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Abstract

An autonomous Zooglider navigated across the California Current Front into low salinity, minty waters char-
acteristic of the California Current proper in both summers of 2019 and 2021. Diving to 400 m depth, Zooglider
transited another near-surface frontal gradient somewhat inshore. These frontal gradients were generally associ-
ated with changes in intensity, size composition, and Diel Vertical Migration responses of acoustic
backscatterers. They were also associated with pronounced changes in zooplankton community composition, as
assessed by a shadowgraph imaging Zoocam. Zoocam detected a decline in concentrations of copepods,
appendicularians, and marine snow in the offshore direction, and an overall shift in community structure to a
higher proportion of carnivorous taxa (and, in 2019, of planktonic rhizaria). No taxon was consistently elevated
at all the peak frontal gradients, but appendicularians, copepods, and rhizarians sometimes showed front-related
increases in concentration. Such frontal gradient regions represent relatively abrupt transitions to different com-
munities of planktonic organisms and suspended marine snow particles, with consequences for predator—prey

relationships and the dominant vectors of particle export into subsurface waters.

The biophysical properties of frontal gradients in the
ocean have attracted increasing interest (e.g., Belkin 2021;
Prants 2022), in part as advances in subsurface profiling instru-
ments and autonomous vehicles have made it possible to resolve
and revisit such structures. Satellite remote sensing has proven
useful for identifying surface and near-surface ocean gradients
(e.g., Belkin et al. 2009; Kahru et al. 2018; Haéck et al. 2023) but
does not detect subsurface structures. Moreover, measuring
changes in physical ocean properties associated with ocean
fronts expressed beneath the sea surface has generally proceeded
more rapidly than resolving biotic gradients. It is not always
clear whether, on smaller scales, organismal abundances and
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community structure change in parallel with changes in physical
features. Most zooplankton sampling, for example, averages over
substantial vertical distances and, in the case of towed nets, over
relatively large horizontal scales. The sampling methods can thus
obscure the very gradients that are the subject of inquiry.

Some empirical evidence suggests that frontal regions can,
under certain circumstances, be sites of higher nutrient fluxes
(Li et al. 2017), elevated prey concentration (Powell and
Ohman 20154g; Schmid et al. 2020), enhanced grazing activity
(Stukel et al. 2017), attraction of mobile predators (e.g., Schmid
et al. 2020; Keates et al. 2022), or enhanced vertical export of
carbon and other elements (Stukel et al. 2017). Mangolte
et al.’s (2023) analysis of biotic gradients across 10 fronts in the
California Current Ecosystem distinguished “peak” fronts,
where abundance or biomass of planktonic organisms is ele-
vated from “transition” fronts, where gradients occur without
biomass enhancement. Numerical models that resolve (sub)
mesoscale processes suggest that fine-scale frontal circulation
can lead to local enhancement of plankton diversity (Lévy
et al. 2018; Mangolte et al. 2022). Lévy et al. (2018) distin-
guished three types of fronts with different circulation and
biotic consequences: (1) passive fronts, where local circulation
causes organisms and plankton biomass to stir and mix;
(2) active fronts, where enhanced nutrient fluxes stimulate
local growth; and (3) reactive fronts, where biotic interactions
between organisms lead to local increases in predators and/or
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prey. However, in general, empirical evidence has lagged
behind model predictions.

Apart from in situ bio-optical sensors that are well suited to
measuring properties of the ocean environment such as fluo-
rescence, absorption, and scattering of different dissolved and
particulate constituents (e.g., Mignot et al. 2018), and targeted
DNA sensors (Yamahara et al. 2019), few instruments are
available for resolving smaller scale horizontal changes in sub-
surface ocean plankton communities. This is particularly true
for measurements of multicellular organisms, whose aggrega-
tion potential at frontal gradients can have important benefits
for mobile predators that can exploit locally elevated concen-
trations of prey (e.g., Schmid et al. 2020).

Optical imaging provides an alternative to net (and pump)
sampling of zooplankton, conferring the ability to resolve
organisms and marine snow in situ with considerable resolu-
tion of microscale habitats in the vertical plane (e.g., Davis
et al. 1992; Luo et al. 2014; Brisefio-Avena et al. 2020). While
conferring enhanced vertical resolution, most imaging
approaches to date have been associated with instruments
that are lowered from ships or other surface platforms, and are
generally deployed at relatively coarse resolution in the hori-
zontal dimension. Horizontally towed shipboard profilers alias
fine-scale features. Deployment of in situ imaging devices on
fully autonomous and navigable robotic platforms like gliders
(e.g., Ohman et al. 2018; Picheral et al. 2022) confers the abil-
ity to attain unattended high vertical resolution profiles with
suitable horizontal spatial resolution to address questions
about the ecological and biogeochemical consequences of
(sub)mesoscale horizontal ocean features.

While diverse types of echosounders have been used to char-
acterize bulk properties of acoustic backscattering (e.g., Wiebe
and Benfield 2003, De Robertis et al. 2010; Korneliussen
2018), bioacoustic approaches generally lack validation
of the identities and characteristics of the backscattering
organisms. In addition, conventional echosounders are lim-
ited to the larger-bodied organisms that can be resolved at low
or medium sound frequencies (typically 10-450 kHz). Acoustic
resolution of the smaller-bodied, weakly scattering compo-
nents of the mesozooplankton community, such as most
planktonic copepods, requires high-frequency acoustic trans-
ducers (Greenlaw 1979; Stanton et al. 1996). However, due to
the rapid absorption of high-frequency sound in seawater
(e.g, De Robertis and Higginbottom 2007; Macaulay
et al. 2020), it is not feasible to profile large sectors of the
water column with high-frequency echosounders deployed
from surface vessels or platforms, or from the seafloor. In such
deployments, acoustic backscatter can be measured only in
very close range from the transducer. To profile through the
water column with high frequency sound it is necessary for
the acoustic transducer itself to move throughout the water
column (Fernandes et al. 2003). While such profiling can be
accomplished via a cabled device lowered from the sea surface
or raised from the sea floor, tethering can result in
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transmission of vibrations and surface wave motion, thereby
disturbing the water column and potentially inducing avoid-
ance responses by the target organisms. Deployment of a high
frequency transducer on an autonomous glider confers the
ability to conduct continuous profiling throughout the entire
water column, with equal sampling effort at all depths trans-
ited by the glider and with minimal hydrodynamic distur-
bance of the water column. Furthermore, the combination of
a high frequency (e.g., 1000 kHz) with a medium frequency
(e.g., 200 kHz) transducer on a glider makes it possible to
assess both smaller and larger sources of backscatter and
to approximate the size spectrum of the acoustic scattering
community (e.g., Gastauer et al. 2022).

The California Current System is a complex of currents
including the southward flowing California Current in offshore
waters, the Inshore Countercurrent in proximity to the coast,
and the California Undercurrent in subsurface waters
(Hickey 1979; Lynn and Simpson 1987). Surface waters are
advected offshore, especially during the upwelling season
(Chavez et al. 1991, Chabert et al. 2021), often associated with
upwelling filaments (Chabert et al. 2021) and mesoscale eddies
(Chelton et al. 2007). Despite this complexity, there is typically
a horizontal gradient where colder, higher salinity, lower dis-
solved oxygen waters found close to the coast meet southward-
flowing California Current water somewhat offshore (Lynn and
Simpson 1987). The California Current proper is distinguished
by a low salinity core, which is expressed in near-surface or
subsurface waters (Lynn and Simpson 1987), arising from its
origins in the Subarctic North Pacific. Hence, there is a some-
what predictable gradient between the higher salinity near-
shore waters and the lower salinity offshore California Current
waters, although the offshore extent of the frontal boundary
region between the two is highly variable.

Here we address the following questions regarding the
major frontal gradients that are often encountered when
transiting from the nearshore coastal ocean to the offshore
California Current using data from a 2-week Zooglider mission
conducted in 2019 and in 2021:

Do zooplankton community structure and body size
change at major frontal gradients across the California Cur-
rent System?

If so, which taxonomic and functional groups are most
affected?

Does Diel Vertical Migration behavior change across such
frontal gradients?

Are frontal regions sites of elevated biomass of phytoplank-
ton, marine snow, or mesozooplankton?

Materials and methods

Zooglider was deployed during the California Current
Ecosystem—Long Term Ecological Research (CCE-LTER) pro-
cess cruises in 2019 (August 13-27) and 2021 (July 21 to
August 9) from the R/V Atlantis and R/V Roger Revelle,
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respectively, 15.7 and 19.4 km offshore of Point Sur, Califor-
nia, USA, in the 2 yr (Figure Supporting Fig. S1). Full Zooglider
engineering details are described in Ohman et al. (2018). Zoo-
glider followed a programmed route in an offshore direction
(westwards), which was updated daily via two-way Iridium
communication. Generally, Zooglider dove to 400 m, complet-
ing a dive approximately every 3 h, recording data only during
each dive ascent. Ascent and descent angles were ~ 17° and
vertical velocities ~ 0.1 ms™'. To sense the physical environ-
ment surrounding Zooglider, a pumped conductivity, tempera-
ture, and depth unit (CTD, SeaBird CP41), and a chlorophyll
a (Chl a) fluorometer (Seapoint mini-scf), are used. Fluorome-
ters were calibrated regularly using standardized dilutions of
pure Chl a (Sigma Life Sciences) dissolved in 90% acetone as
described by Powell and Ohman (20154). Each calibration pro-
vided a slope value (mg Chl a L™' V™) allowing the transla-
tion of measured fluorescence counts into concentrations of
Chl a expressed in standardized fluorescence units (SFU; Pow-
ell and Ohman 2015a). Spiciness was derived from salinity
and temperature measurements, following McDougall and
Krzysik (2015). Spicier water corresponds to warmer, saltier
water while colder, fresher water is considered minty. Gradi-
ents of hydrographic conditions were based on the rolling
average of 5 m of depth by three dives. Fronts were defined by
locations of maximum salinity and spice gradients in the
upper 50-100 m (Supporting Information Figs. S2, S3). Ocean
turbidity was approximated by the attenuation coefficient of
light at 490 nm (m™ % Kaaoo, courtesy of M. Kahru, Scripps
Institution of Oceanography). Higher Kg490 values correspond
to a shallower attenuation depth, hence more turbid water.
Kaqo0 values were extracted at dive locations from the ESA
Ocean Color Climate Change Initiative (v.3.0), global level
3 binned multisensor time series of satellite ocean color data
with 4 km resolution. For each geographical location, the tem-
porally closest daily value was used (i.e., if no value for a given
day was available, the temporal search radius was extended by
1 d until a value was found).

Optical data acquisition and processing

The imaging system on Zooglider is a custom optical shad-
owgraph (Zoocam) with telecentric lens, red light illumina-
tion, and a sampling volume of 250 mL (Ohman et al. 2018;
Ellen et al. 2019). Optical images are acquired at a sampling
rate of 1 or 2 Hz during the glider’s ascent, providing maximal
vertical sampling resolution of 5-10 cm. Raw optical images
acquired by Zoocam are processed post mission. Sequential
flatfield correction and segmentation of individual regions of
interest (ROIs) are applied, followed by classification using
deep learning methods, after Ellen et al. (2019). Occasionally,
stuck tentacles interfered with image acquisition and such
frames were removed from further analysis. Small particles
0.25-0.45 mm in equivalent circular diameter (ECD) are
recorded with summary metrics but are not classified. These
small particles have been found to be composed mainly of
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marine snow (Ohman et al. 2018; Brisefio-Avena et al. 2020;
Fakhraee et al. 2020; Whitmore and Ohman 2021). Particles
> 0.45 mm ECD are recorded, measured, and attributed to a taxo-
nomic class following machine learning algorithms with finely
tuned hyperparameters that also incorporate context metadata
(Ellen et al. 2019). Our current model distinguishes 58 taxonomic
classes with an average F1 score (predictive power derived from
the precision and recall metrics) of 94.9% (Supporting Informa-
tion Fig. S4). Here, we focus on nine dominant groups of organ-
isms and particles: appendicularians, chaetognaths, copepods—
Oithona-like (hereafter “Oithona”), copepods-other (comprised
mainly of calanoid copepods), doliolids + salps (plus rarely small
pyrosomes), euphausiids (which occasionally includes a decapod
shrimp), gelatinous predators (medusae, siphonophores, and
ctenophores), rhizarians (Acantharia, Collodaria, Phaeodarea,
and Foraminifera), and marine snow. Taxon-specific precision
and recall for our Machine Learning model can be seen in
Supporting Information Fig. S4. Although fast-swimming organ-
isms could potentially avoid the glider and introduce a bias
toward smaller, slower swimming specimens, Whitmore and
Ohman (2021) demonstrated that taxonomic composition, and
size distributions derived from Zoocam are comparable to those
obtained from MOCNESS samples, including fast-swimming
organisms such as euphausiids.

Feret diameter (mm, i.e., the maximum dimension across a
ROI) was used as a proxy for the master trait of body size from
optical images. Following size class definitions from Gastauer
et al. (2022) for acoustic backscatter, three mesozooplankton size
categories were defined: large (> 3 mm), intermediate (1-3 mm),
and small (<1 mm). The community functional composition
was split into picograzers (appendicularians, doliolids, and salps),
omnivores (all copepods and euphausiids), and carnivores (chae-
tognaths and gelatinous predators). Carbon biomass was deter-
mined from updated equations from Lavaniegos and Ohman
(2007) relating taxon-specific body size (here as Feret diameter)
to organic carbon content (Supporting Information Table S2).

We tested for spatial differences in abundance of each major
taxon on two scales across the Zooglider track. First, we analyze
the regional cross-shore scale, using the Kruskal-Wallis test with
Dunn pairwise post hoc test. Here, we compare abundances
among three regions: inshore, midshore (region between the
two fronts), and offshore. Then, we test for changes in abun-
dance on the local front scale, using the Mann-Whitney U test.
Here, we compare abundances at the front compared with con-
centrations measured at Zooglider dives immediately before and
after the front. A sequence of six dives was selected for one day—
night sequence immediately preceding and one sequence imme-
diately following the day-night sequence associated with the
hydrographically defined frontal region.

Acoustic data acquisition and processing

Zooglider is equipped with a custom active acoustic system,
Zonar, consisting of single-beam 200-kHz (3 dB beam angle
03 4B 200 kiz = 9.8°) and 1000-KHz (63 g 1000 kHz = 4°) transducers
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manufactured by the Instrument Development Group at the
Scripps Institution of Oceanography. Every 4 m of depth during
the glider ascent, a four-ping burst ensemble was emitted
sequentially at each of the two frequencies (four pings at
200 kHz, followed by four pings at 1000 kHz). The inter-ping
interval was 200 ms (ping rate = 5 Hz) for the 200 kHz and
100 ms (ping rate = 10 Hz) for the 1000 kHz. A 1-ms blanking
time for both, which extends further than the theoretical
nearfield zone of the transducers, was applied. For the present
study, only data within a range of 3-6 m from the transducer
face were considered. Ambient sound speed and absorption coef-
ficients were computed directly from the Zooglider temperature,
salinity, and pressure values following Mackenzie (1981) and
Francois and Garrison (1982a,b). Details on the acoustic data
processing may be found in Gastauer et al. (2022). Zonar calibra-
tion largely followed procedures for single-beam transducers in
Demer et al. (2015), using a 10-mm tungsten carbide sphere
with cobalt binding. Calibrations were completed on a regular
basis in a purpose-built pool at the Scripps Institution of Ocean-
ography. Acoustic density information was partitioned into size-
stratified classes based on the scattering properties of dominat-
ing organisms, using dB differencing at the two available fre-
quencies, following methods described in Gastauer et al. (2022).

Results

Hydrographic conditions

The 2019 and 2021 Zooglider missions off Pt. Sur covered
geographically similar domains (Supporting Information
Fig. S1). There is considerable hydrographic variability across
the region, on multiple spatial scales (Fig. 1; Supporting Infor-
mation Fig. S1; Table S1). In both years, surface temperatures
increased strongly westward (i.e., offshore, Spearman’s rank
correlation between longitude and temperature, p < 0.001 for
both years) (Supporting Information Figs. S1, S2; Table S1). In
the present study, we focus on the strongest frontal gradients
resolved along the Zooglider trajectories. In both years, two
main fronts were identified, one “inshore” front (ca. 100 km
[in 2019] to 130 km [in 2021] along track from the beginning
of the Zooglider transit) and one “offshore” front (160 km
along track in 2019 and 180 km along track in 2021; Fig. 1;
Supporting Information Figs. S1-S3). The two fronts were
defined as the regions of steepest salinity and spice gradients,
while other smaller fronts or filaments were also evident in
the observed hydrographic data (Fig. 1; Supporting Informa-
tion Figs. S2, S3). The presence of the California Current is
evidenced by a steep decrease in salinity offshore (Fig. 1;
Supporting Information Figs. S2, S3). In 2019, generally lower
salinity values were observed (Fig. 1; Supporting Information
Fig. S2; Table S1). Analogously, spice increased westward, until
the steep decrease of salinity occurred and the water became
much mintier (Fig. 1; Supporting Information Fig. S2;
Table S1). In both years, the highest Chl a fluorescence, as a
proxy for Chl a concentration, was observed inshore of the
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inner front (p < 0.05; Fig. 1), displaced somewhat from shore.
When front-related values were compared with those at glider
dives immediately preceding and following the fronts, there
was evidence of elevated Chl a fluorescence in the upper 50 m
at the inshore front in 2019 (p < 0.05), but not at the other
frontal locations.

Acoustic backscatter

In both years, overall acoustic backscatter (Sv, dB re 1 m™)
was stronger at 1000 than at 200 kHz, suggesting an overall
greater influence of smaller-bodied scatterers (Asy 1000-
200 > 0 dB; Fig. 2a-d). Average Sv at both 200 and 1000 kHz
was highest in the inshore region in both years (Kruskal-Wal-
lis, p <0.05). The size composition of acoustic backscatterers
in the upper 100 m did not differ among regions (p > 0.05), as
indicated by similar values of Asy 1000_200 (Fig. 2e,f). However,
deeper than 100 m, there was a marked change in the relative
importance of small and larger backscatters, with smaller
backscatterers (reddish shading in Fig. 2e,f) consistently domi-
nating the layer between 100 and 300 m in the offshore
region (p>0.05). There was no evidence of front-related
increases in Sv at either front in either year (Mann-Whitney
U, p>0.10).

Diel vertical migration

Diel vertical migrations were consistently deeper in the off-
shore, more transparent waters. The average daytime depth
occupied by backscatterers at both 200 and 1000 kHz deep-
ened in the offshore direction, with a deepening of daytime
depth offshore of both fronts in 2019 and offshore of the
inshore front in 2021 (p < 0.01; Fig. 2g,h). Satellite-measured
light extinction also varied in the offshore direction, with
more optically transparent waters (i.e., lower Ky490) in the off-
shore in both years (p<0.001; Fig. 2gh). Transparency
increased just offshore of both fronts in 2019 and just offshore
of the inshore front in 2021 (Fig. 2g,h). The daytime depth
occupied by 200 kHz acoustic scattering layers was highly
(inversely) correlated with light attenuation in the overlying
water column (p < 0.001) in both years. The daytime depth of
the 1000 kHz layer was inversely related to light attenuation
in 2019 (p<0.001) but not in 2021 (p =0.06; Supporting
Information Table S3). Animals migrated deeper in optically
clearer waters. The mean daytime depths at 200 and 1000 kHz
did not differ significantly in 2019 (Wilcoxon signed-rank
matched pairs test, v= 61, p > 0.1) but were somewhat deeper
at 200 kHz in 2021 (v = 104, p = 0.01).

Zooplankton community structure

The imaging Zoocam resolved cross-shore and cross-frontal
changes in concentration, vertical distribution, and size com-
position of the zooplankton community and marine snow.
We present the results in an approximate sequence of increas-
ing trophic level, from metazoan picograzers, to omnivores, to
carnivores, although this is of course an oversimplification of
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Fig. 1. Zooglider sections across two major frontal regions (vertical gray bars) in (left column) 2019 and (right column) 2021. Top row (a, b): salinity.
Middle row (¢, d): spiciness. Lower row (e, f): chlorophyll a (Chl a) fluorescence. Horizontal black bars at the bottom of each figure indicate locations of
dives preceding, inside, and following the peak frontal gradients. The top x-axis shows Zooglider dive number, with color bar indicating day (yellow),
dusk/dawn (gray), or night (black) dives. The bottom x-axis indicates distance traveled (km), generally from eastward (nearshore) to westward (offshore).
Note that the z-axis has been square root-transformed.
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Fig. 2. Zooglider sections of acoustic backscattering volume (Sv) in (left) 2019 and (right) 2021, with: Top row (a, b): Sv at 200 kHz. Second row (c, d):
Sv at 1000 kHz. Third row (e, f): Asy = SV1000 kHz — SV200 kHz- Fourth row (g, h): Daytime depths of scattering layers at 200 and 1000 kHz, with Ky490 as
symbol color. The top color bar indicates day (yellow), dusk/dawn (gray) or night (black) dives and for the top three rows a second color bar indicates
light extinction at 490 nm (Kq490). Horizontal black bars at the bottom of each figures indicate locations of dives preceding, inside, and following the
peak frontal gradients. Vertical gray bars indicate the locations of the inshore front (left bar in both panels) and offshore front (right bar in both panels).
Continuous dark gray lines in first and second rows indicate the day and night depths of the 50™ percentile of Sv. Vertical gray bars indicate the locations
of the inshore front (left bar in both panels) and offshore front (right bar in both panels). The top x-axis indicates dive number and the bottom x-axis indi-

cates distance traveled (km). Note that the z-axis has been square root transformed.
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dietary breadth of each of the taxa considered. We present
spatial differences detected for each major taxon on two spa-
tial scales: first, on the regional cross-shore scale and then on
the local frontal scale.

Metazoan picograzers included appendicularians, plus a
combined assemblage of doliolids and salps. At the regional
scale, appendicularians were present in reduced concentrations
offshore in both 2019 and 2021 (p <0.05; Fig. 3a-c), with
diminished body sizes in the offshore region in 2019 (p < 0.01;
Fig. 3d-f). On the local frontal scale, appendicularian concen-
trations were lower at the peak frontal gradient region in the
offshore front in 2019 and elevated at the inshore front in
2021 (p < 0.05). In notable contrast with the appendicularians,
doliolids + salps showed reduced concentrations in the inshore
region in both years (p < 0.001; Fig. 3g-i), with similar body
sizes throughout in 2019 and larger body sizes inshore in 2021
(p <0.01; Fig. 3j-1). This suggests that appendicularian habitats
were generally more favorable in the inshore region, while
doliolids + salps habitats were generally more favorable in the
midshore to offshore region. For the doliolids 4 salps on the
local frontal scale, there was an increase in concentration at
the inshore front, but only in 2021 (p < 0.01).

Two groups of copepods (copepod-others [which excludes
the genus Oithona] and Oithona-like copepods) exhibited con-
trasting patterns. Copepod-others showed decreased concen-
trations in the offshore region in both 2019 and 2021
(p<0.001; Fig. 4a—c), accompanied by a larger average body
size in the inshore region (p < 0.01; Fig. 4d-f). In contrast,
Oithona copepods showed lowest concentrations in the
inshore in both years (p < 0.001; Fig. 4g-i). There was a nota-
ble deepening of vertical distributions of Oithona-like cope-
pods offshore of the offshore front in 2019 and the inshore
front in 2021 (Fig. 4). Oithona body sizes were larger in the
inshore region (p < 0.001; Fig. 4j-1). There was a front-related
local increase in concentrations of copepod-others and
Oithona at the inshore fronts in 2019 and 2021 and an
increase in Oithona the offshore front in 2019 (p < 0.05).

Euphausiid concentrations decreased in the offshore region
in 2019 (p < 0.01; Fig. 5a—c). Body sizes did not show evidence
for change on the regional scale (p >0.10; Fig. 5d-f). There
was no evidence for front-related change in euphausiid con-
centrations (p > 0.20) in either year.

Turning to carnivorous metazoans, the gelatinous predators
(comprising hydromedusae, ctenophores, and siphonophores)
showed decreased concentrations in the inshore region in
both years (p<0.001; Fig. 6a—c). Predator body sizes were
larger in the inshore region in 2021 (p < 0.05; Fig. 6d-f). At
the local frontal scale, there was no evidence of front-related
changes in concentrations of gelatinous predators in either
year (p > 0.05). Chaetognaths, which are also obligate preda-
tors, showed different spatial patterns in the 2yr, with
decreased concentrations in the offshore region in 2019 and
decreased concentrations in the inshore in 2021 (p < 0.001;
Fig. 6g-i). Chaetognaths were also larger in the inshore than
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the offshore region (p < 0.05; Fig. 6j-1) in both years. There
was no evidence of local front-related change in chaetognath
concentrations in either year (p > 0.20).

Planktonic Rhizaria (comprising, in decreasing order of
numerical importance: Acantharians, Collodarians, Phaeodarians,
and Foraminifera) showed taxon-specific changes in the cross-
shore direction that are largely masked by the composite sections
that sum these taxa together in Fig. 7a—f (see Supporting Informa-
tion Figs. S5-S8 for taxon-specific changes). Overall, total
rhizarian concentrations were elevated in the mid-shore region in
2019 (p<0.05; Fig. 7a—c). Rhizarians were smaller inshore in
both years (p < 0.001; Fig. 7d-f). The bimodal distribution of cell
sizes in the vertical plane in Fig. 7d,e reflects a dominance of
acantharians and collodarians in the euphotic zone (0-75 m) and
a dominance of larger phaeodarians in waters between 100 and
300 m (cf. Biard and Ohman 2020). At the local scale, total
rhizarians were present at higher concentrations at the inshore
fronts in both 2019 and 2021 (p < 0.05), but not at the offshore
fronts.

The concentration of marine snow declined abruptly in the
offshore region in both 2019 and 2021 (p < 0.01; Fig. 7g-i).
The average size of marine snow was somewhat smaller
inshore in both years (p < 0.05; Fig. 71). (Note that Fig. 71 aver-
ages across all depths.) In general, marine snow tends to occur
in much higher concentrations, but smaller sizes in the
inshore region. There was little evidence of front-related
changes in concentration of marine snow (p > 0.40), apart
from a local increase at the inshore front in 2021 (p < 0.001).

We summarize the cross-shore and cross-frontal changes
in overall community structure in three ways in Fig. 8: (a, b)
the proportional composition of different taxa; (c, d) the
proportional composition of different trophic guilds; and (e,
f) the proportional composition of different body sizes.
These community summaries, expressed as proportions of C
biomass, are based on the upper 100 m where most zoo-
plankton taxa were concentrated. The taxon-based commu-
nity structure summary reveals a reduced contribution of
both copepods and appendicularians and an increased con-
tribution of gelatinous predators in the offshore region in
2019 (p < 0.01; Fig. 8a). Changes were most pronounced just
offshore of the two frontal regions. Somewhat analogous
changes were seen in 2021, where copepods were elevated
and gelatinous predators decreased in proportional composi-
tion inshore (p < 0.001; Fig. 8b). Oithona copepods showed a
larger proportional contribution in the offshore in 2019 and
smaller proportional composition in the inshore in 2021
(p<0.001; Fig. 8a,b). Rhizaria showed a consistently dimin-
ished proportional composition in the inshore region in
both years (p <0.001; Fig. 8a,b). Doliolids + salps showed a
reduced contribution inshore in 2019 (p < 0.001), but no sig-
nificant regional change in proportional composition in
2021 (p > 0.20; Fig. 8a,b).

The representation of the community as trophic guilds
(Fig. 8c,d) showed reduced contributions of carnivores in the
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Feret diameter, mm). Zooglider deployments in (left columns) 2019 and (center columns) 2021. Top color bar indicates day (yellow), dusk/dawn (gray),
or night (black) dives. Horizontal black bars at the bottom of each figures indicate locations of dives preceding, inside, and following the peak frontal gra-
dients. Vertical gray bars indicate the locations of the inshore front (left bar in both panels) and offshore front (right bar in both panels). Top x-axis indi-
cates dive number, bottom x-axis indicates distance traveled (km). Note that the z-axis has been square root-transformed. Boxplots in right columns
grouped by year (black = 2019, orange = 2021) and by region inshore of the inner front, midshore between the two fronts, or west of the front. Box
plots indicate median = 10" and 90" percentiles, depth-integrated for each location.
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inshore region in both years (p < 0.001). Summarized in terms
of body size (Fig. 8e,f), the smaller-bodied zooplankton showed

reduced proportional contributions nearshore (p <0.001). offshore region.

Overall, both acoustic and optical measures recorded increased
representation of smaller-sized organisms in the midshore or
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Discussion

Do zooplankton community structure and body size
change at major frontal gradients?

In both study years, Zooglider crossed multiple hydro-
graphic features, but most prominently an offshore frontal
gradient into low salinity, minty waters characteristic of the
California Current proper (cf. Hickey 1979; Lynn and
Simpson 1987), which we call the California Current Front.
Another significant frontal gradient, also defined by salinity
and spiciness, occurred somewhat inshore of the California
Current Front. These frontal gradients were generally associ-
ated with changes in volume backscatter, size composition,
and Diel Vertical Migration responses of acoustic

10

backscatterers. These gradients were also associated with a
pronounced decline in concentrations of copepods and
appendicularians, and an overall shift in community struc-
ture to increased representation of smaller-bodied organ-
isms and a higher proportion of carnivorous taxa in the
offshore. In 2019, a higher proportion of planktonic
rhizaria occurred in the offshore direction. Marine snow
concentrations also decreased consistently in the offshore
direction. Therefore, these frontal gradients can represent
relatively abrupt transitions to different communities of
planktonic organisms and suspended marine snow parti-
cles, with consequences for predator—prey relationships and
sources of carbon export.
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Fig. 6. Upper two rows (a—f): gelatinous predators and lower two rows (g-1): chaetognaths, as concentration (no. L") and size (Feret diameter, mm).
Other details as in Fig. 3.

offshore, but reductions in concentrations of doliolids + salps
inshore of the major frontal features. Here, we treat all detected
appendicularians, doliolids + salps as potential picoplankton
grazers. This is a simplification, and we expect differences within

Which taxonomic and functional groups are most
affected?

There were distinct differences among pelagic tunicates,
with marked declines in concentrations of appendicularians

11
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these taxa in terms of prey preferences, susceptibility to preda-
tors, and habitats occupied (e.g., Bone 1998; Deibel 1998a,b;
Sutherland et al. 2010; Dadon-Pilosof et al. 2019; Decima
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et al. 2019). The important role that abandoned appendicularian
houses can play in vertical export of C and other elements
(Alldredge 1972; Robison et al. 2005) suggests that the
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contribution of appendicularians to particle export may be more
significant inshore of the frontal features where their abun-
dances are higher. In contrast, salps, whose tunics as well as rap-
idly sinking fecal pellets can dramatically increase particle

13

composition. Bottom row (e, f): size composition (small = 0.45-1 mm,

export to deep ocean waters (e.g., Henschke et al. 2013; Smith
et al. 2014), may be more consequential to C export in the more
offshore regions. The long-term benthic study site of Smith et al.
(2014) at Station M, approximately 180 km from shore, appears
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to be influenced by rapid vertical C export of such offshore salp
populations.

The higher concentrations of marine snow in the inshore
region also imply an enhanced contribution of snow-related
particle export in the nearshore domain. While larger snow
particles tend to sink faster than smaller ones, factors other
than particle size, including variations in particle composition
and ballasting minerals, also strongly influence particle export
potential (Fender et al. 2019).

Copepods-other declined in concentration offshore of the
California Current Front and decreased in average body size.
This assemblage encompasses a heterogeneous group of cope-
pods of diverse morphologies and phylogenetic affinities as
well as different feeding behaviors (Mauchline 1998; Benedetti
et al. 2016), Diel Vertical Migration responses (Ohman and
Romagnan 2016), and other functional traits (Benedetti
et al. 2016; Matthews and Blanco-Bercial 2023; Matthews and
Ohman 2023). Hence, our aggregated category will certainly
mask species-level differences in responses. However, this level
of aggregation was necessitated by the efficacy of our current
machine learning models, which perform much better for
aggregated taxa. Oithona-like copepods are a sufficiently dis-
tinctive group optically for us to reliably differentiate them
using our algorithms. They showed increased concentrations
offshore in 2019 and midshore in 2021, in both cases
suggesting that their prey fields, predator environment, and
other aspects of their ocean habitat were less favorable in the
nearshore environment of the California Current System. This
distributional difference in relation to the other copepods
sampled is consistent with the behavior of Oithona spp. as
ambush predators and reliance on motile nanoplanktonic and
microplanktonic prey (e.g., Drits and Semenova 1984; Uchima
and Hirano 1986; Castellani et al. 2005). Such prey organisms,
which are typically associated with the microbial food web,
tend to predominate offshore of the major coastal upwelling
environment in the California Current System (Kenitz
et al. 2018; Taylor and Landry 2018). The enhanced abun-
dances of Oithona-like copepods mid-to-offshore also imply a
more favorable predation environment and reduced mortality
rates (cf. Eiane and Ohman 2004). The overall decline in the
proportional contribution of planktonic copepods in the off-
shore region, given their dominance in zooplankton biomass
and importance as prey, predators, and vectors of carbon
export, suggests a significant rearrangement of this compo-
nent of the food web at these frontal gradients.

In terms of community structural changes, the most pro-
nounced cross-shore shift was toward a higher proportion of
carnivorous taxa in the offshore region, west of the inner
front. This change was reflected in the higher proportions of
cnidarians and ctenophores, plus chaetognaths, west
(i.e., offshore) of the inner front. Although some representa-
tives of other taxa (including copepods and euphausiids) can
also be carnivorous, such distinctions could not be resolved
here. A recent study involving DNA metabarcoding and trait-

14

Zooplankton across frontal gradients

based assignments across the California Current System simi-
larly found a sharp decline in the proportions of herbivorous
zooplankton taxa and increase in the relative importance of
predatory taxa in the offshore California Current (Matthews
and Ohman 2023).

As noted above, our analyses are limited by the taxonomic
resolution that is currently achievable with in situ imaging
and machine learning algorithms. For example, while our
euphausiid category showed relatively little change across the
major hydrographic gradients we have identified, it is well
known that individual euphausiid species show clear hydro-
graphic and biogeographic affinities in this region
(e.g., Brinton et al. 1999; Lilly and Ohman 2021). Hence, we
suspect that there were species-specific responses to these
frontal features that are not resolved here. It is not feasible for
us resolve distributional changes associated with individual
species as in Matthews and Ohman (2023). Nevertheless, the
ability of Zooglider to resolve such gradients in near real-time,
at high spatial resolution, and autonomously represents an
advance over previous sampling approaches.

Does diel vertical migration behavior change across such
frontal gradients?

The acoustic backscatter recorded by Zooglider is somewhat
better suited to addressing the question of changes in Diel
Vertical Migration (DVM) behavior because a much larger vol-
ume of water is sampled. Accordingly, at both 200 and
1000 kHz we detected a deepening of the daytime depth occu-
pied by acoustic scattering layers as well as larger amplitude
DVM in the offshore. These changes in habitat depth were
closely associated with front-related changes in optical trans-
parency, likely linked to light-mediated predation risk associ-
ated with attack by visually hunting predators. Light-mediated
changes in habitat depths are well known for zooplankton in
diverse aquatic environments (e.g., Buskey et al. 1989; Ring-
elberg 2010) as well as in this sector of the California Current
System (Ohman and Romagnan 2016) and slightly further
south (Gastauer et al. 2022). Such plasticity in habitat depth
related to optical transparency is thought to be related to the
elevated encounter distance with visually hunting predators
in optically clearer waters, hence a need to seek a darker preda-
tion refuge in deeper depths.

In addition to DVM, the vertical habitats occupied by
diverse organisms are consistent with other studies. Among
the rhizarians we detected, the numerically dominant acan-
tharians, which tend to bear photosymbionts, are often found
in the euphotic zone (Biard and Ohman 2020). A similar pat-
tern of vertical distribution has been found with collodarians
in this region (Biard and Ohman 2020). Foraminifera tend to
have a bimodal depth distribution, with some taxa residing in
the euphotic zone and some in mesopelagic waters
(Field 2004; Gaskell et al. 2019; Biard and Ohman 2020).
Phaeodarians, as noted above, are most abundant below the
euphotic zone (Biard and Ohman 2020). Among metazoans,
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appendicularians tended to be distributed closer to the surface
than planktonic copepods. This pattern was especially true in
comparison with Oithona-like copepods that were rarely found
near the sea surface and occupied deeper waters offshore of
the California Current Front or the more inshore Front.

Are frontal regions sites of elevated biomass of
phytoplankton, marine snow, or zooplankton?

Chl a fluorescence, as a proxy for phytoplankton biomass,
was elevated only at the inshore front in 2019. There was no
consistent evidence of enhanced (or reduced) volume back-
scatter (Sv) at frontal locations relative to the Zooglider dives
immediately preceding and following. Although the median
Sv at 200 and 1000 kHz was somewhat enhanced and the
delta Sv was somewhat diminished (indicating a slight ten-
dency toward greater contributions of larger backscatterers) at
the California Current Front in both years, these changes were
not statistically significant. This result contrasts with the find-
ings of Powell and Ohman (2015b), who detected enhanced
front-related Sv at 750 kHz when inshore waters were denser
than offshore waters, and reduced front-related Sv when
inshore waters were less dense than offshore waters. However,
that study was based on a sample size of 81 front crossings,
conferring considerably more statistical power than in the pre-
sent crossings of 4 major fronts. The same authors found
front-related enhancement in Chl a fluorescence when
inshore waters were denser, and vice versa, again contrasting
with most of the present results based on more limited frontal
crossings. In all four of our fronts, inshore waters were denser
than offshore waters.

Among zooplankton taxa there was no consistent indica-
tion of elevated (or reduced) abundances associated with all
frontal crossings. However, copepods-other and acantharians
were locally elevated at the inshore front in both years and
appendicularians elevated at the inshore front in 2021. The
pelagic tunicate group comprising salps + doliolids was locally
depressed at the offshore front in both years. None of the car-
nivorous taxa showed front-related increases. These changes
can be compared with the synthesis of Mangolte et al. (2023),
who analyzed the extent of front-related enhancements of
diverse planktonic taxa as sampled by nets and water bottles,
across 10 frontal features, primarily in the more coastal part of
our study region. The A-Front analyzed previously in this
region is an example of a “peak” front with local aggregation
of diverse organisms (Landry et al. 2012; Ohman et al. 2012).
In their synthesis, Mangolte et al. found that diatoms and
pico-grazers were elevated at 6 out 10 fronts analyzed, includ-
ing the A-Front. In general, “peak” fronts appear to be associ-
ated with more persistent hydrographic features, although the
length of life of each feature is often difficult to assess
(Mangolte et al. 2023). In the case of the fronts analyzed here,
we do not have an estimate of the frontal persistence time.
The California Current Front is likely to be relatively long-
lived, as it is a major recurrent gradient region between the
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inshore waters and offshore California Current. Notwithstand-
ing this suspected longevity, the fronts we sampled appeared
to be better characterized as “gradient” rather than “peak”
frontal features. Even though a frontal feature itself may be
persistent, the residence time of the fluid (and associated
organisms) may be quite limited when currents are fast-
flowing (Gangrade and Franks 2023), resulting in insufficient
time for population growth of multicellular organisms to
result in local accumulations.

Diverse responses to frontal features have been observed at
different trophic levels and localities (e.g., Prants 2022). In the
southern California Current System, the frontal boundaries of
a recurrent eddy, sampled at relatively coarse (20 km) inter-
vals, were not associated with pronounced changes in abun-
dance of a suite of different copepods (Haury 1984) or a
cladoceran (Haury et al. 1986) species. In high resolution sam-
pling with a towed shadowgraph imaging system in the
Southern California Bight, well south of our study region,
most gelatinous taxa (pelagic tunicates, cnidarians, and cteno-
phores) were not concentrated at a sharp gradient region (Luo
et al. 2014). However, of the 28 gelatinous taxa analyzed,
5 were found to be mildly or moderately aggregated, and
1 taxon (narcomedusae) highly aggregated at the frontal fea-
ture (Luo et al. 2014). From the same frontal study, but sam-
pled with nets at much coarser horizontal spacing, none of
16 functional groups of zooplankton showed clear evidence
of aggregation at the front (McClatchie et al. 2012), illustrat-
ing the importance of high spatial resolution sampling.

There were no consistent, localized front-associated
increases (or decreases) in the concentration of marine snow,
although there were abrupt declines in marine snow concen-
trations westward of the California Current front locations, as
noted above.

Since frontal gradients are ubiquitous across diverse ocean
environments ranging from coastal continental shelf regions
to the open ocean, such features warrant additional attention
in the future. With the advent of new high-resolution ocean
altimetry (the SWOT satellite mission, Fu et al. 2024), the abil-
ity to remotely detect fine-scale ocean fronts has recently
improved markedly. This capability, in turn, leads to a need
for better approaches for resolving subsurface ecological and
biogeochemical expressions of these fronts. The autonomous
Zooglider is a particularly appropriate tool for resolving these
gradients because of the nearly unprecedented fine-scale verti-
cal resolution attainable with both optical imaging and dual-
frequency acoustic sensors, extending to a depth of 400 m.
Concurrent and continuous optical, acoustic, and physical
measurements allow for direct analysis of biophysical coupling
at a very fine scale. Summary data are telemetered in near-real
time, permitting nearly instantaneous recognition of changing
properties of the planktonic community and thus the ability
to respond adaptively with either altered Zooglider trajectories
or by guiding other sampling tools. Protracted missions at sea
make it possible to sample diverse ocean features and to sense
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organisms in a non-invasive manner in their natural habitat
across multiple diel cycles.

Conclusions

Offshore of the California Current Front, in particular in
the Zooglider study in 2019, we detected an abrupt decline
in intensity of acoustic backscatter accompanied by a shift to
smaller-bodied backscatterers. This change was associated
with larger amplitude Diel Vertical Migrations to deeper day-
time depths, in parallel with increased light transmission in
overlying waters, apparently related to increased light-
mediated predation risk. Zooplankton community composi-
tion and marine snow concentrations also changed across
the frontal transitions. Gelatinous predators showed lower
abundances in the inshore region, leading to an increase in
the relative importance of carnivorous zooplankton in the
offshore, with increased potential for top-down effects. These
front-associated spatial community changes suggest larger
potential contributions of marine snow, copepods, and
appendicularians to export fluxes in the nearshore and
enhanced contributions of salps and obligate predators to
vertical fluxes in the offshore domain. There was partial evi-
dence of enhanced local densities of organisms at the frontal
gradients themselves, suggesting the fronts sampled were pri-
marily transition gradients rather than sites of consistently
elevated organismal abundances.

Data availability statement

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.
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- Longitude = - '123 Longitude = =
Fig. S1. Zooglider mission paths in 2019 (left) and 2021 (right), with an indication of the
inshore (green bar) and offshore (magenta bar) frontal locations. The mission paths are plotted on
the averaged sea surface temperature values derived from the NASA daily Multi-scale Ultra-high
Resolution (MUR) Sea Surface Temperature (SST) Analysis over the time period of Zooglider

missions. Dashed contours show depth in m.
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Fig. S2. Along-glider track average salinity, spiciness, and temperature for the upper 50 m of
the 2019 and 2021 missions for each dive. Inshore is to the right and offshore (west) to the left.

Frontal regions are indicated by shaded rectangles.
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2019 and (right column) 2021. Other details as in Fig. 1.
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Fig. S5. Acantharians. Upper row: concentration (a-b, No. L) and Lower row: size (d-e, feret
diameter, mm). Zooglider deployments in (left columns) 2019 and (center columns) 2021. Top
color bar indicates day (yellow), dusk/dawn (grey) or night (black) dives. Horizontal black bars at
the bottom of each figures indicate locations of dives preceding, inside, and following the peak
frontal gradients. Vertical grey bars indicate the locations of the inshore front (left bar in both
panels) and offshore front (right bar in both panels). Top x-axis indicates dive number, bottom x-
axis indicates distance travelled (km). Note that the z-axis has been square root-transformed.
Boxplots in right columns grouped by year (black = 2019, orange = 2021) and by region inshore
of the inner front, midshore between the two fronts, or offshore (west) of the front. Box plots

indicate median + 10" and 90™ percentiles.
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inshore of the inner front, midshore between the two fronts, or offshore (west) of the front. Other

details as in Fig. S5.
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Fig. S7. Phaeodarians. Upper row: concentration (a-b, No. L") and Lower row: size (d-e,

feret diameter, mm). Zooglider deployments in (left columns) 2019 and (center columns) 2021.

Boxplots in right columns grouped by year (black = 2019, orange = 2021) and by region inshore

of the inner front, midshore between the two fronts, or offshore (west) of the front. Other details

as in Fig. S5.
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Fig. S8. Foraminifera. Upper row: concentration (a-b, No. L") and Lower row: size (d-e,
feret diameter, mm). Zooglider deployments in (left columns) 2019 and (center columns) 2021.
Boxplots in right columns grouped by year (black = 2019, orange = 2021) and by region inshore
of the inner front, midshore between the two fronts, or offshore (west) of the front. Other details

as in Fig. S5.



49  Table S1. Mean and 95% confidence intervals for Temperature, Salinity, and Spiciness for the

50  upper 100 m. Sample size (N) indicated in the rightmost column.

Temperature Salinity Spice N
Inshore = 10.77 (+0.06) 33.80 (+<0.01) 0.53 (+0.01) 1867
2019 Midshore 11.52(+0.14) @ 33.67 (+0.01) 0.60 (£0.02) 882
Offshore = 12.78 (+0.25)  33.14 (+0.03) 0.47 (£0.05) 541
Inshore | 11.59 (£+0.07) @ 33.77 (+<0.01) 0.68 (+0.01) 2847
2021 Midshore 12.25(+0.10) 33.48 (+0.01) 0.60 (+0.02) 1588
Offshore | 12.41(+0.18) | 33.12(+0.03) 0.36 (x0.04) 395

51



52 Table S2. Relationship between carbon content (C, ugC) and feret diameter (fd, mm), modified

53  from Lavaniegos and Ohman (2007) for Zoocam measurements.

Taxonomic Group Feret Diameter to C
Appendicularians C=0.49 (38.8 (0.262 fd)**™)""*
Chaetognaths C=0.0956 (1.04 £d)**"
Copepods (calanoid ) C= 10676 +2512log (690 fd)

Copepods (Oithona) C= 107676+ 2512 log (640 fd)

Copepods (mean calanoid and (= RO i)

Oithona)

Ctenophores C=4.8 (0.921 fd)""”

Euphausiids C= 10—0.473 +3.174 logl0( 1.04 fd)
Medusae C=1.8885 (0.799 fd)***"”

Salps C=1.49 (1.001 fd)*

Doliolids C=0.51 (0.963 fd)***

Doliolids / Salps C=(1.49 ( 1.001 fd)** +0.51 (0.963

fd)Z.ZS)/z

54



55

56

57

58

Table S3. Spearman’s rank correlation coefficients between K90 and daytime depths of volume

backscatter (Sy) at 200 and 1000 kHz, in 2019 and 2021.

Year

2019

2021

2019

2021

Frequency (kHz)
200

200

1000

1000

Test Statistic (S)
852.3

824.22

1107.6

1008.0

rho

-0.873

-0.812

-0.629

-0.482

<0.001

<0.001

0.009

0.06
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