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Abstract. Zooplankton are a key component of food webs in
upwelling systems. Their distribution is influenced not only
by mesoscale and climate dynamics but also by topography
and local currents. Submarine canyons that incise the conti-
nental shelf can act as conduits, transporting deep, nutrient-
rich waters to shallower regions and promoting coastal bi-
ological productivity. Consequently, these canyons facilitate
the advection and accumulation of zooplankton. We aimed to
describe the spatio-temporal variability in zooplankton dis-
tribution (using net samples and acoustic data) and their as-
sociation with local currents in a long, narrow submarine
canyon located in the highly productive continental shelf off
central Chile. The backscattering strength (Sv), a proxy for
zooplankton biomass, was highly variable on both diurnal
and spatial scales. Higher Sv and abundances were found
at night, following the classic diel vertical migration pat-
tern. Zooplankton were not uniformly distributed within the
canyon. In the surface and mid-depth layers, the canyon walls
accumulated more zooplankton than the center, particularly
during the nighttime. Within the canyon, the currents were
asymmetrical and frequently reversed direction. When the

positive along-canyon current was stronger on the northern
slope, Sv was also higher on that wall. This pattern was es-
pecially evident in the section closer to the canyon head. We
show that the Biobio Canyon is a highly dynamic environ-
ment where oceanographic conditions can rapidly shift. Our
findings suggest a feasible mechanism for zooplankton re-
tention driven mainly by along-canyon flow asymmetry and
vertical migrations.

1 Introduction

In the Humboldt Current System (HCS), wind-driven up-
welling is the primary mechanism responsible for the high
levels of primary productivity that support abundant zoo-
plankton communities (Brink, 1983; Escribano et al., 2012;
Medellin-Mora et al.,, 2016), even at the mesoscale or
larger spatial scales along the coast (Landaeta and Cas-
tro, 2002; Yannicelli et al., 2006a; Riquelme-Buguefio
et al., 2012; Diaz-Astudillo et al., 2022). Other relevant
mesoscale and regional drivers of zooplankton abundance
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and distribution in this ecosystem are mesoscale eddies
and fronts (Morales et al., 2007, 2010; Pavez et al., 2010;
Riquelme-Bugueiio et al., 2015), changes in water mass dis-
tribution (Aronés et al., 2009), and remote low-frequency
oscillations (Diaz-Astudillo et al., 2024). Although the in-
fluence of these processes on zooplankton dynamics is rel-
atively well understood, sub-mesoscale mechanisms struc-
turing zooplankton distribution, such as the interaction of
coastal currents with topography (Prairie et al., 2012), have
been less thoroughly investigated.

Abrupt changes in topography (e.g., seamounts, head-
lands, valleys, and submarine canyons) can lead to the re-
tention or transport of zooplankton and micronekton through
various physical mechanisms associated with flows interact-
ing with topographic features (Genin, 2004). Most submarine
canyons are V-shaped topographic features that interrupt the
continuity of the continental shelf and/or the slope in con-
tinental margins worldwide (Harris and Whiteway, 2011).
They modify the geostrophic flows that typically follow iso-
baths. Flows over submarine canyons are dominated by ad-
vective and ageostrophic forces, particularly over the head
of the canyon (Saldias and Allen, 2020), leading to the gen-
eration of baroclinic tides, internal waves, and horizontal
and vertical flows that enable the exchange of surface and
deep waters through mixing and advection processes (Allen
and Durrieu De Madron, 2009). Generally, the presence of
submarine canyons in a continental margin significantly in-
creases the transport of subsurface water from the slope to
the inner shelf, promoting water exchanges along the cross-
shore axis on a relatively small spatial scale near the canyon
(Allen and Durrieu De Madron, 2009; Connolly and Hickey,
2014).

Usually, negative along-slope flows (i.e., equatorward in
eastern boundaries) generate upwelling in the downstream
wall of the canyon, while positive flows cause downwelling
(Allen and Durrieu De Madron, 2009). In central Chile,
episodes of extreme upwelling have been observed at the
head of the Biobio Canyon, decoupled from the wind forc-
ing. These episodes occurred with northward flows over the
head of the canyon and with negative sea level anomalies
nearshore, which was coherent with the passage of coastal
trapped waves (Sobarzo et al., 2016). These low-frequency
waves intensify the topographic upwelling that occurs in sub-
marine canyons (Sobarzo et al., 2016; Saldias et al., 2021).
This and other studies prove that topographically induced up-
welling and downwelling respond to both wind forcing and
sea level anomalies (Wang et al., 2022).

Through the upwelling of dense deep water into shallower
depths, some canyons can provide nutrient inputs compara-
ble to those provided by local wind-driven upwelling (Con-
nolly and Hickey, 2014). If this deep, nutrient-rich water
reaches the photic layer for a period long enough to stimu-
late primary productivity, canyons can become local hotspots
of biological productivity and pelagic and benthic diversity
(Genin, 2004; Fernandez-Arcaya et al., 2017; Santora et al.,
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2018). In addition to enhanced upwelling, increased vorticity
generates surface recirculation patterns and asymmetric cur-
rents, potentially leading to the formation of cyclonic eddies
near the canyon rim (Connolly and Hickey, 2014). These ed-
dies can concentrate particles or organisms, an aggregation
mechanism that has been observed in a relatively shallow
submarine canyon on the western Antarctic Peninsula, where
krill accumulate near the canyon head (Hudson et al., 2022b).

Particle transport through canyon-mediated currents can
result in the concentration of potential prey in shallower wa-
ters, thus supporting trophic interactions and high predator
aggregations (Genin, 2004). Thus, canyons are thought to
be areas where accumulation of zooplankton is high and
their advection is low (Vindeirinho, 1998). Therefore, sub-
marine canyons usually serve as foraging sites for several
pelagic predators, such as whales (Schoenherr, 1991; Croll
et al., 2005; Moors-Murphy, 2014; Salgado Kent et al., 2021;
Amano et al., 2023; Buchan et al., 2023), penguins (Clarke
et al., 2006; Santora and Reiss, 2011; Schofield et al., 2013;
Hudson et al., 2022b), and fish (De Leo et al., 2012; Saunders
etal., 2021).

The study of submarine canyons along the eastern South
Pacific margin has primarily focused on geological and phys-
ical processes, with limited attention being paid to their
biological impacts (Silva and Aradjo, 2021). The Biobio
Canyon (BbC) is a long canyon located in the upwelling-
influenced continental shelf off central Chile (Sobarzo et al.,
2016; Vergara et al., 2024). The area surrounding the BbC
provides important ecosystem services (Soto et al., 2022)
and hosts abundant aggregations of zooplankton (Yannicelli
et al., 2006b; Landaeta et al., 2008) and zooplankton preda-
tors such as whales (Cisterna-Concha et al., 2023). However,
the mechanisms driving enhanced biological productivity in
this canyon remain largely unknown. Thus, this study aims
to (1) describe intra-diurnal variations in zooplankton abun-
dance and backscattering strength over the BbC following
an upwelling event and (2) examine canyon-driven physical
processes influencing zooplankton variability.

2 Data and methods
2.1 Study area and field cruise

The BbC is a river-influenced, shelf-incising submarine
canyon located on the continental shelf off central Chile
(Fig. 1). The canyon originates near the mouth of the Bio-
bio River and extends ~40km west—east in a zigzag pat-
tern until reaching the shelf break. Beyond this point, it shifts
to a northwestern orientation to connect with the submarine
trench and the abyssal plain, with a total length of 134 km
(Rodrigo, 2010). Its width ranges from 3 to 9km, and its
depth ranges from 20 to ~ 1200 m.

In general, hydrographic conditions over the shelf north
of the canyon are mainly controlled by the seasonal heat
flux cycle and the seasonal variability of the Biobio and Itata
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Figure 1. (a) Location of the Biobio Canyon on the continental shelf and slope off central Chile. (b) Bathymetric profiles of the western
transect (WT) and eastern transect (ET) are shown in red and black, respectively. (¢) Zoomed-in view of the area around the canyon head,
showing the positions of the WT and ET, as well as the locations of stations E1 and E2, where zooplankton samples were collected.

river discharges (Sobarzo et al., 2007). The Biobio River out-
flow, being the largest freshwater source in central Chile (Ro-
jas et al., 2023), directly influences the hydrographic struc-
ture over the canyon head (Vergara et al., 2024), and its
plume can influence a large extension of the Gulf of Arauco
(Saldias et al., 2016; Vergara et al., 2024). Its annual cycle
is mainly controlled by precipitation, resulting in higher dis-
charges during the winter months (Saldias et al., 2012). Con-
sequently, the river plume and riverine nutrient export are
higher during the rainy season (June to September) (Masotti
etal., 2018). In the region, winds are mainly driven by the Pa-
cific anticyclone, with a seasonality marked by southwestern
(SW) winds during austral spring—summer and northeastern
(NE) winds during autumn—winter (Sobarzo et al., 2007; An-
capichuin and Garcés-Vargas, 2015).

From 27 to 28 July 2023, we conducted a 26 h experiment
over the BbC, during which we collected data on horizontal
currents, acoustic backscatter, and hydrographic structure on
board the RV Kay Kay II. Two cross-canyon transects (east-
ern and western transects; Fig. 1b, c), separated by 2.1 km,
were sampled eight times each during the 26 h cycle.

2.2 Hydrographic conditions
Temperature, salinity, and chlorophyll-a (chl-a) profiles
were obtained with a rapid-response towed CTD (conduc-

tivity, temperature, and depth) (Teledyne Valeport RapidPro
CTD) equipped with a fluorescence sensor. The CTD was de-
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ployed during each pass along the WT and the ET (Fig. 1),
completing 14 transects for the entire sampling period (Ta-
ble S1 in the Supplement). Measurements extended from the
surface to a depth of 100 m in the canyon or to near-bottom
depths outside the canyon, with all sensors recording at a fre-
quency of 4 Hz. The transects were conducted at intervals of
no more than 2 h and were interpolated using the Barnes ob-
jective analysis scheme (Barnes, 1994).

2.3 Winds, tides, and river discharge

Hourly wind reanalysis data were obtained from the
ERAS product (https://cds.climate.copernicus.eu/, last ac-
cess: 1 September 2024), the fifth-generation global cli-
mate and weather dataset from the ECMWEF (Hersbach
et al., 2020), at a spatial resolution of 0.25°x 0.25°
(~31 x 31 km). Wind components (« and v, at 10 m height)
were extracted from the grid point nearest to the study
site. Tide data for Concepcién Bay, recorded at 1 min
intervals, were downloaded from the Sea Level Moni-
toring Facility (https://www.ioc-sealevelmonitoring.org/list.
php, last access: 1 September 2024), and provided by the
Chilean Navy Hydrographic and Oceanographic Service
(SHOA). Daily discharge data for the Biobio River, near
its mouth, were obtained from the Direccién General de
Aguas (DGA; https://snia.mop.gob.cl/dgasat/pages/dgasat_
main/dgasat_main.htm, last access: 1 September 2024) to
quantify freshwater input into the region.
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2.4 Currents

Velocity and acoustic backscatter profiles were collected
along the ET and the WT using a downward-looking 153 kHz
Quartermaster Teledyne RDI acoustic Doppler current pro-
filer (ADCP), mounted on a stainless steel arm with trans-
ducers about 1 m below the surface. Real-time measurements
were acquired in bottom-track mode at a maximum vessel
speed of 2 knots (2.5m3 s~!). The ADCP was configured to
collect data in 120 vertical cells (3 m bin size) at a 1 s ping
rate, with a sampling time interval of 4s. The first bin was
centered at 4.31 m from the ADCP, with a profiling range of
up to 350 m. Currents were recorded as zonal (u; east—west)
and meridional (v; north—south) components.

Quality control of the current profiles involved removing
erroneous data from each circuit, using a standard goodness-
of-fit criterion greater than 50 %, to exclude flow speeds
exceeding 10ms™!, and ensuring velocity errors below
0.008 ms~!. Additionally, only profiles for which the differ-
ence between the ADCP bottom-track speed and the GPS-
derived speed was less than 0.30m s~ were employed (e.g.,
Lwizaet al., 1991; Caceres et al., 2006; Castillo et al., 2012).
Directional correction was also applied since the ADCP’s
magnetic compass can be influenced by the vessel’s magnetic
field and by local magnetic anomalies (Joyce, 1989; Pollard
and Read, 1989; Trump and Marmorino, 1997). Residual cur-
rents were estimated using least-squares harmonic fitting for
the principal tidal components K1 (23.93 h) and M2 (12.42h)
following Lwiza et al. (1991). The results of the harmonic
analysis and the residual circulation revealed that the tidal
currents were weak, with amplitudes of < 0.05m s~

2.5 Zooplankton backscattering strength

To investigate high-resolution variations in zooplankton
abundance over the BbC, we converted the ADCP echo in-
tensity into mean volume backscattering strength (MVBS),
denoted as Sv (dBre Im~!). MVBS is widely used to as-
sess zooplankton distribution and behavior, offering high-
resolution data collected passively and concurrently with cur-
rent measurements (Fielding et al., 2004; Dwinovantyo et al.,
2019; Cisewski et al., 2021). Sv was calculated for each
depth cell using the sonar equation originally proposed by
Deines (1999) and modified by Mullison (2017):

Sv = C + 10log,([(Ty 4+ 273.16) R*] — 10log,, L
— Pppw + 20 R + 10log o (10K (E=ED/10y _ )

where C is a sonar configuration scaling factor (—161.01 dB)
that is specific to the RDI Workhorse ADCP; T, is the
temperature at the transducer (°C); L is the transmit pulse
length (2.85m); Pppw is the 10log;q of the output power
(15.72W), « is the depth-variable sound absorption coef-
ficient (dBm™!); E is the recorded automatic gain control
(AGC or “echo counts”); and E; is the echo reference, de-
termined as the minimum AGC recorded for each beam in
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the absence of any acoustic signal (40 counts). K is a beam-
specific sensitivity coefficient used to convert the raw echo
data into dB, and it was calculated following Bozzano et al.
(2014) as follows:

127.3

= )
T, +273.16

C

Finally, R is the slant range in relation to the sample bin
(m), which uses depth as a correction (Lee et al., 2004), and
it is expressed as follows:

B+ (DD +§
N (cos®) Ci

, 3)

where B is the blanking distance (3.23 m), d is the depth cell
size (3m), n is the depth cell number of the particular scat-
tering layer being measured, 6 is the beam angle (20°), C™ is
the average sound speed from the transducer to the depth cell
(1453 ms~"), and Cy is the nominal sound speed used by the
instrument (1454 ms™—!). According to the ADCP’s manufac-
turer manual, the maximum range of acceptable data (Rpyax)
is defined by

Riax = H cosé, “4)

where H is the distance between the instrument and the bot-
tom. To minimize potential seafloor interference, all data
below Rpax were excluded. A minimum beam correlation
threshold of 25 % was applied to ensure data quality. Bins
where the Sv of a single beam exceeded the mean Sv of the
other three beams by more than 5 dB were discarded, a pro-
cedure that enhances consistency among beams and helps
eliminate signals from large scatterers (Jiang et al., 2007).
Subsequently, data from the four beams were averaged, and
a median filter was applied to smooth the signal. Finally, all
Sv values exceeding —40 (dB m~') were removed to further
reduce the influence of large scatterers (e.g., fish with swim
bladders) on the total volume backscattering strength.

After analyzing the vertical distribution of acoustic scat-
terers, three distinct layers were identified based on their
average Sv and diurnal behavior: a surface layer extend-
ing from the surface to 25 m depth, a mid-depth layer from
25 to 100m, and a deep layer from 100 m to the seafloor.
The delineated layers were subsequently used to compare
geometric-mean Sv values and horizontal-flow dynamics
across different transects and slope regions. The geometric-
mean allows us to compare relative changes in Sv while con-
sidering the fact that the MVBS is a logarithmic measure of
backscattering cross-section per unit volume.

2.6 Zooplankton sampling

A total of eight stratified zooplankton samples were collected
at stations E1 and E2 (Fig. 1c) during both the daytime and
the nighttime. To avoid interfering with the continuous hy-
drographic and acoustic sampling conducted between 20:00
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on 27 July and 22:00 on 28 July (local time is used through-
out the paper), the zooplankton sampling was performed be-
fore and after the experiment (see details in Table S2). A
Tucker Trawl net with a 1 m? mouth area and a 300 um mesh
size, equipped with a General Oceanics flowmeter, was de-
ployed to a depth of 100 m and then towed obliquely to the
surface, obtaining two stratified samples from 100-50 m and
50-0 m. Samples were fixed with 5 % buffered formaldehyde
for subsequent taxonomic analyses. In the laboratory, zoo-
plankton groups were identified and quantified, with abun-
dances standardized to individuals per 1000 m>.

3 Results
3.1 Oceanographic conditions

An event of strong upwelling-favorable winds occurred prior
to sampling (Fig. S1 in the Supplement). The water col-
umn was highly stratified, primarily due to freshwater input
from the Biobio River. The upper 20 m were characterized
by lower salinity and temperature, along with elevated chl-a
concentrations (Figs. 2 and S2 to S5). In this surface layer,
the eastern transect (ET), located closer to the river mouth,
displayed higher chlorophyll-a levels and lower salinity and
temperature than the western transect (WT) (Fig. 2a, b).
Below 20 m, temperature and salinity profiles indicated the
presence of Equatorial Subsurface Water (ESSW), a water
mass typical of the region that intrudes onto the shelf during
upwelling conditions (Sobarzo et al., 2007). At these depths,
both transects exhibited similar hydrographic structures, with
the most notable changes occurring around the 1025.6 kg m?
isopycnal. The WT had a slightly higher proportion of mea-
surements within the 33.4 to 34 salinity range, which corre-
sponded to the highest chlorophyll-a values observed at that
depth (Fig. 2c, d).

The pycnocline, defined by the 1025.6kgm? isopycnal,
exhibited temporal and spatial variability along the cross-
canyon axis (Fig. 3). Generally, it was shallower in the WT,
ranging between 15 and 35 m depth, while in the ET, it var-
ied from 12 to 30 m. In the WT, the pycnocline was approxi-
mately 10 m deeper on the southern slope (SS) of the canyon.
Conversely, in the ET, it maintained a similar depth on both
slopes, though it was slightly shallower on the northern slope
(NS) during the initial 18 h of observation. In both transects,
the pycnocline deepened over time, reaching its maximum
depth by the end of the study period.

3.2 Horizontal flows over the canyon

The mean flow patterns in both transects are shown in Fig. 4.
In both sections, the zonal (1) component exhibited a mean
offshore (i.e., negative) flow from the surface down to ap-
proximately 50 m. Between 50 and ~ 200 m, the mean flow
in the WT became positive and centered within the canyon
(Fig. 4a), while, in the ET, it was also positive but inclined
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toward the NS (Fig. 4b). Below 200 m, the flow turned nega-
tive again. However, flow variability increased considerably,
as indicated by the large standard deviations in both transects
(Fig. 4c, d). The meridional (v) component showed a positive
(i.e., northward) surface flow in both transects, with slightly
higher velocities in the WT (Fig. 4e, f), suggesting the in-
fluence of wind-driven forcing. Below 50 m, the meridional
flow reversed and remained highly variable down to the bot-
tom (Fig. 3g, h). Notably, the increased standard deviations
(> 0.1 ms™!) in both the cross- and along-shore components
indicate enhanced flow variability near the canyon floor.

Spearman rank correlations between the currents on the
NS and SS revealed differences in terms of the flow variabil-
ity between the ET and the WT, as well as between the cross-
and along-shore flow. In the ET, no significant correlations
were found in the zonal velocities between the northern and
southern slopes. In contrast, only the deep layer of the WT
exhibited a positive correlation between the cross-shore flow
between the two slopes (Fig. 5a—c). On the other hand, the
along-shore velocities between the NS and SS were highly
correlated across all three layers of the ET. In the surface
layer, this suggests that the northward flow associated with
the river plume equally affected both sides of the canyon. In
the WT, a significant correlation in terms of v velocities was
observed only at mid-depths (Fig. 5). These differences in
the flow over the slopes suggest that the cross-shore flow is
more variable inside the canyon compared to the along-shore
flow. Consequently, we further investigated the variability of
the cross-shore (i.e., along-canyon) component.

We identified the section of the canyon where the bottom
depth ranged between 60 and 120 m and computed the time—
depth evolution of the cross-shore velocity at each slope. In
both the NS and SS of the WT, the first 40 m of the water
column exhibited negative (offshore) velocities throughout
the study period. Between 40 and 120 m, the velocities were
predominantly positive (onshore) along the NS, except dur-
ing the first 3h and at the end of the experiment, when the
flow reversed and became strongly negative (Fig. 6a). In con-
trast, velocities in the 40-120 m layer of the SS remained
variable, alternating between positive and negative velocities
(Fig. 6b). Consequently, the velocity difference between the
two slopes also fluctuated over time, indicating a stronger
flow on the SS at the end of the experiment (Fig. 6¢). The
ET also exhibited predominantly negative velocities in the
upper 40 m at both the NS and SS. Below this layer, the NS
displayed mainly positive velocities throughout the experi-
ment (Fig. 6d), whereas the SS exhibited predominantly neg-
ative velocities (Fig. 6e). The velocity difference between the
slopes was variable in the upper 40 m but consistently posi-
tive in the deeper section, indicating stronger (and onshore)
along-canyon currents along the NS (Fig. 6f).

Ocean Sci., 21, 1833-1848, 2025
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3.3 Zooplankton spatial and temporal variability

Mean volume backscattering strength (Sv) over the canyon
exhibited pronounced temporal, vertical, and spatial vari-
ability, both between transects and between the NS and SS.
Some of the patterns observed in Sv corresponded with zoo-
plankton abundance estimates from net tows. The most ev-
ident feature in the Sv sections was the consistent increase
in Sv during nighttime hours in both the WT and the ET
(Figs. 7 and S6). Zooplankton samples collected near the ET
also showed higher nighttime abundances across most taxo-
nomic groups (Fig. 7). Differences in Sv between the NS and
SS closely mirrored cross-canyon differences in zooplankton
abundance from net samples. For instance, toward the end of
the experiment, standardized zooplankton abundances were
higher on the SS (Fig. 7f), corresponding with significantly
elevated Sv values on the same slope (Fig. 7d). These match-
ing patterns support the reliability of acoustic measurements
as a proxy for zooplankton distribution in the BbC.

Diurnal and slope-related differences in Sv varied not
only over time but also with depth. The surface layer exhib-
ited pronounced intra-diurnal fluctuations, with consistently
higher Sv values during the nighttime. In the WT, the differ-
ence between the lowest daytime and the highest nighttime
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Sv reached approximately 12 dBre m~', whereas, in the ET,
this difference increased to ~ 18dBrem™! (Fig. 8a, b). In
the ET, the mid-depth layer displayed the highest mean Sv
values, while, in the WT, mean Sv in the mid-depth layer
was comparable to that of the surface layer. In both tran-
sects, the U-shaped profiles of mean Sv values revealed an
influence of canyon topography on zooplankton distribution,
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with higher abundances being observed over the slopes than
in the central canyon axis (Fig. 8c, d). In the mid-depth layer,
the diurnal signal in Sv was still evident, particularly over
the canyon walls, though this was less pronounced than in
the surface layer. In contrast, the deep layer showed minimal
temporal variations in Sv. The clear diurnal differences ob-
served in the upper and mid-depth layers were largely absent

Ocean Sci., 21, 1833-1848, 2025
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Figure 6. Mean cross-shore currents by depth and time in a section
of the canyon walls where bottom depth ranged from 60 to 120 m.
Currents over the northern slope (NS, upper panels) and southern
slope (SS, middle panels) are shown for both the WT (a, b) and
the ET (d, e). The difference in current magnitude between the NS
and SS is shown in (¢) (WT) and (f) (ET). Vertical dotted grey lines
indicate the time of each transect; the dashed green line marks the
sunrise, and the dashed burgundy line marks the sunset.

at depth, where Sv remained relatively constant throughout
the day (Fig. 8e, f). Nevertheless, the topographic effect of
the canyon was still apparent in the deep layer, with higher
Sv values near the canyon walls compared to at its center.
To compare Sv between the NS and SS, we applied the
same methodology previously used for u-velocity analysis.
Additionally, we calculated the Sv difference between the NS
and SS and associated it with horizontal current velocities in
each depth layer. Distinct differences in the vertical distri-
bution of zooplankton were observed between the slopes in
both transects. In the WT, the NS consistently exhibited el-
evated Sv values between 20 and 80 m throughout the study
period (Fig. 9a). On the SS, a ~ 20 m thick high-Sv layer was
present, which deepened during daylight hours and became
shallower and thicker (up to ~ 100 m thick) during the night
(Fig. 9b). Backscatter intensity was generally higher on the
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SS, resulting in predominantly negative Sv differences be-
tween the NS and SS throughout the deployment (Fig. 9c¢).

In the ET, Sv values exceeding 63 dBrem~! were ob-
served across much of the NS water column during the first
12h (Fig. 9d). Later in the day, Sv values declined in the
upper 50 m, followed by a new increase near 20:00. On the
SS, elevated Sv values were confined to the 20-50 m layer
during the initial 12 h of the study, but this layer deepened
and weakened around 09:00. (Fig. 9¢). The Sv difference be-
tween the NS and SS of the ET reached ~ 10dBrem™! in
the 50-120 m layer at the beginning of the study, coinciding
with pronounced differences in along-canyon current veloc-
ities — specifically, stronger flows were observed on the NS
of the ET. Although this difference decreased over time, the
NS consistently exhibited higher Sv within this depth range
compared to the SS (Fig. 9f).

4 Discussion

The “canyon hypothesis” suggests three main mechanisms
by which submarine canyons promote local biological pro-
ductivity. The first involves the fertilization of surface and
subsurface layers via the advection of deeper, nutrient-rich
waters to the surface (i.e., “topographic upwelling”). For
this mechanism to support biological productivity, the up-
welling must persist long enough to allow phytoplankton and
zooplankton populations to grow and accumulate. The sec-
ond mechanism involves the generation of a subsurface eddy
that induces isopycnal doming, thereby enhancing upward
transport and/or promoting the retention of particles. The
third mechanism involves the physical retention and aggre-
gation of organisms due to the interaction of canyon topog-
raphy with alongshore currents and diel vertical migration
(DVM) of planktonic organisms (Hudson et al., 2022a, b;
Genin, 2004). Globally, direct observational evidence sup-
porting these mechanisms remains limited. In our study, the
short duration of observations precludes confirmation of the
first mechanism, and we found no clear evidence of eddy for-
mation within the canyon. Nonetheless, we present strong
indications that the BbC plays a significant role in modu-
lating zooplankton distribution on diurnal timescales, likely
through a variation of the third mechanism.

4.1 The interaction of diel vertical migrations with
abrupt topography

The intra-diurnal changes in Sv within the canyon were pri-
marily associated with zooplankton DVM, while spatial vari-
ations appeared to reflect the influence of the presence of the
canyon and its morphology. The accumulation of organisms
near the canyon slopes was evident in the U-shaped distribu-
tion of Sv as elevated values were found along both the NS
and SS compared to the central axis of the canyon. This pat-
tern suggests the interaction between zooplankton migration
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behavior and the steep topography of the BbC. Most zoo-
plankton taxa undergo DVM within a 24 h cycle to reduce
predation risk, typically descending to deeper waters during
daylight and ascending to the surface at dusk (Forward, 1988;
Hays, 2003; Bandara et al., 2021). In regions with abrupt or
shallow topography, vertical migration may be blocked, re-
sulting in the aggregation of organisms above topographic
features, a mechanism called “topographic blocking”, of-
ten documented over seamounts (Aarflot et al., 2019; Mohn
et al., 2021). Another form of topographic blocking occurs
when horizontally transported zooplankton encounter steep
bathymetric gradients, such as shallow banks (Isaacs and
Schwartzlose, 1965) or the continental shelf break (Mackas
et al., 1997). Submarine canyons have also been proposed as
zones where such blocking can occur (Genin, 2004) due to
their abrupt changes in depth. In our study, an accumulation
of zooplankton was observed on the SS of the WT approx-
imately 30 min after sunrise (Fig. S6, transect 8 at 08:30).
This aggregation persisted throughout the day and was both
shallow (~ 75 m) and intense (> 60 dB rem~') compared to
the typical daytime Sv values within the canyon. These ob-
servations suggest that the daytime distribution of zooplank-
ton in the WT is shaped by topographic blocking of their
DVM.

Additionally, zooplankton DVM can interact with alter-
nating vertical currents to promote or avoid retention. For
example, some taxa exhibit vertical movements that interact
with coastal wind-driven or tidal currents to either facilitate
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or avoid offshore advection (Castro et al., 1993; Miller and
Shanks, 2004; Yannicelli et al., 2006b; Shanks et al., 2014;
Meerhoff et al., 2015). In our observations, we frequently de-
tected flow reversals with depth (see Fig. 4), as well as differ-
ences in Sv between vertical layers (see Figs. 9 and S6). The
surface layer consistently exhibited an offshore flow, while
currents in the mid-depth layer were predominantly positive,
especially along the NS. Such opposing flow patterns could
be exploited by zooplankton to promote retention.

The zooplankton community was composed of several
taxa known for their strong migratory behavior (Mackas
et al., 2005; dos Santos et al.,, 2008; Escribano et al.,
2009; Bandara et al., 2021), such as decapod larvae, am-
phipods, and copepods. These organisms often utilize fluc-
tuating vertical-flow regimes to avoid offshore advection by
migrating between layers with contrasting current directions,
a well-documented mechanism of zooplankton retention in
tidal and estuarine systems (Castro et al., 1993; Hill, 1998;
Poulin et al., 2002; Emsley et al., 2005; Kimmerer et al.,
2014). This mechanism may have been present along the NS
of the canyon. A migrating organism inhabiting the upper
30m of the water column of the NS of the BbC would be
subject to offshore transport. By migrating to deeper layers
at sunrise, the organism could be transported onshore by the
positive currents within the canyon. Upon ascending at dusk,
it would again be exposed to offshore-flowing surface cur-
rents. Through this cycle, DVM behavior could facilitate re-
tention within the canyon. This hypothesis might explain the
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elevated Sv values observed in the mid-depth layer of the NS
during the daytime, whereas topographic blocking may ac-
count for the elevated Sv along the SS, particularly within
the mid-depth layer of the WT.

4.2 Canyon-induced horizontal advection

Differences in zooplankton abundance between the NS and
SS, observed in both acoustic and in situ sampling, were
highly variable and alternating over time. These differences
appeared to be associated with the contrasting cross-shore
flows on either side of the canyon. Observational and numeri-
cal modeling studies have shown that submarine canyons can
significantly influence and modify coastal circulation pat-
terns (Sobarzo et al., 2016; Saldias and Allen, 2020; Figueroa
et al., 2025). The presence of a shelf-incising canyon in a
western continental margin often generates a flow dipole,
characterized by an inshore flow along the downstream wall
and an offshore flow along the upstream wall (Allen and
Durrieu De Madron, 2009; Vergara et al., 2024). A recent
study used high-resolution hydrodynamic simulations to in-
vestigate the influence of the BbC on the coastal circula-
tion of the Arauco Gulf during upwelling and downwelling
events (Vergara et al., 2024). The results revealed a persis-
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tent dipole in the mean cross-shore flow field. Specifically,
the northern side of the canyon exhibited an onshore flow,
while the southern area showed an offshore flow. Although
this dipole pattern was present during both upwelling and
downwelling conditions, the inshore flow was stronger under
upwelling-favorable winds, resulting in a net onshore trans-
port. The simulations also evidenced the advection of dense,
deep water onto the shelf during upwelling, consistently with
enhanced upwelling at the canyon head. Under downwelling
conditions, a similar circulation dipole is formed, with mi-
nor differences in the magnitudes of offshore and onshore
transports (Klinck, 1996; Spurgin and Allen, 2014; Figueroa
et al., 2025). This dipole structure can trap particles within
the canyon, promoting anticyclonic recirculation and parti-
cle retention for several days (Figueroa et al., 2025). Con-
sequently, an upwelling precondition may favor the advec-
tion of offshore zooplankton into the canyon, whereas down-
welling conditions may promote their retention through re-
circulation within the canyon.

The average cross-shore current revealed an inshore flow
through the canyon, clearly tilted toward the NS in the ET,
consistently with the theoretical dipole pattern. This flow
configuration agrees with the upwelling-favorable wind con-
ditions that preceded the study. For most of the sampling pe-

https://doi.org/10.5194/0s-21-1833-2025



M. Diaz-Astudillo et al.: Variability in zooplankton distribution over a submarine canyon 1843

(d)
0

Depth (m)

40+

Depth (m)
3

1
1
1
80 !
100 V 100 :
120 bk 1 120 —
IANESINISIRENE IANEIVISINENE XA
Sv
-1
© WT/NS-SS () ET/NS-SS dBrem
Ol T 7 3T 00— y
20 S o 1 20 .
E 40 I 40
£ 60 gy 60 0
& 80 : 9 : 80 s
; 1 i
100 | | g - 100 ; .
120 EL i d 120 bl . e
IARNESINISINENE X EANNESAVICINENEE A

Hour Hour

Figure 9. Mean Sv currents by depth and time in a section of the
canyon walls where bottom depth ranged from 60 to 120 m. Sv val-
ues over the northern slope (NS, upper panels) and southern slope
(SS, middle panels) are shown for both the WT (a, b) and the ET (d,
e). The difference in Sv between the NS and SS is shown in (¢) (WT)
and (f) (ET). Vertical dotted gray lines indicate the time of each
transect, the dashed green line marks the sunrise, and the dashed
burgundy line marks the sunset.

riod, cross-shore flow in the 40-120 m depth layer was pre-
dominantly positive (onshore) along the NS of the ET and
negative or alternating along the SS. The difference in the
current magnitude and direction was more pronounced dur-
ing the first 6h of the study, coinciding with the shallow-
est pycnocline depths. The largest difference in Sv was also
observed during this period, with Sv values being approx-
imately ~ 10dBrem™! higher along the NS compared to
along the SS of the ET.

Thus, the inshore flow over the NS of the ET was associ-
ated with a shallower pycnocline, higher Sv, and increased
zooplankton abundance. In the WT, located farther from the
canyon head, the coherence between cross-shore flow and Sv
patterns was less apparent. Nonetheless, a marked difference
in Sv between the NS and SS of the WT emerged toward
the end of the experiment, which was also reflected in the
zooplankton samples, with higher abundances along the SS.
During the final 6 h of the study, a strong offshore flow devel-
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oped along the NS of the WT, potentially explaining the con-
current decline in Sv. Overall, the alternating Sv patterns and
observed differences between the NS and SS across transects
(see Figs. 6 and 9) throughout the 24 h cycle suggest that zoo-
plankton may be unevenly transported within the canyon due
to asymmetrical cross-shore circulation.

While our findings suggest that canyon-induced currents
promote asymmetrical advection of zooplankton, they are
based on a short (albeit intensive) observational period. Both
flow and Sv variability were high, and the canyon’s complex
topography adds further challenges to interpretation. In the
ET, alongshore flows between the NS and SS were highly
correlated, likely due to the transect’s proximity to the Bio-
bio River mouth. In the WT, only the mid-depth layer showed
correlated alongshore velocities between the NS and SS. For
cross-shore velocities, only the deeper layer of the WT ex-
hibited a correlation between the two sides of the canyon.
Horizontal currents within the canyon not only differed be-
tween its walls but also shifted direction over timescales of
less than a day. The BbC is a complex and elongated fea-
ture, with a smaller tributary canyon at its midpoint and pro-
nounced changes in curvature from the continental slope to
its head. This morphological complexity influences the spa-
tial distribution of cross-shore transport and vertical veloc-
ities throughout the canyon (Vergara et al., 2024), poten-
tially modifying the circulation patterns and particle reten-
tion mechanisms described in previous idealized numerical
studies. These findings highlight the need for continued ob-
servational efforts to achieve a comprehensive understanding
of the topographic upwelling driven by the canyon and to
better resolve the net transport of zooplankton.

4.3 Ecological implications

Some submarine canyons are well-documented for their role
in promoting zooplankton aggregations. Among the best-
studied is Monterey Canyon in the California Current Sys-
tem, a known foraging site for large cetaceans (Schoenherr,
1991) and a critical krill habitat within an ecologically im-
portant canyon network (Santora et al., 2018). In contrast,
submarine canyons within the HCS have only recently begun
to receive detailed scientific attention. For example, earlier
research on the Itata Canyon, located approximately 60 km
north of the BbC, reported higher abundances of several
crustacean larvae nearshore over the canyon, while offshore
abundances dominated outside of it (Yannicelli et al., 2006a).
Although the dynamics were not explicitly described, this
pattern suggested potential inshore transport facilitated by
the canyon. More recent work has proposed that a newly
identified, relatively small canyon may explain the high con-
centration of whales and krill in northern Chile (Buchan
et al., 2023). To our knowledge, this is the first study com-
bining simultaneous observations of zooplankton aggrega-
tions and canyon-induced currents to investigate the physical
mechanisms shaping zooplankton distributions.
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Our findings suggest that the BbC plays a key role in
shaping local zooplankton distributions through mechanisms
such as asymmetric advection, topographic blocking, and
particle retention processes influenced by the complex in-
terplay of canyon morphology, hydrography, and circulation.
These dynamics highlight the ecological importance of sub-
marine canyons within the Humboldt Current upwelling sys-
tem. However, due to the short temporal scale and the spatial
limitations of our study, which focused primarily on intra-
diurnal patterns and discrete sampling, further research is
needed. Future efforts should incorporate long-term moor-
ings to better capture the spatial and temporal variability of
physical and biological processes. Expanding studies in un-
derexplored, high-value regions is critical not only for ad-
vancing oceanographic knowledge but also for guiding con-
servation and management of these ecologically significant
habitats.

5 Conclusions

We aimed to describe the spatio-temporal variability in zoo-
plankton distribution and currents at the head of a long and
narrow submarine canyon. Our results provide evidence that
the canyon influenced zooplankton distribution and abun-
dance within a day. The experiment was conducted following
an event of upwelling-favorable winds under conditions of
strong water column stratification driven by freshwater input
from the Biobio River. Horizontal flows within the canyon
were highly variable, with notable differences in flow ve-
locity and direction between vertical layers and between the
northern slope (NS) and the southern slope (SS). On aver-
age, an onshore flow was observed in both the western tran-
sect (WT) and the eastern transect (ET), with a tilt toward the
NS in the ET. However, along-canyon currents frequently re-
versed direction at both slopes, resulting in low correlation
between current velocities on either side of the canyon. Zoo-
plankton abundance also varied spatially and temporally. At
the beginning of the study, net abundances were higher along
the NS than along the SS, but this pattern had reversed by the
end of the experiment. A similar trend was observed in the
acoustic backscatter (Sv), which was consistently higher near
the canyon walls than at its center. In the WT, Sv was gener-
ally higher along the SS, while, in the ET, the NS showed
higher Sv values. In the ET, peaks in Sv at the NS coin-
cided in terms of time and depth with positive (onshore)
flow, while the SS exhibited offshore flow, suggesting that
asymmetric horizontal currents likely contributed to spatial
differences in zooplankton distribution. We also found evi-
dence of topographic blocking in the WT following sunrise.
The interaction between zooplankton and opposing, alter-
nating canyon flows may promote both their advection and
retention. Overall, our findings demonstrate that submarine
canyons are highly dynamic environments that significantly
influence biological patterns at short timescales. These re-
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sults highlight the importance of further studying submarine
canyons, particularly in regions that provide essential ecosys-
tem services.
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