated by diatoms in the filament from oceanic
communities outside the filament that are dominated by small phytoplankton (e.g.,
cyanobacteria, coccolithophores, and small flagellates) (Chavez et al., 1991; Taylor & Landry,
2018).

In this region, variability in phytoplankton photophysiology, often measured using the
ratio of variable fluorescence to maximal fluorescence (F./Fn) has also been linked to gradients
in phytoplankton biomass and community structure (Chekalyuk et al., 2012). Large
phytoplankton, such as diatoms, are known to exhibit greater values of Fy/F compared to small
phytoplankton, such as cyanobacteria (Suggett et al., 2009), which contain phycobiliproteins that
result in reduced variable fluorescence (Campbell et al., 1998). Decreases in F./Fn, are also
sometimes indicative of iron-limited phytoplankton communities (Falkowski et al., 2004; Greene
et al., 1992), which have been detected in upwelling filaments (Forsch et al., 2023) and
potentially play a significant role in organic matter export from the euphotic zone (Brzezinski et
al., 2015). The “disappearance” of phytoplankton communities along filaments, which has been
linked to subduction (Washburn et al., 1991) and export (Abbott et al., 1990), also has potentially

critical impacts on offshore ecosystems.
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Previous studies have attributed much of the patchiness in the distribution and structure
of planktonic communities within filaments to variability in mesoscale circulation and upstream
source waters (Chavez et al., 1991; Gangrade & Franks, 2023; Keister et al., 2009). The use of
Lagrangian sampling and analysis techniques has also shown that water parcels carry distinct
planktonic communities that undergo transformations as they are stirred; thus upstream and
along-trajectory dynamics must be considered when characterizing ecosystem patchiness
(d'Ovidio et al., 2010; Gangrade & Mangolte, 2024). This is particularly important when
considering transit times of water parcels along filaments relative to the timescales for major
biological changes (i.e., growth, grazing, community shifts).

Here, we investigate patchiness in planktonic communities within two upwelling
filaments, for which the drivers of across- and along-filament variability have not yet been fully
characterized. We assess variability in hydrographic and biogeochemical properties, including
phytoplankton community structure, photophysiology and chlorophyll a (Chl-a), associated with
these two filaments, which were sampled off the coast of Morro Bay and Point Sur, California
during 2017 and 2019, respectively. Using Lagrangian backtracking, we also predicted the ages
of water parcels in and around these filaments, identifying the time elapsed between their origins
at the coast and their sampling. We find that these filaments contributed to offshore transport of
organic material (e.g. phytoplankton and particulate organic carbon), but these contributions
were patchy in space and intermittent in time. We demonstrate that across-filament patchiness in
phytoplankton community structure, photophysiology, and Chl-a resulted from the horizontal
convergence of California Current and California Undercurrent water masses—distinguished by
salinity (a conservative water-mass tracer)—that had different initial nitrate concentrations and

thus supported distinct phytoplankton communities. We also show that patterns in variability in
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phytoplankton communities along the filaments were consistent with upstream nutrient
fluctuations and along-trajectory development mediated by growth and grazing. In some cases,
our observations of reduced phytoplankton photochemical efficiency were consistent with the
time- and source-dependent dynamics of iron limitation. To synthesize our view of upstream
water-mass and along-trajectory controls on patchiness, we present a salinity-age framework,
which we used to analyze how phytoplankton communities change as they age along the
filaments (i.e. along their trajectories). We describe along-trajectory changes in Chl-a and Fy/Fi,
and show how these changes vary based on their initial condition—the salinity of a water parcel
when it is upwelling into the euphotic zone. Finally, we discuss the potential role of high-
salinity, nutrient-rich waters in contributing to carbon export in this region. From these analyses,
we elucidate the fundamental controls on ecological patterns in this region, identifying the
mediation of biological patchiness by water masses that experience upstream fluctuations and
along-trajectory processes as they are transported within dynamic mesoscale filaments.

4.3 Materials and methods

Hydrographic and biogeochemical measurements were collected during two different
California Current Ecosystem Long-Term Ecological Research (CCE LTER) process cruises:
P1706 (June 1-July 2, 2017) and P1908 (August 5—September 6, 2019). The P1706 cruise
sampled the California coastal region during the occurrence of an upwelling filament offshore of
Morro Bay, California (the “Morro Bay filament”). The P1908 cruise sampled the California
coastal region during the occurrence of an upwelling filament offshore of Point Sur, California
(the “Pt. Sur filament”). These filaments were found to transport coastal waters offshore (away
from the coast) throughout the duration of each cruise, with the flow of the Morro Bay filament
extending westward and the flow of the Pt. Sur filament extending southwestward (Forsch et al.,

2023).
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4.3.1 Underway measurements

For the duration of each cruise, underway samples of near-surface seawater were
analyzed for temperature, salinity, and Chl-a fluorescence. Meteorological data from the ship
also provided photosynthetically active radiation (PAR). Underway Chl-a samples were taken on
the ship, filtered onto GF/F filters, extracted with 90% acetone for 24 hours, then quantified
using a calibrated Turner Designs fluorometer before and after acidification (Lorenzen, 1967).
Underway measurements of meridional and zonal current velocities were made by a shipboard
75 kHz Acoustic Doppler Current Profiler (ADCP) every 15 minutes during the entirety of each
cruise. These velocity data were averaged into 5-km horizontal and 16-m vertical bins; zonal
velocities were rotated to the direction perpendicular to the SeaSoar survey sections.

4.3.1.1 Phytoplankton fluorescence and photochemical efficiency

From continuous underway measurements of surface waters by an Advanced Laser
Fluorometer (ALF) (Chekalyuk & Hafez, 2008), we obtained fluorescence of three different
spectral types of phycoerythrin (PE) and phytoplankton F./Fi,. The ALF provided a spectral
deconvolution analysis of laser-stimulated emission excited at 405 nm and 510/532 nm
(Chekalyuk et al., 2012). Type 1 phycoerythrin (PE1) is indicative of blue-water, offshore
cyanobacteria (Synechococcus) (Wood et al., 1985); type 2 phycoerythrin (PE2) is indicative of
green-water, coastal cyanobacteria (Synechococcus) (Wood et al., 1985); type 3 phycoerythrin
(PE3) is indicative of cryptophytes, which are often abundant in coastal environments (Cowles et
al., 1993; Exton et al., 1983; Sciandra et al., 2000). Measurements of F./Fn, were made actively
using pump-during-probe measurements of Chl-a fluorescence induction and were corrected for
background fluorescence (Chekalyuk & Hafez, 2008). These corrected F./Fn values represented
the maximum quantum yield of photosystem II (PSII) and thus bulk phytoplankton

photochemical efficiency.
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4.3.2 SeaSoar surveys

From a towed SeaSoar vehicle, equipped with a conductivity-temperature-depth (CTD)
sensor, beam transmissometer (WET Labs C-Star), and fluorometer (Seapoint), we obtained
measurements of salinity, temperature, depth, beam attenuation coefficient from transmission,
and Chl-a fluorescence. The SeaSoar undulated between the surface and approximately 250 m
depth during three to four consecutive alongshore transects during each cruise (Figure 4.1). We
multiplied transmissometer-derived beam attenuation coefficients (m™') by a conversion factor of
27 uM m! to calculate particulate organic carbon (POC) concentrations (uM) (Bishop & Wood,
2008).

Across-track geostrophic velocities along the SeaSoar sections were calculated from
dynamic height anomaly and referenced at 250 dbar using underway ADCP velocities (Comas-
Rodriguez et al., 2010). We obtained Chl-a concentrations during the SeaSoar surveys by
calibrating Chl-a fluorescence measurements using night-only underway surface samples that
were extracted and fluorometrically analyzed on the ship. Because the SeaSoar was not equipped
with a nitrate (NO3) sensor, we derived dissolved inorganic NO3 concentrations from CTD
measurements of in situ temperature using a relationship (Lilly et al., 2019) calculated from
regional climatological data (Supplemental Figure 4.1). All climatological data used for
assessing NOj relationships (e.g., with temperature and salinity) were obtained from California
Cooperative Oceanic Fisheries Investigations (CalCOFI) CTD casts from 2003 to 2019 at
CalCOFI Lines 66.7 through 90, which span the coastal region Monterey Bay to from Point

Conception, California.
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Figure 4.1: Maps of sea-surface temperature (a—b), salinity (c—d), and Chl-a (e—f) during the
CCE LTER P1706 (Morro Bay filament cruise; left column) and P1908 (Pt. Sur filament cruise;

right column), showing sampling locations during SeaSoar Survey 1 and three CTD-rosette

transects during each cruise. Markers are colored by surface water-mass types (cyan for
California Current [CC]; magenta for California Undercurrent [CU]; yellow for Mixed [MIX])
and are outlined in black if sampled during nighttime (21:00-06:00 PDT).
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All SeaSoar depth profile data were then objectively mapped as in Zaba et al. (2021): we
assumed a Gaussian covariance with a horizontal decorrelation length scale of 15 km and noise-
to-signal ratio of 0.1. This resulted in maps with 5 km along track and 5 m vertical resolution of
cross-track velocities, salinity, temperature, Chl-a, POC, and NOs. We only used points with
normalized mean squared error less than 0.3.

4.3.3 CTD-rosette transects

We obtained hydrographic, nutrient, and phytoplankton community structure data from
six CTD-rosette transects (3 per cruise) with 3—8 km horizontal resolution between discrete
stations (Figure 4.1). From the CTD downcasts, we obtained measurements of Chl-a
fluorescence, temperature, salinity, and depth with 1 m vertical resolution down to 300 m. From
bottle samples at discrete depths (approximately every 10 m from the surface to 100 m), we
measured Chl-a concentrations through shipboard extraction and fluorometric analysis, as well as
NOs and silicic acid (H4S104) concentrations, which were analyzed using a colorimetric assay
(Armstrong et al., 1967).

4.3.3.1 Siex calculation

Using the NOs and silicic acid concentrations, we calculated Siey, a tracer equal to
[H,Si0,] — [NO3] X Rg;.;y where Rg;.y is the [H,Si0,]/[NOs] of upwelled water. Rg;. is
approximately equal to 1 in the CCE region (Hogle et al., 2018; King & Barbeau, 2011; Stukel et
al., 2017; Stukel & Barbeau, 2020). Siex is used as a diagnostic for iron (Fe) limitation when
silicifying organisms, such as diatoms, are present. Values of Siex > 0 are indicative of Fe-replete
conditions, and values of Siex < 0 are indicative of Fe-limited conditions.

4.3.3.2 Phytoplankton taxon-specific pigment analysis

Samples from surface rosette bottles were concentrated on GF/F filters and stored in

liquid nitrogen during the cruise. Pigments were later extracted in acetone and analyzed by
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reverse-phase high performance liquid chromatography (HPLC). Using the software CHEMTAX
v1.95, we analyzed taxon-specific pigments to obtain phytoplankton community structure. This
provided the proportion of total Chl-a attributed to the following phytoplankton taxa:
dinoflagellates, diatoms, prymnesiophytes, prasinophytes, chlorophytes, cryptophytes,
chrysophytes, and cyanobacteria (Gonzalez-Silvera et al., 2020).

4.3.4 Eliminating non-photochemical quenching effects

Chl-a fluorescence, phycoerythrin fluorescence, and F./Fn, show diel periodicity, with
reduced values during daylight hours (Supplemental Figure 4.2) caused by non-photochemical
quenching (NPQ) (Krause & Weis, 1991; Schuback et al., 2021). To eliminate this effect, we
used only nighttime measurements (21:00 to 06:00 PDT) of all fluorescence variables in our
analyses. This approach was warranted due to the strong nonlinear and asymmetric effects of
NPQ on phytoplankton photophysiology and our inability to know whether sampled waters had
similar phytoplankton communities within and across surveys.

4.3.5 Satellite-derived measurements

We obtained 1-km, daily sea-surface Chl-a data from a merged satellite ocean data
product (Kahru et al., 2012) for the California coast (https://spg-satdata.ucsd.edu/). We obtained
daily average sea-surface temperature (SST) at 0.05-degee spatial resolution (Good et al., 2020)
from the European Space Agency global SST reprocessed product (https://doi.org/10.48670/moi-
00169) and daily sea-surface salinity (Droghei et al., 2016) at 0.0125-degree spatial resolution
from a merged in situ and satellite observation data product (https://doi.org/10.48670/moi-
00051).

4.3.6 Water-mass classification

We classified water masses sampled by the SeaSoar, underway seawater intake system,

and CTD-rosettes as California Current (CC) or California Undercurrent (CU) from their
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measured potential temperature (6) and salinity (S). Using the criteria defined in Zaba et al.
(2021), we identified the boundaries of CC and CU waters in 6-S space using climatological
measurements from the California Underwater Glider Network. Waters that were fresher than the
CC threshold in 6-S space were classified as CC; waters that were saltier than the CU threshold
in 6-S space were classified as CU. Waters that had intermediate 8-S values were classified as
MIX (Supplemental Figure 4.3).

4.3.7 Water-parcel backtracking

We advected water parcels sampled during the SeaSoar surveys and CTD-rosette
transects backward in time from their initial locations (i.e. underway sampling coordinates
during SeaSoar survey and transect stations). We used the following equations:

x(t+ At) = x(t) + u(x,y, t) X At 4.1)
y(t+At) =y(t) + v(x,y,t) X At (4.2)

Using a At =—1 day, we computed water-parcel locations (x,y) for approximately 2
months preceding each sampling date (Gangrade & Mangolte, 2024). We used surface zonal and
meridional velocities (u(x,y,t), v(x,y,t)) that included a geostrophic component, derived
from satellite altimetry, and a wind-driven Ekman component at 15-m depth derived from the
ERAS reanalysis wind stress (Rio et al., 2014). This velocity product
(https://doi.org/10.48670/mds-00327) had a 1-day temporal resolution and 0.25-degree spatial
resolution. For CTD transect stations, which were sampled < 10 km apart from each other, we
performed backtracking for 100 parcels seeded randomly within a 0.0625-degree (approximately
5-km) radius of each station. During the backtracking, we assumed that the water parcels
remained at a constant depth. Therefore, we obtained daily horizontal locations of each seeded

water parcel and estimated the number of days prior to sampling a water parcel was last within
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the coastal upwelling region, which we defined as within 25 km of the coastline (Huyer, 1983).
We considered this the water parcel’s “age since coast” in days.

4.3.8 Coastal upwelling conditions
We used the Coastal Upwelling Transport Index (CUTI) and Biologically Effective

Upwelling Transport Index (BEUTT) (Jacox et al., 2018), which are defined in 1-degree
latitudinal bands along the US West Coast, to estimate the intensity of upwelling experienced by
coastally associated water parcels. We used the backtracked locations (latitudes) and dates when
water parcels were last at the coast to find the CUTI when they were upwelled. We assumed a
water parcel was upwelled if CUTI > 0 m? s™! at its origin.

4.4 Results
4.4.1 Hydrographic and biological properties within upwelling filaments

The Morro Bay and Pt. Sur filaments exhibited both along- and across-filament
patchiness in hydrographic and biological properties (Figures 4.1—4.3). The Morro Bay filament
had a significantly heterogeneous water-mass composition (both CU and CC waters) as it
extended offshore, with relatively cold, high-NOs, CU waters forming the southern portion of the
filament and relatively warm, CC waters forming the northern portion of the filament (Figure
4.2). The Pt. Sur filament was composed mostly of CU waters until the most offshore transect, in
which we observed some CC waters at the northern boundary of the offshore-flowing filament
(Figure 4.3). In the core of the Pt. Sur filament, surface waters were relatively warm with low
NOs concentrations across the width of the filament. However, there were cold, high-NO3z waters
25-50 m below the surface of the Pt. Sur filament.

Along the SeaSoar surveys sections, we observed elevated Chl-a and POC concentrations

in CU waters relative to CC waters (Figures 4.2—4.3). We also found peak Chl-a and POC
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concentrations along the southern portion of each filament, extending even farther south beyond
each filament’s width as defined by the across-filament extent of offshore-directed velocities.
Across the SeaSoar survey sections, from nearshore to offshore, we observed along-
filament variability in salinity, Chl-a, POC, and NOs. Generally, we found higher-salinity waters
in the filaments in the nearshore sections compared to the offshore. The concentrations of POC,
and NOs changed nonlinearly along the filaments. The widths of both filaments, defined by the

horizontal (along-track) extent of offshore flow, increased with distance from shore.
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Figure 4.2: Depth-resolved sections from 0-250 m of P1706 (Morro Bay filament cruise)
SeaSoar Survey 1 cross-shore velocities (a), salinity (b), temperature (c), Chl-a (d), particulate
organic carbon (e), and temperature-derived nitrate concentration (f). Water-masses were
classified as California Current (CC; cyan) and California Undercurrent (CU; magenta).
Streamlines calculated from satellite-derived geostrophic velocities (with an added modeled 15-
m Ekman velocity component) are shown as grey lines.
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Figure 4.3: Depth-resolved sections from 0-250 m of P1908 (Pt. Sur filament cruise) SeaSoar
Survey 1 cross-shore velocities (a), salinity (b), temperature (c), Chl-a (d), particulate organic
carbon (e), and temperature-derived nitrate concentration (f). Water-masses were classified as
California Current (CC; cyan) and California Undercurrent (CU; magenta). Streamlines
calculated from satellite-derived geostrophic velocities (with an added modeled 15-m Ekman
velocity component) are shown as grey lines.

4.4.2 Climatological salinity-nitrate relationship

Using regional climatological data, we found that NO3 concentration was positively
correlated with salinity (Figure 4.4). At depths > 100 m, high-salinity, CU waters showed higher
median NO3; (NO3™d2") concentrations than the low-salinity, CC waters. This climatological
salinity-NOj3 relationship was also found within the Morro Bay and Pt. Sur filaments, where
high-NOs concentrations were found in high-salinity waters, particularly along the southern
flanks of the filaments (Figures 4.2—4.3). Notably, in surface (upper 5-10 m) waters, NO3
concentrations were generally low (< 0.5 uM) regardless of salinity. At high salinities (> 33.4
psu), surface NOs concentrations were frequently found to be below the 35" percentile of NOs

data (Figure 4.4a).
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Figure 4.4: Regional climatological relationship between (a) salinity and dissolved inorganic
nitrate (NOs) from California Oceanic Cooperative Oceanic Fisheries Investigations (CalCOFI)
sampling from 2003-2019 and Lines 66.7-80 (Monterey Bay to Pt. Conception, California).
Maximum, median, and mean NOj in 0.05-psu salinity bins are shown in red, white, and black
filled circles, respectively. White lines indicate the 35" and 65" percentiles of NOs. (b) There is
a significant linear relationship (slope = 1.552 uM psu’!, R? = 0.957) between salinity and
log1o(NOs™edian) Points are colored by water-mass type based on salinity: cyan for California
Current (CC), magenta for California Undercurrent (CU), and yellow for Mixed (MIX).

In this study, we consider the initial NO3 concentration of a water parcel, which we
define as the NO3 concentration when a water parcel was upwelled into the euphotic zone, prior
to biological uptake. We estimate the initial NOs3 as the NOs™dia" for a given salinity. We
obtained the following regression equation to estimate the initial NO3 concentration (uM) of a

water parcel given its salinity (S):

log,o(Initial NO;) = 1.552 x § — 51.1 4.3)

4.4.3 Variability in phytoplankton community structure

Phytoplankton community structure and Chl-a varied with water-mass type (Figure 4.5).
We found that CU waters were associated with high Chl-a and low Synechococcus abundance
(low PEI and PE2 fluorescence), and high (but variable) cryptophyte abundance (PE3

fluorescence). In contrast, CC waters were associated with low Chl-a and high Synechococcus
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abundance (high PE1 and high but variable PE2 fluorescence), and low cryptophyte abundance
(PE3 fluorescence). MIX waters were associated with intermediate values of all these variables
(Figure 4.5).

We also found that the relative proportion of diatoms was higher in surface CU waters
(up to 90% of total Chl-a) than in surface CC waters, while the relative proportion of
cyanobacteria was higher in surface CC waters and MIX waters (up to 50% of total Chl-a) than
in surface CU waters (Figure 4.6). Generally, diatoms dominated in nearshore surface waters
(Transects 1 and 2 for both filaments. In offshore regions (Transect 3 in both cruises),

cyanobacteria and (or) prymnesiophytes were abundant.

135



. T o T 0.5 T T *x T
JEl Ea— [b] S—
*k *k T
8 - 1
. I 0.45 - |
L7 | :
= I —_1
IS | | [ |
5 | o E— | :
g5; | 1 o8 : I
c
8at : - |
5 0.35
o
3 | |
< | |
02 1 I I
| i 0.3+ . |
1k i
= - - - -
0 C 1 L 1
0.25 ‘ : ‘
cc MIX cu cc MIX cu
Water-mass type Water-mass type
0.2 T T T 0.2 T T T 0.25 T T T
0.18 L 1 0.18 f Hk 1 ok
* % *% *% —_
0.16 | 1 0.16 | 1 0.2+ |
|
0141 - 1 0.14 |
|
0.12 } T 012} T 0.15 l
o | o ! a |
a 0.1 I T : & 0.1 | a T |
oos| L .+ oosf ! 01r T !
| . _ | :
0.06 1 ooef | ! ! | |
I
0.02 | J'_ 1 0.02 1 | |
0 1 1 1 0 J_ J_ 0 J_ 1 _AL
CC MIX Cu CC MIX (6]V] CC MIX Cu
Water-mass type Water-mass type Water-mass type

Figure 4.5: Boxplots of the relationship between water-mass type and Chl-a concentration (a),
Fy/Fm (b), and phycoerythrin (PE) type 1 (c), type 2 (d), and type 3 (e) for surface water samples
during P1706 (Morro Bay filament cruise) SeaSoar Survey 1 and P1908 (Pt. Sur filament cruise)
SeaSoar Survey 1. Statistically significant Kruskal-Wallis tests had p-values < 0.01 (shown as
*#*) and not significant Kruskal-Wallis tests (shown as n.s.) had p-values > 0.05.
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Figure 4.6: Stacked bar chart showing the HPLC-derived relative proportion (%) of total Chl-a
attributed to each of the following phytoplankton taxa: chlorophytes (dark purple), chrysophytes
(light blue) cryptopyhtes (teal), cyanobacteria (dark green), diatom (light green), dinoflagellate
(yellow), prasinophytes (reddish pink), prymnesiophytes (dark magenta). Community structure
was enumerated in surface waters sampled at each station of each CTD-rosette transect from
P1706 (Morro Bay filament cruise; top row) and P1908 (Pt. Sur filament cruise; bottom row).
During each cruise, Transect 3 (left column) was sampled most offshore, Transect 2 (middle
column) was sampled at an intermediate cross-shore distance, and Transect 1 (right column) was
sampled most nearshore. Station numbers are colored by surface water-mass type (cyan for
California Current [CC], yellow for Mixed [MIX], and magenta for California Undercurrent
[CUD.
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4.4.4 Variability in phytoplankton photophysiology
We found that phytoplankton F./Fr, varied by water-mass type: CU waters had relatively

high Fy/Fm, CC waters had relatively low Fy/Fmn, and MIX waters had intermediate values of
Fy/Fm (Figure 4.5). Also, Fy/Fim was positively and linearly correlated with salinity (Figure 4.7).
This relationship varied between cruises, with a steeper slope for P1908 than P1706 waters. We
also observed that waters of similar salinities sometimes had different Fy/Fn values (Figure 4.8a—
b), with Fv/Fn varying up to ~0.2 units for a given salinity. F\/Fn, also varied in association with
measured NO3 concentrations and diatom fraction of total Chl-a, increasing in waters with higher
measured NO3 and greater diatom fraction (Figure 4.8c—f).

The relationship between F./Fi, and Siex was not consistent between cruises. For P1706
transect waters, there was a peak in Fv/Fn at Siex ~ 0 pM (Figure 4.8i—j). In contrast, for P1908
transect waters, there was a somewhat positive relationship, with F/Fi, increasing with Siex for
most points, except for one water parcel with high F/Fi, and low (negative) Siex.

We also found that F./Fi, had a negative relationship with estimated water-parcel age
(Figure 4.8k-1). Waters varied in age from about 10-50 days for P1706 waters, and 0-35 days
for P1908 waters. The “youngest” water parcels were the most nearshore waters (Transect 1)
from each cruise, while the “oldest” water parcels were the most offshore waters (Transect 3).
The P1908 cruise sampled several waters with ages < 20 days and these waters exhibited F\/Fi
values that were strongly negatively correlated with age. The negative relationship between
Fy/Fm and age was less pronounced in Morro Bay filament waters than Pt. Sur filament waters.

There were also cross-shore differences in Fy/Fm. In general, Transect 1 waters (most
nearshore) of each cruise were associated with the highest Fy/Fm across CTD Transects. Transect

3 waters (most offshore) were associated with intermediate Fy/Fn, for P1706 and the lowest F\/F
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for P1908. Transect 2 waters in P1706, which crossed the Morro Bay filament approximately

150 km offshore, exhibited the lowest F./Fy, within that cruise.
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Figure 4.7: The positive linear relationship between salinity and F./Fn, for surface waters
sampled in P1706 (Morro Bay filament cruise) SeaSoar Survey 1 (a) and P1908 (Pt. Sur filament
cruise) SeaSoar Survey 1 (b). The P1706 relationship has a slope of 0.0883 psu! and R? of 0.514;
the P1908 relationship has a slope of 0.346 psu™! and R? of 0.673.

139



P1706 Transects P1908 Transects

»|(a] [b]
. e .
o
o o
. .
3 I <
w . w
L 4 Transect
N
.
°
Salinty (psu) ' Salinity (psu)
P1706 Transects P1908 Transects
e (d]
’ . °
o . s
&l § <
w . w
. o Transect nsect
o = )
o2 o2
o
NOy (M) ‘ : NO (M)
P1706 Transects P1908 Transects
&
Transect
o
. .
o
Chia(ugL™) Cnl-a(ugL™)
P1706 Transects P1908 Transects
p .
. e
P‘.\—/—\"
<& . &
. @ Transect
o
.2
o
" Diatom fracton of total Chea " Diatom fraction of total Ch-a.
P1706 Transects P1908 Transects
oo
5 . N <
A Transect
)
°:
Sie (0M) St (M)
P1706 Transects P1908 Transects
<
s
Transect
o
.2
o

Age since coast (days) . Age since coast (days)
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filament cruise; right column). Transect 1 (most nearshore), Transect 2, and Transect 3 during
are shown in red, green, and blue respectively. The grey shaded region represented the 95%
confidence intervals of the locally estimated scatterplot smoothing (loess) function (black lines;
applied to the data with span = (0.75).
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4.5 Discussion

Our results demonstrate that upwelling filaments, despite having somewhat geostationary
velocity signatures for several weeks, transport water masses with heterogeneous hydrographic
(i.e., temperature and salinity) and biological properties. In particular, filaments exhibit both
across-filament and along-filament patchiness in water masses and phytoplankton communities.
Here, we describe this across- and along-filament patchiness and investigate how nutrient
conditions drive variability in phytoplankton community structure, photophysiology, and Chl-a.
We found that across-filament phytoplankton patchiness is associated with a confluence of
streams of CU and CC water masses, both of which are entrained in offshore-flowing filaments
and form distinct “branches.” Because CU water masses have higher initial nutrient
concentrations than CC waters, the southern, CU-branch waters support phytoplankton
communities with relatively higher Chl-a, dominated by large phytoplankton that exhibit high
Fy/Fm. We also found that along-filament patchiness in phytoplankton communities was
consistent with the following mechanism: fluctuations in initial (coastal) nutrient conditions are
driven by pulsatile wind-driven coastal upwelling, these water parcels with different nutrient and
phytoplankton properties are advected along the filament, and the planktonic communities
develop —mediated by growth, grazing, and sometimes Fe-limitation—along Lagrangian
trajectories. Finally, we will show that by knowing the salinity and age of a water parcel, we can
predict its Chl-a concentration and F/Fn. This framework can facilitate our understanding of
how planktonic communities develop along Lagrangian trajectories and helps us diagnose
conditions in which carbon export, through phytoplankton cell sinking and grazer fecal-pellet
production, occurs. In the following sections, we discuss these controls on patchiness and their

implications.
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4.5.1 Across-filament patchiness

Here, we describe how the nonuniformities of water-mass and biological properties
across the axes of the filaments and identify the mechanisms generating this heterogeneity. We
found that upwelling filaments were composed of distinct water masses, with distinct biological
communities. Therefore, not all water masses in such filaments contain high-Chl-a and large
phytoplankton.

4.5.1.1 Convergence of CU and CC water masses

Offshore-flowing filaments, while relatively smooth and stationary in velocity structure,
are composed of distinct water masses—with distinct temperature-salinity properties—that
converge in the offshore-flowing features. The convergence of these waters within a filament
generates across-filament patchiness in water masses that is not associated with similar
patchiness of the velocity field. Across the axis of the Morro Bay and Pt. Sur filaments, we
observed CU and CC waters masses adjacent to each other, both flowing offshore (Figures 4.2—
4.3). Often, there was a sharp abutment of CU and CC waters across the filaments, which Zaba et
al. (2021) characterized as a strong CU-CC front in the Morro Bay filament. We observed a
similar front in the most offshore SeaSoar survey section across the Pt. Sur filament (Figure 4.3).
This suggests that, in the CCE, filaments are often a patchwork of CU and CC waters.

The locations of CU and CC water masses within the filaments were mediated by the
surrounding mesoscale circulation (e.g., lateral flows, eddies, etc.). Most of the CU waters
originated at the coast and were rapidly entrained into the southern flanks of the offshore-flowing
filament (Supplemental Figure 4.4). In contrast, most of the CC waters we sampled were
entrained from the north or from offshore regions before recirculating and being directed across

shore (nearshore to offshore) in the northern flank of the filament (Supplemental Figure 4.4).
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This entrainment of both CU and CC waters masses into filaments generates spatial patchiness in
temperature-salinity properties across the axes of filaments.

4.5.1.2 Nitrate availability drives distinct CU and CC phytoplankton communities

Here, we show that CU and CC water masses contain varying initial nitrate
concentrations, and consequently support distinct phytoplankton communities with different
amounts of Chl-a and photochemical efficiencies (Fyv/Fm). Many previous studies in this region
have found that phytoplankton community structure and Chl-a are correlated with nutrient
concentrations: high nutrient availability drives high-Chl-a phytoplankton communities that are
dominated by large phytoplankton, such as diatoms (Gangrade et al., in review; Goericke, 201 1a,
2011b; Van Oostende et al., 2015). Also, variability in phytoplankton F./Fn, is correlated with
changes in community structure. High-Chl-a, diatom communities, not under nutrient stress
conditions, typically exhibit high F./Fy, (Figure 4.8), while cyanobacteria exhibit low F./Fn
(Campbell et al., 1998; Chekalyuk et al., 2012; Suggett et al., 2009).

Our observations are entirely consistent with these patterns in phytoplankton community
composition, Chl-a, and Fy/Fn. We found that high-salinity CU waters had higher initial nitrate
concentrations than low-salinity CC waters (Figure 4.4). Subsequently, CU waters developed
relatively high Fy/Fm, high Chl-a and large phytoplankton (cryptophytes), while CC waters had
relatively low Fy/Fn, low Chl-a, and cyanobacteria (Synechococcus) (Figure 4.5). These
differences in phytoplankton community structure, driven by initial NOs, generated the overall
positive correlation between salinity and F./Fn: large phytoplankton with high F./Fi, were found
in high-salinity waters, while small phytoplankton with low F/Fi, were found in low-salinity
waters (Figures 4.5-4.7). Thus, the observed patchiness of phytoplankton communities across
the Morro Bay and Pt. Sur filaments was due to their associations with CU and CC water masses.

4.5.2 Along-filament patchiness
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We observed along-filament variability in phytoplankton community structure,
photophysiology, and Chl-a. Here, we explore some physical and biogeochemical mechanisms
that contributed to this variability.

4.5.2.1 Upstream fluctuations in nutrient conditions

Patterns in along-filament variability in salinity, as well as phytoplankton community
structure, photophysiology, and Chl-a, were consistent with upstream fluctuations in wind-driven
upwelling, which modulated the initial nutrient conditions. In particular, pulses of coastal wind-
driven upwelling result in waters with varying salinities and initial nitrate concentrations that are
subsequently transported along filaments (Gangrade & Franks, 2023; He & Mahadevan, 2021;
Jacox et al., 2018). This leads to water parcels with distinct phytoplankton communities and
varying Chl-a concentrations along the filament jets (Gangrade & Franks, 2023). Through this
mechanism, the Morro Bay and Pt. Sur filaments likely contained several different water parcels
along the filament’s axis, with distinct phytoplankton communities resulting from varying initial
nutrient conditions. These parcels advected along each filament and were captured at discrete
time points by our cross-filament sampling.

If the intensity of coastal wind-driven upwelling is correlated with the amount of nitrate
advected vertically into the euphotic zone—thus setting the amount of new production of
phytoplankton—we would expect high upwelling intensities to be correlated with water masses
containing high phytoplankton biomass—or high Chl-a. We indeed observed such a relationship
between upwelling intensity—as measured by CUTI and BEUTI—and Chl-a, but this
relationship was nonlinear (Supplemental Figure 4.5). These findings suggest that variability in
Chl-a along the filament is consistent with fluctuations in upwelling intensity; however, the
CUTTI or BEUTI metrics, are perhaps too spatially and temporally coarse to describe this

relationship in detail.
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In summary, we find that observed along-filament patchiness in phytoplankton is
consistent with variability in upstream nutrient conditions, which is driven by fluctuations in
wind-driven coastal upwelling. This leads to water parcels with distinct nutrient and
phytoplankton properties being advected along filaments.

4.5.2.2 Planktonic community development along Lagrangian trajectories

Along-filament variability in Chl-a is also consistent with planktonic community
development—primarily mediated by phytoplankton growth and grazing—occurring along
Lagrangian trajectories of water parcels. Phytoplankton blooms occur in water parcels in
response to initial upwelled nutrient concentrations; doubling times of phytoplankton populations
are typically days to weeks in the CCE (Landry et al., 2009; Li et al., 2012). Thus, on these
timescales, we would expect Chl-a concentrations in a water parcel to increase and reach a
maximum. After some days to weeks, we would expect Chl-a to decline as nutrients are used up
and as phytoplankton are grazed down and (or) sink out of the euphotic zone. In the CCE,
microzooplankton and mesozooplankton grazing is responsible for a significant proportion (>
90%) of phytoplankton loss (Landry et al., 2009; Stukel et al., 2011; Stukel et al., 2013). Peaks in
phytoplankton abundance in a water parcel are thus followed by increased abundances of
zooplankton grazers, which also eventually peak and then decline (Gangrade & Mangolte, 2024;
Messié & Chavez, 2017; Messié et al., 2022). These biological transformations in a water parcel
occur as it is being advected along the filament. Thus, distinct water parcels—at different stages
in their planktonic ecosystem development—can be found along filament jets at the same time
(Gangrade & Mangolte, 2024).

By examining changes in Chl-a in a water parcel in relation to its salinity and its age
(calculated through particle backtracking), we can reveal the planktonic community development

along pseudo-Lagrangian trajectories (Figures 4.9 and 4.10). Using this salinity-age framework,
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we showed that along the trajectories of high-salinity (= 33.4 psu) water parcels, Chl-a
concentration peaked at approximately 10-15 days (Figure 4.9 a-b). Along the trajectories of
low-salinity (< 33.4 psu) water parcels, peaks in Chl-a occurred on a similar timescale, but the
magnitudes of the Chl-a peaks were much lower than those of high-salinity waters. Furthermore,
in low-salinity waters, Chl-a did not vary as much with age as it did in high-salinity waters.
These results are consistent with our conclusion that low-salinity waters had relatively lower
initial NOs concentrations than high-salinity waters, and were therefore not able to support high-
Chl-a concentrations or blooms of the large phytoplankton which are often associated with high-
Chl-a. This salinity-age framework reveals that high-Chl-a phytoplankton blooms predominantly
occur in high-salinity (> 33.4 psu) waters, with Chl-a peaking within 10—15 days of a water
parcel originating at the coast. Grazing-mediated declines in Chl-a subsequently occur in water
parcels as they are advected offshore.

In summary, we find that along-trajectory planktonic community development begins
with phytoplankton blooms that are subsequently grazed down, resulting in peaks in Chl-a in
water parcels as they age and are advected along filaments. Thus, if a water parcel were to be
resampled throughout its along-filament trajectory, we would observe a peak and then decline in
Chl-a along the filament, which would result in along-filament Chl-a patchiness. This patchiness
is further complicated by water parcels with distinct salinities, initial nutrient concentrations, and
ages, which occur simultaneously along the filaments at different stages in their planktonic

ecosystem developments.
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Figure 4.9: The three-dimensional relationships between salinity, age since coast, and Chl-a (a)
and between salinity, age since coast, and F./Fn (c)—also shown as a 2-dimensional heatmaps (b
,d) —represent changes in Chl-a and F./Fn along Lagrangian trajectories. Data are combined
from both P1706 (Morro Bay filament cruise) and P1908 (Pt. Sur filament cruise). The smoothed
surfaces display the outputs from a locally weighted scatterplot smoothing function (span = 0.55;
R? = 0.52 for Chl-a and R? = 0.30 for F\/Fmm). The color scale represents the relative magnitude of
the Chl-a (a, b) and F\/Fn, (b). Dashed lines in (b) correspond to different salinity values used in
Figure 4.10.

4.5.2.3 A special case: the development of Fe-limitation

Within diatom-dominated communities that are typically found in the CU “branch” of
filaments, observed decreases in F\/Fi, and Siex in water parcels of ages > 10 days were
consistent with the development of Fe-limitation. The occurrence of Fe-limitation could also be

patchy along a filament due to variability in water-mass origins that result in differences in initial
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Fe concentrations. This legacy of initial Fe-concentration conditions and the subsequent along-
trajectory development of Fe-limitation can exacerbate along-filament phytoplankton patchiness.

We predicted that Fe-limitation would be diagnosed by both Sicx and F./Fn. Due to the
preferential uptake of H4SiO4 relative to NO3 by Fe-limited diatoms, we expected a negative Siex
signal (Brzezinski et al., 2015; Hogle et al., 2018), as well as low F./Fi, (Greene et al., 1992) to
be associated with Fe-limited phytoplankton communities. In contrast, we expected a positive
Siex signal and elevated Fv/Fn in Fe-replete phytoplankton communities.

Nearshore (Transect 1), we found positive Siex and elevated F./Fn. These waters were
mostly young (ages < 10 days), recently upwelled, with a high proportion of diatoms that were
likely actively blooming, given relatively high measured (residual) NOs concentrations (Figure
4.8c—f). It is unlikely these waters were experiencing Fe-limitation, as they had generally neutral
or positive Siex values (and elevated F./Fn) (Figure 4.8g—h). Farther offshore (P1706 Transect 2
and P1908 Transect 3) in water parcels with ages > 10 days, we observed negative Siex and low
F./Fm. We also observed low NOjs in these waters, consistent with diatom communities
continuing to mature along the filaments ultimately becoming Fe-limited and less
photochemically efficient.

Our detection of water-mass patches consistent with Fe-limitation is supported by other
studies of these upwelling filaments in the CCE. For example, our observation of reduced Fy/Fr,
across shore (i.e. along the filaments) with aging water parcels is supported by measurements
made by Kranz et al. (2020), who found decreases in nighttime Fy/Fn, values from nearshore to
offshore Morro Bay filament waters. Furthermore, Forsch et al. (2023), using Fe grow-out
incubation experiments, measured significant Fe-limitation of diatom communities in both the

Morro Bay and Pt. Sur filament waters. These experiments also revealed that phytoplankton

148



communities in the Morro Bay filament experienced a greater degree of Fe-limitation than the Pt.
Sur filament. Our results are consistent with this finding, as we observed lower (more negative)
Siex values in Morro Bay filament (Transect 2) than in the Pt. Sur filament (Transect 3).

Variability in upstream Fe supply could have also resulted in the patchy distribution of
Fe-limitation along the filaments: some waters that advected along the filaments may have had
high initial Fe supply, while others did not, eventually becoming Fe-limited. Moreover, Fe
supply to filament waters could vary based on where a filament developed along the coast. This
is because sources of Fe to upwelling filaments are highly variable in space and time. This
variability in dissolved Fe supply depends on factors such as riverine inputs, benthic boundary
layer dynamics, fluctuations in Fe-solubility with dissolved oxygen, and enhanced sediment
resuspension at coastal headlands (Chase et al., 2007; Elrod et al., 2004; Forsch et al., 2023).
Therefore, the observed patchiness in Fe-limitation within and across the Morro Bay and Pt. Sur
filaments could have resulted from fluctuations in upstream Fe supply, which is dependent on
many physical, geological, and chemical factors.

We also observed that other processes, such as changes in phytoplankton community
structure, were also correlated with changes in Fy/Fn, (Figure 4.8). Unfortunately, we did not
have the appropriate data to fully characterize such controls on F./Fn, variability, which are
spatially and temporally complex (Behrenfeld & Milligan, 2013). However, the patterns we
observed were indeed consistent with Fe-limitation in some regions within both filaments:
negative Siex and low Fy/Fin were observed in offshore transects of the filaments. Therefore,
along-trajectory development of the plankton community can—in some cases—include the

development of Fe-limitation. Moreover, whether Fe-limitation occurs along a filament and to
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what degree it occurs is highly dependent on how much dissolved Fe is supplied to filament

waters at their origins.

4.5.2.4 Other mechanisms of along-filament patchiness

There are mechanisms other than changes in initial conditions and the advection of
transforming water parcels that could have driven along-filament patchiness in phytoplankton.
These include local, in-filament processes, such as vertical advection and mixing associated with
submesoscale density fronts. In these features, which can occur along filaments, vertical nutrient
fluxes can stimulate phytoplankton growth (Li et al., 2012; Lévy et al., 2012). Such
submesoscale interactions occurring along the trajectories of water parcels could stimulate the
development high-Chl-a phytoplankton patches along the filaments, independent of their initial
conditions.

Another mechanism generating along-filament changes in phytoplankton is subduction,
which would result in decreases in surface Chl-a concentrations from nearshore to offshore.
While subduction of phytoplankton-rich waters has been previously documented in filaments
within the CCS (Hood et al., 1991; Kadko et al., 1991), we did not find evidence of this in the
Morro Bay and Pt. Sur filaments. While localized along-filament (i.e., non-initial condition
derived) injections of nutrients or physical subduction of phytoplankton could have occurred,
creating additional along-filament patchiness in Chl-a, we did not observe these processes in our
data.

4.5.2.5 Summary of along-filament patchiness

In summary, we demonstrate that the observed along-filament patchiness of water masses
and phytoplankton communities were consistent with the along-filament advection of initial

fluctuations of NO3 and Fe concentrations at the coast driven by fluctuating wind-driven coastal
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upwelling. Waters with different initial conditions support distinct phytoplankton communities;
these communities develop as they advect along filaments: phytoplankton take up nutrients,
bloom, and then are grazed on by zooplankton. Depending on initial conditions, these
phytoplankton may become Fe-limited over time as they are transported along the filaments,
exhibiting reduced photochemical efficiency and preferential Si uptake.

The temporal and spatial sampling patterns captured water parcels at different time points
in their advective and biological histories that reflect the legacy of their initial nutrient conditions
and subsequent ecosystem interactions. When we sampled these distinct water parcels within an
Eulerian framework (i.e. transects), we thus captured a range of ecosystem states (Figure 4.10)
that reflected both their ages and their initial conditions. These processes resulted in the observed

along-filament patchiness in phytoplankton communities.
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Figure 4.10: (a) Time-dependent, along-trajectory changes in Chl-a of four different water
parcels with distinct salinities (33.62 psu in purple, 33.50 psu in red, 33.43 in yellow, and 33.14
psu in blue). Each water parcel was sampled at different time points shown by locations of
scatter points in (a) along the x-axis. (b) Map of the sampling locations of the four different water
parcels and their trajectory pathlines, which indicate their locations prior to sampling. Black lines
indicate SeaSoar Survey and Transect sampling locations from both P1706 (Morro Bay filament
cruise) and P1908 (Pt. Sur filament cruise). Black squares indicate beginning of Lagrangian
trajectories at age = 0 days in (a) and their geographic origins on the coast in (b).
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4.5.3 Salinity-age framework: Implications for cross-shore carbon export

Here, we use a salinity-age framework to describe changes in Chl-a and F./Fn, along
Lagrangian trajectories. We assume that post-bloom declines in Chl-a and F./Fn, are consistently
associated with high export production (relative to new production), through grazing and sinking
which is enhanced by Fe-limitation. Using this assumption, we can use the age of water parcels
to identify the distance offshore at which these “export conditions” are likely to occur in the
CCE.

Phytoplankton cell sinking and fecal-pellet production by mesozooplankton grazers drive
the export of particulate organic carbon from the euphotic zone (Landry et al., 2009; Stukel et al.,
2011). Furthermore, Fe-limited conditions lead to increased silicification by diatoms, creating
heavily ballasted diatom cells and grazer fecal pellets that dramatically increase sinking POC
(Brzezinski et al., 2015; Stukel et al., 2017). We expect that grazing of phytoplankton and cell
sinking would be associated with decreases in Chl-a, and we would expect Fe-limited conditions
would be associated with decreases in, or low values of, Fy/Fn. Therefore, we used the observed
declines in Chl-a and F./F, along water-parcel trajectories (Figure 4.9), to identify when (at what
age) and where (distance offshore) these “export conditions” could have occurred.

We found that declines in Chl-a and Fy/Fn in high-salinity (= 33.4 psu) water parcels—
those with high predicted export relative to new production—occurred approximately 15-25
days after a water parcel originated at the coast (Figure 4.9). These high-salinity water parcels
aged 15-25 days were found at a median offshore distance of ~115 km, and 80% of these waters
were found between approximately 55-130 km offshore (Figure 4.11). These results show that
water parcels exhibiting “export conditions”—inferred from decreasing Chl-a and F./Fn,—are

advected offshore, consistently reaching distances of over 100 km offshore.
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Cross-shore variability in productivity and export has been detected by several previous
studies conducted in the CCE. Our observations are consistent with these previous findings. Both
Kranz et al. (2020) and Bourne et al. (2021) found high export fluxes associated with Morro Bay
filament waters at approximately 110 km from shore. Some of this export flux was attributed to
fast-sinking ovoid fecal pellets (Bourne et al., 2021). We observed that waters parcels with
declining Chl-a and F./Fn, along their trajectories were found at similar distances offshore (~115
km), and so these studies support our hypothesis that “export conditions” were likely to occur at
these cross-shore distances. On a regional scale, in the CCE, magnitudes of net primary
productivity typically decrease with distance offshore (Kranz et al., 2020; Landry et al., 2009).
And while magnitudes of export fluxes (both passive fluxes and active transport) also decrease
with distance offshore (Kranz et al., 2020; Stukel et al., 2013), the e-ratio (the ratio of export to
total production, also known as export efficiency) increases with cross-shore distance (Kelly et
al., 2018; Stukel et al., 2011). The e-ratio is also related to water-parcel age: higher export
efficiencies are typically found in older, offshore waters than in younger, nearshore waters
(Kelly et al., 2018). Our observations of water parcels with “export conditions” being found
approximately 115 km offshore provides a mechanism that would drive the observed nearshore-
to-offshore gradient in e-ratios. Similarly, Chabert et al. (2021) found that surface nutrient
concentrations, net primary productivity, and the ratio of new production to carbon export all
rapidly decreased within the first 20 days of a water parcel leaving the coast. While the locations
of these water parcels after 20 days were measured, there were no consistent patterns in their
cross-shore extents.

In summary, we find that our salinity-age framework is useful in identifying how

planktonic communities develop along Lagrangian trajectories and in diagnosing conditions (i.e.
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through declines in Chl-a and F./Fn) that are consistent with high export relative to new
production. We estimated that these “export conditions” occurred in high-salinity waters parcels
at timescales of 15-25 days after upwelling at the coast, and distances offshore of approximately

115 km; these scales were consistent with other regional studies.
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Figure 4.11: Probability heatmap of distance offshore versus age of high-salinity (> 33.4 psu)
water parcels. Probabilities were calculated for data in 5-day age and 25-km distance bins for all
waters parcels sampled during P1706 (Morro Bay filament cruise) SeaSoar Survey 1 and P1908
(Pt. Sur filament cruise) SeaSoar Survey 1. Probabilities were calculated for each age bin (i.e.,
probabilities along y-axis sum to 1). White solid line represents median (50" percentile) of data
in each age bin, and white dashed lines represent 10" and 90 percentiles of data in each age bin.

4.6 Conclusion

In this study, we observed that waters associated with upwelling filaments exhibited
significant hydrographic and biological patchiness. We found that across-filament patchiness in
phytoplankton community structure, photophysiology, and Chl-a resulted from the horizontal
convergence of water masses with distinct phytoplankton communities: only a portion of the

filaments (as defined by their slowly changing velocity structure) contained communities with
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high Chl-a and large phytoplankton. Along the filaments, we observed variability in
phytoplankton community structure, photophysiology, and Chl-a that was associated with
fluctuating initial conditions at the coast and the subsequent along-filament advection of water
parcels with distinct hydrographic and biogeochemical properties. We also found that planktonic
communities changed along their trajectories as they transited the filaments, in association with
growth-grazing dynamics. Some water parcels showed reductions in phytoplankton
photochemical efficiency consistent with the time-dependent development of Fe-limitation,
which was likely related to initial nutrient supplies. Finally, we demonstrated that a salinity-age
framework of tracking changes in biological properties can be used as a pseudo-Lagrangian
system. Using this framework, we predicted that phytoplankton communities with declining Chl-
a and F/Fn had enhanced organic carbon export. These communities were often found within
15-25 days of originating at the coast and approximately 115 km from shore. Together, these
findings indicate that filaments are heterogeneous and fundamentally non-uniform in physical,
biological, and chemical properties. Therefore, purely physical descriptions of filaments, such as
defining them as simple horizontal density extrema (McWilliams et al., 2009), are not sufficient
for characterizing the hydrographic and biological variability that occurs both across and along
their axes.

We also emphasize that interpreting biological patchiness in filaments within a
Lagrangian framework (Forsch et al., 2023; Kranz et al., 2020; Wang et al., 2020) is critical to
elucidating the time- and source-dependent controls and dynamics. In this study, we showed that
Lagrangian trajectories (and the associated water-parcel histories) can be inferred from Eulerian
measurements and spatially and temporally resolved velocity fields. This method allows us to

understand planktonic ecosystem changes along water-parcel trajectories, which allows the
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estimation of ecosystem-wide impacts. For example, identifying where and when phytoplankton
communities potentially bloom, degrade, and are exported is important for understanding how
primary production shapes patterns in the distribution of higher trophic levels, such as
zooplankton (Lilly et al., 2022), seabirds (Ballance et al., 1997), and cetaceans (Barlow et al.,
2008; Tynan et al., 2005)—as well as benthic ecosystems (Rathburn et al., 2001; Tecchio et al.,
2013). The mechanistic salinity-age framework we describe therefore has the potential to allow
identification and characterization of critical ecological patterns within a dynamic mesoscale
flow field.

Data Availability
All cruise data are available from download from the CCE LTER Datazoo website

(https://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets), and data stored in the CCE
LTER Environmental Data Initiative (EDI) repository are searchable at
https://ccelter.ucsd.edu/data/. CalCOFI data are available for download at
https://calcofi.org/data/. Sea surface temperature data (https://doi.org/10.48670/moi-00169) and
salinity data (https://doi.org/10.48670/moi-00051) are available for download at Copernicus
Marine Environmental Monitoring Service website. Sea surface chlorophyll data are available
for download at https://spg-satdata.ucsd.edu. California Underwater Glider Network data are
available for download at https://spraydata.ucsd.edu/projects/cugn/.
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Supplemental Information
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Supplemental Figure 4.1: Regional climatological relationship between dissolved inorganic
nitrate (NOs3) and temperature from California Oceanic Cooperative Oceanic Fisheries
Investigations (CalCOFI) sampling from 2003—-2019 and Lines 66.7-80 (Monterey Bay to Pt.
Conception, California). The locally estimated scatterplot smoothing function (span = 0.1) is
shown in red; this relationship was used to derive NO; from measured temperature for the depth-
dependent data of P1706 (Morro Bay filament cruise) and P1908 (Pt. Sur filament cruise)
SeaSoar Survey 1.
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Supplemental Figure 4.2: Diel periodicity (due to nonphotochemical quenching) and
asymmetry of Fy/Fn, (red lines in a—b) and Chl-a concentration (green lines in c—d) with
photosynthetically active radiation (PAR; black lines) for surface waters sampled during P1706
(Morro Bay filament cruise) SeaSoar Survey 1 (left column) and P1908 (Pt. Sur filament cruise)
SeaSoar Survey 1 (right columns).
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Supplemental Figure 4.3: Diagrams of potential temperature versus salinity for P1706 (Morro
Bay filament cruise; left) and P1908 (Pt. Sur filament cruise; right) sampling (both SeaSoar
Survey 1 and CTD-rosette transects). Water masses identified as California Current (CC),
California Undercurrent (CU), and Mixed (MIX) are shown in cyan, magenta, and yellow filled
circles respectively. Waters sampled during the CTD-rosette transects are shown as filled circles
outlined in black. Potential density anomalies at conservative temperature (gg) are shown as
dashed contours.
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Supplemental Figure 4.4: Maps of the pathlines of backtracked water parcels from the
underway P1706 and P1908 SeaSoar Survey 1 sampling locations. Pathlines are drawn for
tracked locations from 14 days prior to the last date of sampling of each survey (May 23, 2017,
during P1706 and July 27, 2019, during P1908) until the day the water parcels were sampled by
the SeaSoar (June 3—6, 2017 for P1706 and August 8-9, 2019 for P1908). Pathlines are colored
by water-mass type of sample (cyan for California Current [CC], magenta for California
Undercurrent [CU], and yellow for Mixed [MIX]). Black lines indicate the alongshore SeaSoar
survey lines upon which depth-resolved data were objectively mapped. Water parcels were

backtracked using daily geostrophic plus 15-m Ekman velocities.
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Supplemental Figure 4.5: The relationship between Coastal Upwelling Transport Index (CUTI)
(a) and Chl-a and Biologically Effective Upwelling Transport Index (BEUTTI) (b) and Chl-a for
P1706 (Morro Bay filament cruise) and P1908 (Pt. Sur filament cruise) SeaSoar Survey 1 surface
waters. Data were binned into salinity ranges (33.0-33.2 psu, 33.2-33.4 psu, 33.4-33.6 psu, and
33.6-33.8 psu); the colors of the lines and scatter points reflect the data within these ranges. The
lines represent fits from the locally estimated scatterplot smoothing function (span = 0.75) and
the grey shaded regions represent the 95% confidence intervals of these fits.
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CONCLUSION

Summary

The main objectives of this dissertation were to characterize spatiotemporal patterns in
hydrographic and plankton patchiness at mesoscale fronts and filaments in the California Current
System, and to investigate the physical and biological forcing mechanisms that structure this
patchiness. The main findings of this dissertation were that mesoscale fronts and filaments are
highly advective systems that act as conduits of different water masses with distinct planktonic
communities. Distinct “plankton patches”, with nonuniform community structure and biomass,
are shaped by upstream and source-water nutrient properties, as well as biological processes that
occur along Lagrangian trajectories. These plankton patches become entrained into fronts or
filaments, where they can converge with other patches and advect along a jet.

Initial, upstream, nutrient conditions can be predicted by the salinities of regional water-
mass types (California Current or California Undercurrent), combined with the intensity and
source depth of wind-driven coastal upwelling. Waters from the high-salinity California
Undercurrent can support phytoplankton communities with higher Chl-a than the lower-salinity
California Current waters. Also, even small-magnitude differences in salinity within CU waters,
consistent with modulations in upwelling intensity at the coast, are correlated with incremental
differences in Chl-a. Phytoplankton communities in CU waters are typically dominated by
diatoms and have relatively high proportions of cryptophytes, dinoflagellates, and other
eukaryotic phytoplankton. These communities exhibit relatively high F./Fn, especially in
nutrient-replete conditions. In contrast, phytoplankton communities in CC waters are typically
dominated by cyanobacteria and sometimes prymnesiophytes; these communities exhibit
consistently low Fy/Fn. Unlike phytoplankton, zooplankton community composition does not

show consistent patterns with water-mass type. Instead, the abundances of some zooplankton
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taxa (e.g., copepods, rhizarians, and appendicularians) exhibit strong relationships with the age
of a water parcel (the time since upwelling at the coast), indicating that the zooplankton
community changes in water parcels as they are advected.

Thus, plankton patches undergo biological transformations (in terms of community
structure and biomass) along Lagrangian trajectories, as water parcels transit fronts and
filaments. These transformations are the result of ecosystem dynamics, such as growth, grazing,
and iron limitation. Because grazing and iron limitation are both coupled with export processes
(i.e., sinking of phytoplankton cells and fecal pellets), we can diagnose potential high-export
waters based on declines in Chl-a and Fv/Fun. These declines are associated with grazing and
sinking enhanced by iron limitation, respectively. In congruence with previous studies, I found
the cross-shore decoupling of productivity and export to be mediated by the strong offshore
advection of plankton patches in the frontal and filament jets that may persistently form off Pt.
Conception, Morro Bay, and Pt. Sur, California.

Due to the patterns and processes associated with the strong advection of plankton
patches, the way we sample dynamic mesoscale fronts and filaments is critically important. For
example, the direction of successive transects across a front or filament could yield either a
snapshot of one patch that gets resampled or a snapshot containing several distinct patches.
While biological gradients along the axis of flow might look similar in both cases, each situation
has different ecological implications that depend on the nutrient and plankton properties
contained in the patches.

The results of this dissertation ultimately support the Boundary Condition Hypothesis
(including the Pulsatile Patch Hypothesis) and Lagrangian Reaction Hypothesis and reject the

Stationary Patch Hypothesis. In Chapter 1, I demonstrated that fluctuations in upstream boundary
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conditions, associated with modulations in wind-driven upwelling intensity, generated distinct
phytoplankton patches that transited along a front. In Chapter 2 and Chapter 3, I demonstrated
that boundary conditions varied geographically, and initial nutrients conditions were correlated
with water-mass type. In Chapter 2 and Chapter 4, I demonstrated that phytoplankton growth and
grazing reactions occur during Lagrangian trajectories, and in some cases iron limitation can lead
to changes in phytoplankton photophysiology (Chapter 4) as well as suppress phytoplankton
growth (Chapter 3). I conclude that a combined Eulerian-Lagrangian approach is needed to
appropriately characterize and interpret planktonic patchiness in mesoscale fronts and filaments,
which are fundamentally non-steady-state systems.

Implications and future directions

In this dissertation, I presented several frameworks that can be used to diagnose patterns
in planktonic community distribution and composition in the CCS: the SSH-PPH framework
(Chapter 1), the Lagrangian history framework (Chapter 2), the salinity-MPC framework
(Chapter 3), and the salinity-age framework (Chapter 4). Using these frameworks, we can begin
to identify patterns in biological diversity, ecological hotspots, and carbon export in EBUSs;
however, future work is needed to augment these frameworks and increase their diagnostic and
predictive power.

Biological diversity

In this dissertation, I showed that the taxonomic composition of phytoplankton and
zooplankton communities could be diagnosed by combined patterns in salinity (i.e., water
masses) and advection. Therefore, by knowing the water-mass type, which is correlated with
initial nutrient supply, and the advection history of a water parcel, we can potentially predict
planktonic community composition and how it changes. This has important implications for

describing spatial and temporal patterns and controls of biological diversity.
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In the CCS, cross-shore patterns in microbial diversity are strongly correlated with
nutrient supply across both seasonal and interannual timescales (James et al., 2022). Future work
using the Lagrangian framework presented in this dissertation combined with highly resolved
taxonomic information could help contextualize this broad regional gradient. This framework
could help evaluate where, when, and why waters are more biologically diverse than others—and
how diversity might change along Lagrangian trajectories. Different planktonic species or
functional types exhibit different responses to changes in oceanic conditions, such as short-term
shifts in nutrient supply during upwelling cycles (Lampe et al., 2021), multi-year climate
oscillations (Bode et al., 2013; Lilly & Ohman, 2021), or long-term shifts in temperature
(Anderson et al., 2021). Therefore, identifying the occurrence and distribution of plankton, in
tandem with community composition and diversity, can help to characterize multiscale
planktonic ecosystem responses.

Ecological hotspots

In this dissertation, phytoplankton (Chl-a) concentrations were diagnosed by patterns in
water masses and the ages of water parcels: the biological potential of a water parcel, when
controlled from the bottom-up by phytoplankton, is predictable. Using the salinity-MPC
framework as a guide, we may be able to identify locations where phytoplankton biomass meets
its maximum potential concentration, thereby identifying ecological hotspots.

Future work could further investigate coastal regions off California that are suspected to
be hotspots for marine mammals and seabirds; one such region is the Santa Lucia Escarpment,
located offshore of Morro Bay (Russell et al., in prep). The drivers of potentially enhanced
biological activity at this site are unknown. Strikingly, CCE LTER sampling (used in Chapter 3
and Chapter 4) in 2017 included this region, which is now part of the newly formed and

culturally important Chumash Heritage National Marine Sanctuary. The results of this

166



dissertation bolster the hypothesis that biological productivity in the Santa Lucia region is fueled
by the advective delivery of Chl-a-rich waters along persistent upwelling filaments.
Characterizing patterns in salinity, MPC, and observed Chl-a in this region using long-term
datasets could help identify the roles of bottom-up processes in generating and maintaining an
ecological hotspot. Importantly, because hotspots of zooplankton and marine predators may be
decoupled in space and time from regions of high phytoplankton biomass (Fiechter et al., 2020;
Messié & Chavez, 2017), Lagrangian studies to characterize the role of advection in structuring
the timing and occurrence of such hotspots are needed. Furthermore, the use of salinity as a
diagnostic of Chl-a concentration also allows for the analysis of phytoplankton patterns in
regions that have historically lacked observations or long-term monitoring.

Carbon export

In this dissertation, by using diagnostic metrics and qualitative analyses, I associated
time-dependent declines in Chl-a with grazing and—in some cases—sinking enhanced by iron
limitation. I then qualitatively linked grazing and iron limitation processes to the export of
phytoplankton from the euphotic zone—through direct phytoplankton cell sinking and
zooplankton fecal-pellet production (Stukel et al., 2011). These analyses would benefit from
being augmented with quantitative measurements to enhance the prediction of patterns in carbon
export.

Specifically, future work incorporating grazing and export rates (e.g., sinking particle
fluxes) into the salinity-age framework could improve the identification of when and where
waters contribute to high export production. Importantly, export rates are highly influenced by
particle sinking speeds, which vary based on many factors that also depend on planktonic
community composition. These factors include phytoplankton cell size, degree of silicification in

diatoms, fecal origins, and pellet shapes and sizes (Buesseler et al., 2007; Gowing et al., 2001;

167



Small & Ellis, 1992; Smayda, 1970; Wilson et al., 2008). Therefore, understanding how
planktonic community composition changes along Lagrangian trajectories could help constrain
export estimates in this region.

Long-term changes in hydrography and circulation

In this dissertation, I described how biological patchiness is fundamentally linked to
hydrographic patchiness, and so patterns in biological properties are correlated with salinity and
water-mass type. However, water properties in the CCS are variable and changing over time, and
this could drive biological variability.

Long-term water-mass variability off the coast of southern California has been attributed
to modifications in source waters (Bograd et al., 2015). These modulations have led to
anomalous salinity changes in the California Current (Ren & Rudnick, 2021) and a long-term
increase in temperature and salinity in the California Undercurrent (Meinvielle & Johnson,
2013). Upwelling source waters have also changed over time, based on fluctuations in the
upwelling cell forced by the Pacific Decadal Oscillation (Chhak & Di Lorenzo, 2007; Song et al.,
2011). The nitrate concentrations of upwelled waters are projected to decline in the future (Pozo
Buil et al., 2021), potentially having strong consequences for biological productivity throughout
the CCS (Jacox et al., 2024) and specifically off central California, where wind-driven upwelling
has been increasing (Garcia-Reyes & Largier, 2010). Examining how these long-term and
decadal-scale modulations affect the salinity-nitrate and salinity-chlorophyll relationships
presented in this dissertation could further elucidate long-term changes in productivity.

Additionally, long-term changes in mesoscale circulation have been altering how water
masses—and biological properties associated with these water masses—are laterally distributed
in the CCS. Basin-scale processes driven by the El Nifio Southern Oscillation have led to

changes in mesoscale energy in the CCS, with increased mesoscale activity detected during

168



relatively cold La Nifia years (Keister & Strub, 2008). Additionally, as stratification increases
due to ocean warming, eddy kinetic energy in the CCS is also increasing (Cordero-Quiros et al.,
2022). Furthermore, despite a long-term increase in frontal frequency in the CCS, anomalously
warm periods are associated with decreased frontal frequency which are consistent with declines
in Chl-a. Therefore, changes in the energy and frequency of fronts, filaments, and eddies and
increases in ocean temperature have important impacts on biological communities that are
attracted to, aggregated in, or transported by these features (Abrahms et al., 2018; Brodeur et al.,
2019; Hyrenbach & Veit, 2003; Koslow et al., 2017).

In summary, we cannot evaluate the links between biological and hydrographic
patchiness using a static snapshot of the CCS. Instead, we must investigate biological patchiness
and its controls within an evolving system that is shaped by hydrography and circulation, which

are changing in response to climate oscillations and ocean warming trends.
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