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Abstract A nearly 5-month record of high-resolution tem-
perature and acoustic backscatter profiles from the upper
insular slope off southwest Puerto Rico reveals complex
sound scattering layer (SSL) dynamics over a mesophotic
coral ecosystem (MCE). The SSLs exhibited both diel and
reverse diel vertical migration, thin layer (<5 m) and mul-
tiple layer formations, depth modulation due to internal
waves, and vertical layering in the absence of water column
stratification. The long-term observations also capture SSL
and water column dynamics across changing seasons and
two category five hurricanes, Irma and Maria. The SSLs,
likely comprosed of zooplankton, represent an important
food source for both the sessile (e.g., corals and sponges)
and mobile (e.g., fish) MCE taxa, and their effective verti-
cal mobility underscores their importance to trophic con-
nectivity between the upper and lower slope MCEs, as well
as the shelf. Our results also underscore the challenges in
adequately resolving zooplankton aggregations using con-
ventional sampling techniques.
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Introduction

Mesophotic coral ecosystems (MCEs, 30—150 m) are impor-
tant marine habitats for a variety of species, but our under-
standing of these critical ecosystems is limited (Rocha et al.
2018). Zooplankton are a critical food source for many MCE
organisms, including fish, sponges, and corals. Because of
decreased photosynthetically active radiation at depth, corals
in MCE:s often utilize a mixotrophic feeding strategy, with
the ability to switch to heterotrophy (Muscatine et al. 1989;
Mass et al. 2007), although the relationship between hetero-
trophy with increasing depth is unclear (e.g., Carmignani
et al. 2023; Pérez-Rosales et al. 2024).

Little information is currently available on zooplank-
ton composition, abundances, and behavior in MCEs. Two
studies conducted at the MCE on the Bajo Frijol seamount
in Colombia examined zooplankton collected from pump
samples (Contreras-Vega et al. 2021; Criales-Hernidndez
et al. 2021). Across seasons and multiple depths, the zoo-
plankton assemblage of this size class was dominated by
small copepods, nauplii, radiolarians, and tintinnids, and the
abundances did not significantly differ between shallower
and deeper depths of the water column. However, work at
other sites has found variations in zooplankton assemblages
across depth strata, particularly with regards to MCEs and
shallow reefs. At the southern extent of the Mesoamerican
Barrier Reef off Honduras, nocturnal light-trap samples
showed greater zooplankton abundance at the MCE sites
than the shallow reefs, although their overall species rich-
ness was roughly equal (Andradi-Brown et al. 2017). In
contrast, light traps deployed in the Florida Keys reported
the opposite: enhanced zooplankton abundance at the shelf
reefs but greater species richness at the MCEs (Sponaugle
et al. 2021). The deepest (~ 80 m) MCE site had an entirely
distinct species assemblage, whereas the shallower (~60 m)
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MCE contained a mix of the shallower and deeper zooplank-
ton assemblage. Taken together, these studies indicate that
the character of zooplankton assemblages at MCEs are likely
distinct from those of shallower shelf coral reefs, and that
the types, richness, and abundances of zooplankton from one
MCE site to another can strongly differ.

Methods and field site
Study area

This study took place on the southwest upper insular slope
off La Parguera, Puerto Rico, U.S.A. (Fig. 1a, b). Here, the
shelf has a mean depth of approximately 20 m and extends
roughly 10 km from shore to the shelf break at about
20-30 m depth. Beyond the shelf break, the insular slope
hosts an MCE that has been the focus of several research
studies. Our study site was at ‘Hole-in-the-wall’ (HW)—an
established site that is part of the University of Puerto Rico
at Mayagiiez’s MCE research program. HW is located at
approximately 55-m water depth, 10 km from shore, 150 m
horizontally from the shelf break, and on a slope of 44°
(Fig. 1b, ¢). The benthic communities here are composed of
scleractinian corals, octocorals, macroalgae, crustose coral-
line algae, and sponges (Appeldoorn et al. 2021), and the
primary seabed sediment between the benthic communities
is sand (Sherman et al. 2010, 2016). In this region, from the
insular shelf to mesophotic depths, the trophic web shifts to
one based on plankton (Garcia-Hernandez et al. 2018). At
HW, the fish abundances are 80% zooplanktivores, compared
to only 18% over the nearby shelf (Appeldoorn et al. 2016).
And one of the most abundant corals at these mesophotic

Fig. 1 a Location of the study
area on the southwest coast
of Puerto Rico (red box). b

depths is Agaricia lamarcki (Sherman et al. 2010; Appel-
doorn et al. 2016; Garcia-Hernandez et al. 2018), a species
known to rely on heterotrophic feeding across a broad range
of depths (Crandall et al. 2016).

Deployment

The nearly 5-month set of observations spans 27 July
through 7 December 2017. The study objectives were to
resolve water-column dynamics in support of a shelf sedi-
ment transport investigation (Cheriton et al. 2019a, 2021). A
benthic instrument package was installed at HW, on a small,
relatively flat terrace at 55-m water depth (Fig. 1d). On this
package was an upwards-looking 300-kHz RD Instruments
acoustic Doppler current profiler (ADCP), which collected
2-min profiles in 1-m bins, from about 4—49 m above the bed
(6-51 m depths). The currents were strongly along-isobath,
so the principal component was used to represent upcoast
(west—northwest) and downcoast (east—southeast) flow. The
along-isobath currents were depth-averaged according to
above (<20 m) and below (>30 m) the shelf break, and
then, to focus on tidal and subtidal variability we applied a
- h low-pass filter.

Approximately 15 m downslope from the benthic pack-
age, a vertical thermistor chain was deployed at 62-m depth
that consisted of 1 SeaBird SBE-56 thermistor at 57-m
depth that logged every 30 s, and 8 RBR SoloT thermistors
mounted every 5 m from 52 to 17 m depth that sampled
every 5 s, and a SeaBird Electronics SBE-37 TS sensor that
sampled once every 2 min at a depth of 12 m. Temperature
was interpolated to a 1 m depth interval. In order to identify
the mixed layer depth (MLD), the interpolated temperature
was also smoothed in the vertical dimension using a digital

Deployment site on the upper
insular slope directly offshore
of the La Parguera Natural
Reserve, at the ‘Hole-in-the-
wall’ (HW) mesophotic coral
ecosystem research location
(red square). ¢ Approximate
profile of the insular slope, with
the slope (color ramp) and the
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5-m low-pass filter. Then the MLD was identified by finding
the shallowest depth at which the vertical rate of change of
the smoothed temperature exceeded 1° m™'.

Wind velocity and atmospheric pressure were meas-
ured by the Caribbean Integrated Coastal Ocean Observing
System’s (https://www.caricoos.org/) Ponce buoy, which
is located at the outer shelf, in 19 m depth, approximately
50 km east of HW (Fig. 1a). Sunrise and sunset times were
obtained from the U.S. Naval Observatory (https://aa.usno.
navy.mil).

Sound scattering layer identification

Echo strength in the ADCP profiles was converted to abso-
lute volume scattering strength, Sv (Deines 1999; Gostiaux
and van Haren 2010). Due to the range-dependent increase
in background noise, the background Sv values were deter-
mined by finding the minimum Sv at each depth bin and
performing a linear fit (Fig. 2a). This background profile
was subtracted from the Sv record to produce corrected vol-
ume scattering, Sv,, which represents an above background
scattering strength (Fig. 2b). For each Sv, profile, sound
scattering layers (SSLs) were identified by first smoothing
the profile using a low-pass, Sth-order, zero-phase forward
and reverse filter, then identifying distinct peaks with mag-
nitudes greater than 25 dB (Fig. 2b). Though the minimum
peak value was 25 dB, the SSL peak magnitudes could reach
up to 45 dB, with 40% of SSL peaks having Sv,> 29 dB. For
a single peak in the profile, the upper and lower extents were
the depths at which the peak dropped to below 22 dB. If the
lower extent was below the deepest bin, the peak was flagged
and excluded from analyses regarding SSL vertical thick-
ness. For profiles with multiple distinct peaks, the peaks
were first sorted according to peak magnitude, to prioritize
the strongest peaks. Then, if a secondary peak overlapped
with previous (i.e., stronger) peaks, those layers were con-
solidated. Isolated scattering peaks that did not comprise a
coherent (in time and space) layer were manually removed.
In addition, the scattering patterns during the passage of
Hurricane Maria were excluded from the analyses, as the
surface scattering was most likely bubbles, and the near-
bed signal was likely contaminated by suspended particu-
late material from the shelf and seabed (refer to Supporting
Information).

To examine diurnal SSL patterns, the SSL vertical thick-
nesses and depths were binned by daytime and night-time
periods, which were defined as the time periods 1 h after
sunrise to 1 h before sunset (daytime) and 1 h after sunset to
1 h before sunrise (night-time). In addition, the overall SSL.
intensity of the day and night periods was expressed as the
sum of the SSL peak magnitudes, normalized by the number
of hours (n,,,) in the time period: ), Sv,/n,,,.
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Fig. 2 Three example profiles of acoustic volume backscatter (Sv)
and their layer characteristics. a The original Sv profiles (red, blue,
green lines) shown with the minimum value for each depth across
the entire record (orange line) and the linear fit (purple dashed line)
that was subtracted from Sv to generate the corrected, “above back-
ground” acoustic backscatter (Sv,) profiles shown in (b). b The three
example Sv, profiles, showing the identified layer peaks (circles)
and associated depth (horizontal dashed lines), the upper (triangles)
and lower extents (upside-down triangles), and the resulting vertical
thickness (thick vertical lines). In the case of the red example profile,
the lower extent is not captured (i.e., it is below the profiling range),
and this profile would be flagged by the identification algorithm. In
the case of the green profile, two distinct layers are identified

Results

Our nearly 5-month-long dataset reveals high spatial and
temporal resolution details of sound scattering layer (SSL)
dynamics over an upper insular slope MCE. During the
deployment, the area was affected by two major hurricanes,
Irma (indirect impact) and Maria (direct impact), as well as
a shift from warmer summer/fall conditions to cooler winter
conditions (Fig. 3a, b). The MLD exhibited regular vertical
fluctuations roughly every 14 d, likely driven by spring-neap
tidal cycles, driving a 10-20 m rise above the HW seabed
to 35-40 m water depth. Under hurricane conditions, the
MLD could shoal to the shelf break (~20 m) or shallower,
depending on the proximity of the storm. With the transi-
tion to winter (approximately mid to late October), the MLD
deepened and cooled. The currents above the shelf break
were stronger than those below (Fig. 3c), with the shallow-
est depth bin having a mean + 1-standard deviation current
speed of 0.15+0.11 m s™!, and that of the deepest depth bin
0.04+0.03 ms™".

Subsurface SSLs were common features throughout the
study period, with SSLs detected over the MCE site 39%
of the time, and SSL activity continuing into the winter
months, even after the MLD had cooled and deepened
(Fig. 3d and 4e). The SSLs were typically observed at
depths > 40 m but were also found as shallow as the shelf
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break. In general, the depth of the SSLs followed the MLD,
and SSLs were most prevalent (within our ADCP profile
range) when the MLD was also at least 5-10 m above the
seabed. Correspondingly, the times when SSLs were absent
were when the MLD was below the study site. After Maria,
there was a 15-d period when SSLs were mostly absent from
our study site. However, it is unclear if the absence of SSLs
after Maria was due to storm effects, as a gap of a similar
timespan (14 d) occurred roughly 2 weeks later, from 18 to
31 October.

The SSLs typically followed isotherm depths and occa-
sionally exhibited modulation by high-frequency internal
waves (Fig. 4b, c¢). However, there were exceptions to this.
For example, SSLs often persisted for 6—10 days over our
study site even after the MLD had deepened (e.g., 9-17
October, 1-11 November, and 18-24 November time peri-
ods in Fig. 3d, e). Another exception was when the MLD
shoaled to the shelf-break depth in response to Irma and the
SSLs remained deeper (~7 September; Fig. 3). Comparing
the depths of the SSL Sv,_. peaks and the MLD, approxi-
mately 20% of the SSLs were > 10 m offset from the MLD.
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There were several instances when the MLD was below
the depth of our study site (55 m) and rapid vertical migra-
tions were observed to start from just below the shelf-break
depth (~30 m; Fig. 4d), with descent speeds of ~1-2 cm s~
(inferred from the SSL inclination; Supporting Information
Fig. S2)—matching reported swimming speeds for common
zooplankton such as copepods and euphausiids (De Robertis
et al. 2003; Chen and Hwang 2018).

Cases of multiple SSLs present simultaneously in the
water column were common and tended to occur several
days after the shoaling of the MLD (Fig. 3e, 4e). Multiple
SSLs were more likely to occur during the day, with 16%
of daytime periods having sustained multiple SSLs present,
compared to only 2% of night-time periods (Fig. 3e). There
were periods when the night-time SSLs were stronger than
the daytime ones (e.g., 23-29 August and 22 November to
5 December in Fig. 3e and 4a), as well as periods when
daytime SSLs were stronger (e.g., 7-16 August and 6-10
October in Fig. 3e and 4b). But overall, the SSL vertical
thicknesses and intensities had the same distributions regard-
less of time of day (Fig. 5a, b). The primary distinction
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between daytime and night-time SSLs is that the daytime
SSLs were shallower (mean depth 41.5 +4.2 m) than night-
time (47.0+2.4 m; Fig. 3e and 5c). The deeper night-time
SSLs could be due to a variety of different factors, including
reverse diel vertical migration (i.e., deepening of daytime
SSLs) or diel vertical migration from below our study site.

Over our observed depth range, the exposure to SSLs
increased with depth to about 47 m (Fig. 5d). Taking these
depths as a proxy for seabed depths (the slope here is steep),
this suggests that MCE organisms at the HW site are exposed
to SSLs roughly 13-18% of the time, equivalent to a daily
average of about 3—4 h, and most of this exposure occurs at
night. For depths shallower than 40 m, daytime exposure
exceeds that of other times. This supports the theory that
MCE corals might maximize energy production by taking
advantage of the greater abundance of zooplankton at night

04:00

i _ AN
16:00 22:00 10:00

20-22 November

10:00 04:00 16:00

when phototrophic energy gains are unavailable (Lesser
et al. 2009), similar to what has been suggested for shallow
corals (Houlbreque and Ferrier-Pages 2009).

Discussion

The scatterers within the observed SSLs were probably
primarily zooplankton, as it is unlikely that inorganic sus-
pended particulates such as sediment could produce the
sustained diurnal scattering patterns and complex verti-
cal layering observed throughout the 5-month study. We
would expect the strongest echo off scatterers whose size is
roughly equivalent to the acoustic wavelength of our ADCP,
O(1 mm), noting that target strength also depends on physi-
ological factors such as shape and orientation (Holliday and
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Fig. 5 Characteristics of sub- a)
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Pieper. 1980). Net tows collected offshore of our study site
found the mesoplankton assemblage dominated by copep-
ods, larvaceans, chaetognaths, amphipods, and euphausiids
(Yoshioka et al. 1985; Pena 2006). These organisms have a
size range matching the ADCP’s target strength and swim-
ming speeds on the order of the observed SSL layer migra-
tions (1-2 cm s~ 1). In addition, the complex SSL dynamics,
with multiple layers, merging and bifurcating SSLs, and
constantly changing vertical migration patterns, indicate
these SSLs were composed of a multitude of species with
differential behaviors and responses, and that there was a
highly heterogeneous water-column partitioning of these
species and behaviors.

Typical sampling techniques for zooplankton at MCE
sites such as light traps, pumps, and net tows provide valu-
able species information, but they do not provide the spatial
and temporal resolution necessary to resolve the layering
dynamics shown in our observations. The SSLs were often
vertically thin (Fig. 4c), with approximately 11% less than
5 m in vertical extent, and 50% less than 9 m (Fig. 5¢). As
observed in a wide variety of coastal ocean environments,
zooplankton commonly aggregate into thin layers (McManus
et al. 2005; Sevadjian et al. 2010). Our observations show
that thin layers also occur over the insular slopes of tropical
islands and within MCEs.

Our intra-seasonal, high-resolution record of SSLs over
an MCE provides several additive findings. First, SSLs were
common features over the upper insular slope MCE even
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through the seasonal transition, but they could also be absent
for prolonged periods (~2 weeks) of time. The SSLs, which
were likely composed of zooplankton, often followed the
MLD, but were sometimes decoupled from water-column
structure, highlighting the importance of behavior in deter-
mining these organisms’ proximity and availability as a
food source for benthic MCE organisms. Lastly, the SSLs
appeared to be highly mobile—on daily timescales, these
features can vertically traverse O(100 m) across slope depths
and possibly up to the shelf depths. This mobility, coupled
with their ecological importance, may serve as a form of
vertical connectivity across MCE depths and possibly also
to the shelf, supporting the biodiversity, health, and persis-
tence of MCEs.
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