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ABSTRACT

Prey richness, accessibility, and density shape predator foraging strategies. Deep-sea preyscapes, however, remain largely unknown,
limiting our understanding of how prey presence and distribution shape predator movement, energy budget, and ecological role.
Using combined eDNA metabarcoding and hydroacoustics, we investigated the deep-sea cephalopod and fish preyscapes of three co-
occurring cetacean predators (Risso's dolphins (Grampus griseus), Sowerby's beaked whales (Mesoplodon bidens), and goose-beaked
whales (Ziphius cavirostris)) across an inshore-offshore gradient. We tested whether (i) prey acoustic backscatter (a metric for den-
sity) and taxonomic richness decreased with distance from shore; (ii) predators exploit localized peaks in prey density and richness;
and (iii) prey composition and density varied across adjacent foraging habitats along the inshore-offshore gradient. Across 117 sam-
ples, we detected 37 cephalopod and 66 fish taxa, including other top predators (sharks). Acoustic backscatter was concentrated
within the deep scattering layer (DSL). Yet, peak taxonomic richness occurred above and below it, suggesting that the local DSL holds
relatively limited fish and cephalopod richness. The offshore DSLs were vertically shallower and more stable, while the inshore DSL
was deeper and bifurcated, possibly due to predator avoidance. Contrary to expectation, acoustic backscatter offshore was up to five-
fold higher than inshore, and taxonomic richness did not decrease with distance from shore. Fish communities varied primarily with
depth, whereas cephalopod communities varied along the inshore-offshore gradient. Bathypelagic offshore foraging zones of goose-
beaked whales contained overall low acoustic backscatter but high taxonomic richness. This suggests that goose-beaked whales
may target large, energy-rich cephalopods and prioritize prey quality over density. Our results reveal vertical and horizontal habitat
complexity in an oceanic ecosystem that may shape predator-prey interactions and habitat partitioning among cetacean species.

1 | Introduction gap persists despite the deep sea being a vital component of global
marine ecosystems (Levin et al. 2019). The deep sea is structured
Predator-prey interactions shape and stabilize ecosystem func- by steep gradients in light, pressure, oxygen, and food resources

tion, yet our understanding of these dynamics in the deep sea that govern species’ behavior and distributions and, in turn, preda-
remains limited (Herring 2002; Ramirez-Llodra et al. 2010). This tor preyscapes (Seibel 2011). The deep sea and the sunlit epipelagic
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waters are vertically and ecologically connected, but the extent and
specific interactions that underlie this connectivity remain poorly
understood. Many fish and cephalopod species have wide distri-
butions and show vertical and horizontal mobility, creating a dy-
namic preyscape that shapes predator foraging strategies (Sutton
et al. 2008). Vertical connectivity between epi- and mesopelagic
habitats is further strongly facilitated by diel vertical migration
(DVM) (Barham 1966), a widespread behavioral phenomenon in
which numerous fish and invertebrate species ascend in the water
column at night to feed and descend by day to evade predation,
transporting biomass, nutrients, and energy across depth layers
(Robinson et al. 2010; Robison 2009).

A key feature of diel vertical migration is the evident deep-
scattering layer (DSL). Sound scattering layers are globally dis-
tributed, acoustically detectable layers. They are typically located
between 200 and 1000m depth, and composed of dense aggre-
gations of zooplankton and nekton (Barham 1966; Benoit-Bird
et al. 2017). The DSL is an important foraging ground for pred-
ators, including sharks, other large predatory fish, and marine
mammals, effectively linking mesopelagic prey to shallower and
deeper habitats (Arostegui et al. 2020; Braun, Lezama-Ochoa,
et al. 2023; Braun et al. 2019; Hazen, Jorgensen, et al. 2013;
Hazen and Johnston 2010; Josse et al. 1998). Some predators,
however, forage beyond the DSL and into the bathypelagic
zone to feed (Braun, Della Penna, et al. 2023; Braun et al. 2022;
Houghton et al. 2008; Howey et al. 2016; McIntyre et al. 2012;
Schorr et al. 2014; Thorrold et al. 2014). The various foraging
depths of oceanic predators suggest a structured layering of prey,
including the DSL as well as deeper occurrences and aggrega-
tions. However, the composition of such prey layers remains un-
documented for most regions.

Oceanic islands are oceanic biodiversity and foraging hotspots
(Afonso et al. 2020; Morato et al. 2010), where seafloor topography
and oceanographic processes such as fronts, eddies, upwelling,
and mixing enhance local productivity (Hazen, Suryan, et al. 2013;
Scales et al. 2014). These features can lead to localized prey con-
centration, attracting a range of predators, including dolphins and
tuna (Barton et al. 2000; Caldeira et al. 2002; Gove et al. 2016;
Schiitte et al. 2025, 2015). However, the extent to which island-
associated productivity shapes the foraging strategies of deep-
diving predators remains poorly understood (Arce et al. 2022;
Bailleul et al. 2007; Salvetat et al. 2022; Steinberg et al. 2021). This
raises the question of whether nearshore island systems offer more
favorable foraging conditions than offshore habitats due to en-
hanced habitat heterogeneity and prey availability.

Cetacean foraging, including movement patterns and hunting
efficiency, is generally driven by prey density and distribution
(Friedlaender et al. 2009; Goldbogen et al. 2015; Watanabe
et al. 2014). Deep-sea forage species span a wide taxonomic
breadth, but two nekton groups stand out in their calorific and
numerical importance: cephalopods and fishes. Cephalopods
appear in the diets of at least 90% of whale species and serve
as the primary food source in at least 42% (Clarke 1996; Spitz
et al. 2011). In addition, mesopelagic fish such as mycto-
phids (lanternfish) also constitute a critical component of the
diet of many cetaceans foraging in the pelagic realm (Barlow
et al. 2008). The high energy demands of warm-blooded deep-
diving predators suggest the existence of substantial deep-sea

biomass with energy-rich prey. For instance, sperm whales
(Physeter macrocephalus Linnaeus, 1758) alone are estimated to
consume a biomass of ~110 (96-320) million tons of cephalopods
annually (Clarke 1977). Above the Mid Atlantic Ridge, bathy-
pelagic fish biomass near the seafloor may even exceed meso-
pelagic biomass (Sutton et al. 2008), suggesting significant prey
resources at deeper depths (Kaartvedt et al. 2020; Sutton 2013).
It remains unclear which characteristics of deep-sea preyscapes
provide suitable foraging conditions for oceanic top predators
and whether they are drawn to areas of greater prey diversity,
increased abundance, or other ecological factors.

Here, we investigate the biological characteristics of the forag-
ing zones used by three cetacean top predators (Risso's dolphins
Grampus griseus (G. Cuvier, 1812), Sowerby's beaked whales
Mesoplodon bidens (Sowerby, 1804), and goose-beaked whales
Ziphius cavirostris (Cuvier, 1823)) to identify the preyscape
characteristics contributing to suitable foraging habitats. We
integrate hydroacoustic data with environmental DNA (eDNA)
metabarcoding to investigate the influence of nektonic prey
availability, biomass, and distribution on the foraging habitat se-
lection of these three cetacean species. The combination of these
methods has been previously used to characterize pelagic forage
fish in a whale feeding area (Berger et al. 2020), to investigate
diel vertical migration in the Gulf of Mexico (Easson et al. 2020),
and to show a positive correlation between eDNA fish concen-
tration and backscatter intensity around artificial reefs (Sato
et al. 2021). These complementary methods enable us to link
broad-scale acoustic backscatter estimates, a proxy for density,
with fine-scale taxonomic identification of the contributing or-
ganisms. This approach will allow quantification of prey rich-
ness and distribution across depth strata and analysis on how
deep-sea preyscapes may influence top predator foraging strate-
gies. We hypothesize that (i) prey acoustic backscatter (a metric
for density) and taxonomic richness decrease with increasing
distance from shore; (ii) predators exploit localized peaks in
density and taxonomic richness; and (iii) preyscape (prey com-
position and density) varies across foraging habitats, resulting in
distinct prey fields across habitats.

2 | Material and Methods

Field sampling was conducted off Terceira Island, Azores, where
three deep-diving cetacean species, Risso's dolphins, Sowerby's
beaked whales, and goose-beaked whales, are known to use dis-
tinct foraging habitats along an inshore-offshore gradient (pred-
ator core habitat areas, Figure 1). Environmental DNA (eDNA)
and hydroacoustic data were collected at three stations repre-
senting these habitats (Figure 1). This matched sampling design
enabled the characterization of prey richness and acoustic back-
scatter (a metric for density) across depth and habitat zones rel-
evant to each predator species. Risso's dolphins forage inshore,
Sowerby's beaked whales at intermediate distances to shore,
and goose-beaked whales offshore (Visser, Merten, et al. 2021,
Sowerby's beaked whale distribution: personal communication
with F. Visser). In addition, Risso’s dolphins forage at shallower
depths between 200 and 600 m in comparison to Sowerby's and
beaked whales foraging at deeper depths between 900m and
the seafloor (Visser et al. 2022; Visser, Keller, et al. 2021; Visser,
Merten, et al. 2021).
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FIGURE 1 | Study design. Research area off Terceira Island, Azores, showing spatial overlap among daylight systematic hydroacoustic tran-
sects (solid lines), predator core foraging habitat areas (white dashed squares), and eDNA sampling locations (by CTD-rosette (CTD = Conductivity,
Temperature and Depth) depicted by the colored stars). Inshore: Foraging habitat of Risso's dolphins; Intermediate: Foraging habitat of Sowerby's
beaked whales; Offshore: Foraging habitat of goose-beaked whales. Bathypelagic acoustic data were collected from a mooring deployed at the goose-
beaked whale CTD site (green star). Bathymetry from multibeam NIOZ data. Map created in QGIS v. 3.16.6 (QGIS Development Team, 2021).

2.1 | Environmental DNA Processing and Analysis

2.1.1 | Sample Collection, Filtration,
and Environmental DNA Extraction

In 2021, on board the R/V Pelagia (64PE488), water samples were
taken using a CTD-rosette (CTD = Conductivity, Temperature
and Depth) with attached Niskin bottles at known foraging lo-
cations of Risso's dolphins (inshore, 50-800 m depth), Sowerby's
beaked whales (intermediate, 50-1288m depth), and goose-
beaked whales (offshore, 50-1446 m depth) (Figure 1). At the in-
termediate and offshore stations, two CTD casts were required,
one for the upper 800m and a second to reach the remaining
depths down to the seafloor. Samples were collected at 50 and
100m and then in 100m depth intervals until above the bottom
throughout the water column within each foraging habitat, re-
sulting in 9 depths sampled inshore, 14 depths at intermediate
distance from the island, and 16 depths offshore (each depth in
triplicate, 117 samples in total). Niskin bottles, which remained
open during descent and hence are continuously flushed with
ambient seawater, were closed after a pause of several minutes
at the target depth to minimize contamination from overly-
ing water layers. For each depth, 2L of seawater were directly
filtered from a CTD Niskin bottle using sterile tubing onto a

0.22pum GP Sterivex filter in pseudo-triplicates. To control for
deck contamination, a blank filter was collected at each station
by filtering 500 mL of MilliQ water. All filters were sealed and
stored at —80°C until further processing.

In the laboratory, the DNA from the filters was extracted follow-
ing a modified version of the Qiagen DNeasy Blood and Tissue
kit (Visser, Merten, et al. 2021). Briefly, after thawing for 12h at
4°C, the outside of each filter capsule was wiped with RNAse
Away decontamination reagent. 720 uL ATL-buffer and 80uL
proteinase K were added directly to the filter and incubated for
16-18h at 56°C in a rotating oven. After incubation, the buffer
mix was transferred to a sterile 2mL Eppendorf tube. From each
sample, 600 uL was pipetted to a new 2mL Eppendorf tube and
afterwards mixed with 600 uL. AL-Buffer and 600 uL 99% etha-
nol high grade. The next steps were followed as described in the
DNeasy Blood and Tissue protocol. Lastly, DNA was eluted in
70 uL pre-warmed AE-Buffer.

2.1.2 | Library Preparation and Sequencing

To detect the presence of cephalopod eDNA in all sam-
ples, two cephalopod specific primer sets were used. The
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first targeted the cephalopod specific nuclear 18S rRNA
V2 region, producing an amplicon of approximately 160bp
(Ceph18S_forward 5-CGCGGCGCTACATATTAGAC-3' and
Ceph18S_reverse 5-GCACTTAACCGACCGTCGAC-3') (de
Jonge et al. 2021). The second primer targeted the mitochon-
drial 16S rDNA gene, yielding an amplicon of approximately
230bp (CephMLSfl TGCGGTATTWTAACTGTACT and
CephMLSr1 TTATTCCTTRATCACCC) (Jarman et al. 2006).
To detect the presence of fish eDNA, a fish specific primer
targeting the mitochondrial 12S rRNA gene was used, yield-
ing an amplicon of approximately 100bp (teleo_12S_for-
ward ACACCGCCCGTCACTCT, teleo_12S_reverse
CTTCCGGTACACTTACCATG) (Valentini et al. 2016). Both the
Ceph18S and teleo_12S primers were used in a one-step PCR
protocol, in which Illumina index primers with unique adapt-
ers were already attached to the primer sequence. In contrast,
a two-step PCR protocol was used for the CephMLS primer:
the first PCR amplified the target DNA, and the second PCR
incorporated the Illumina index primers. In both library prepa-
ration approaches, combinatorial dual indexing was employed,
whereby unique combinations of i5 and i7 index primers were
used to distinguish samples within the sequencing run.

The one-step-PCRs for Ceph18S and teleo_12S had a total vol-
ume of 25uL and included 10uL of Tagman environmental
Mastermix 2.0 (Thermofisher), 8 uL of PCR-grade water, 1 1L of
the forward and reverse primers each (Ceph18S: 5uM; teleo_12S:
2.5uM) and 5uL of the DNA template. The PCR cycling condi-
tions for Ceph18S were as follows: initial denaturation step at
95°C for 10min, followed by 8 cycles of a touchdown PCR (94°C
for 30s, 70°C-1°C after each cycle for 30s, 72°C for 1min). The
PCR was continued with 32cycles of 94°C for 30s, annealing at
62°C for 30s, and extension at 72°C for 1 min and terminated
after a final extension step at 72°C for 5min. The PCR cycling
conditions for teleo_12S were as follows: initial denaturation
step at 95°C for 10 min, followed by 40 cycles of 94°C for 30s, an-
nealing at 55°C for 30s and extension at 72°C for 1 min. The PCR
was terminated after a final extension step at 72°C for 5min.

The first PCR for CephMLS had a total volume of 25uL and
included 11 L of 2X KAPA HiFi HotStart Ready Mix, 6 uL of
PCR-grade water, 1uL DMSO, 1pL of the forward and reverse
primers with adapter (CephMLS: 5uM) and 5pL of DNA tem-
plate. The cycles for the first PCR were as follows: initial dena-
turation step at 95°C for 5min, followed by 35cycles of 98°C for
20s, annealing at 55°C for 15s and extension at 72°C for 1min,
followed by a final cycle of 72°C for 10 min. Prior to the second
PCR, all technical replicates were pooled and diluted 1:10 with
PCR-grade water. The mastermix for the second PCR had a total
volume of 10uL, containing 1uL of PCR-grade water, 2.5uL of
2x KAPA HiFi HotStart Ready Mix, 0.5uL DMSO and 0.5uL
of each unique combination for each sample of forward and re-
verse Illumina Index Primers (5uM). Lastly, 5L of 1:10 diluted
template from the first PCR was added. The PCR program for
the second PCR was as follows: initial denaturation step at 95°C
for 5min, followed by 10cycles of 98°C for 20s, annealing at
55°C for 15s and extension at 72°C for 1 min, terminated by a
final cycle of 72°C for 10 min.

Fragment sizes were confirmed using a 2% agarose gel stained
with GelRed (Biotium). PCR triplicates were pooled, quantified

with the Qubit dsDNA HS Assay Kit (Molecular Probes, Life
Technologies) and pooled at equimolar concentrations before un-
dergoing gel purification with the Zymoclean Gel DNA Recovery
Kit (Zymo Research Europe). Next-Generation Sequencing was
conducted at the Competence Centre for Genomic Analysis
(CCGA) in Kiel, Germany. Insert size distribution was assessed
using the 4200 Tapestation D5000 ScreenTape (Agilent). The
working solution was diluted to 2nM, and the loading solution
was prepared according to protocol. Library pools were loaded at
8 pM with a 20% PhiX spike-in to enhance diversity. Sequencing
was performed on an Illumina MiSeq using the MiSeq Reagent
Kit v3 (2x300bp) for Ceph18S and CephMLS and v2 for te-
leo_12S (2x150bp).

2.1.3 | Contamination Controls

To control for deck contamination on the research vessel, a
blank filter was collected at each station by filtering 500 mL of
MilliQ water and stored together with the eDNA filters.

In the laboratory, to reduce the risk of contamination from for-
eign DNA or cross-contamination between samples, each filter
and tube was treated individually, never opening more than one
atatime, and all laboratory steps were conducted under separate
clean benches and laboratories. The same holds true for library
preparation, where each sample was pipetted individually. To
control for contamination in the laboratory, per primer and on
every 96-well plate, one negative control (PCR-grade water), two
positive controls and one mock control (1:1 mix of positive con-
trols) were added. DNA used for positive controls derived from
species that do not occur in the North Atlantic (Filippovia kni-
povitchi (Filippova, 1972) and Psychroteuthis glacialis (Thiele,
1920), for both cephalopod primers and Danio rerio (Hamilton,
1822) and Oncorhynchus clarkii (Richardson, 1836) for the fish
primer). Every sample was amplified in PCR-triplicates, pooled
after PCR and sequenced together with the eDNA samples.

2.1.4 | Bioinformatic Analysis of Environmental
DNA Data

Following sequencing, the obtained reads were demultiplexed by
the sequencing center. The PCR primers were removed utilizing
cutadapt (version 1.18; (Martin 2011)). Only sequences contain-
ing both the forward and reverse primer were retained for sub-
sequent analysis employing DADA2 (version 1.16.0; (Callahan
et al. 2016)). The sequences underwent filtration based on spe-
cific criteria: those containing Ns were eliminated (maxN=0),
and sequences were truncated upon encountering the first in-
stance of a quality score of 2 or lower (truncQ =2). Additionally,
sequences exhibiting an expected error exceeding 3 for forward
reads and 5 for reverse reads were removed (maxEE=3,5). A
comparatively higher expected error threshold was applied to
the reverse reads due to their generally lower quality compared
to the forward reads. Subsequently, forward and reverse reads
were merged, requiring a minimum overlap of at least 80bp for
cephalopods and 20bp for fish, and chimeras were removed.

For cephalopods, taxonomic assignments for both samples
and controls adhered to the methodology outlined in Merten
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et al. (2021). To summarize, sequences of cephalopods sourced
from the SILVA 18S database were cross-referenced with the NCBI
GenBank database until no additional cephalopod sequences were
identified, resulting in a collection of 169 sequences spanning
119 species. Subsequently, a reference database for cephalopods
was constructed by combining these sequences with all other eu-
karyotic 18S rRNA sequences from the SILVA database, thereby
mitigating the risk of erroneous assignments of non-cephalopod
amplicons. As for fishes, taxonomic assignments were facilitated
using the MIDORI 2 database comprising 12S gene sequences de-
rived from NCBI GenBank release 248 (Leray et al. 2022). The pro-
vided files underwent reformatting to ensure compatibility with
the IDTAXA program (Murali et al. 2018). Non-marine species
were removed from the full dataset prior to downstream analysis.
For each type of control sample (negative, filtration, or extraction
controls), the maximum amplicon sequence variant (ASV) read
count observed for each negative control type was subtracted from
the corresponding ASV across the associated samples. Following
this correction, ASVs represented by fewer than 10 reads were re-
moved from the dataset.

2.1.5 | Statistical Analysis of Environmental DNA Data

The statistical analysis was conducted in R (version: 4.4.1; (R
Core Team 2021)). All analyses were conducted using presence/
absence data, which provides a robust representation of taxa oc-
currence. Abundance estimates derived from eDNA are affected
by PCR amplification biases, stochasticity, and marker-specific
detection efficiencies (Kelly et al. 2019). Therefore, we did not
perform corrections on the sequencing read count data, and did
not infer abundance or biomass estimates of taxa.

To facilitate comparison across depth strata, sampling depths
were binned into two habitat zones: shallow (0-800m water
depth) and deep (900m to bottom). The nearshore station (max.
depth 800m; shallow) represents the epi- and mesopelagic,
which is connected through diel vertical migration and harbors
the deep-scattering layer. The two deeper offshore stations (max.
depths 1200 and 1450m; shallow and deep) represent meso- and
bathypelagic waters. In order to investigate whether statistically
significant differences between the different depth bins existed, a
Jaccard index matrix was created to construct nonmetric multidi-
mensional scaling (NMDS) plots using the package vegan with the
function “metaMDS” (Oksanen et al. 2019), followed by a permu-
tational multivariate analysis of variance (PERMANOVA) using
distance matrices with the function “adonis” (package vegan).
When the PERMANOVA was significant, we used the package
pairwise.adonis (Martinez 2020) to indicate which habitat was
significantly different. The area-proportional Euler diagrams
showing shared and distinct taxa communities were created with
the package eulerr (Larsson and Gustafsson 2018). To assess dif-
ferences in taxa richness across habitat zones, we calculated taxa
richness from the presence/absence community matrix using the
“specnumber” function (vegan package). Prior to conducting para-
metric tests, we verified that the assumptions for ANOVA were
met. Homogeneity of variances was tested using Levene's test with
the function “leveneTest” (package car) (Fox and Weisberg 2019).
Normality of residuals was assessed using the Shapiro-Wilk test
with the function “shapiro.test” (stats package). We then per-
formed a one-way ANOVA to test for differences in taxa richness

across five zonation categories controlling for the differences in
sampling effort per category (“aov”). Post hoc pairwise compari-
sons were conducted using Tukey's Honest Significant Difference
test using the function “TukeyHSD” (stats package). Species accu-
mulation curves were generated separately for each habitat zone
(inshore, intermediate, offshore) and for both taxonomic groups
(fish and cephalopods) using the “specaccum” function (vegan
package), providing an estimate of how species richness increases
with sampling effort. For each group, the curves display the mean
accumulated richness across sampling depths, along with stan-
dard deviation. The rarefaction curves were generated with the
vegan package “rarecurve” displaying the sequencing depth per
sample.

2.2 | Hydroacoustic Data

2.2.1 | Hydroacoustic Data Collection and Processing—
Surface-Mounted Echosounders

Hydroacoustic data were collected during surveys on R/V
Pelagia and R/V Nephin in June and August 2021, respec-
tively. Data were recorded continuously aboard R/V Pelagia
with Simrad EK60 echosounder operating at 38kHz during
both systematic and stationary sampling, that is simultane-
ously to eDNA collection. Daytime systematic surveys were
performed in August 2021 (R/V Nephin) using a Simrad EK60
(38kHz) frequency echosounder (max bottom depth 1500m).
The echosounder systems were field calibrated according to
standard procedures (Demer et al. 2015; Foote et al. 1987) using
a 38.1mm tungsten carbide sphere and suspended 3-4m below
the transducers. Systematic transects were focused on defined
habitat boxes for each of the three deep-diving predators and the
inshore-offshore gradient between these boxes (Figure 1). The
acoustic backscatter was sampled at a maximum ping rate with
pulse duration of 0.512 and 1.024ms for the systems on R/V
Pelagia and R/V Nephin, respectively, which were used to mea-
sure scattering volume backscatter strength S, (dB re m?m=3)
and Nautical Area Scattering Coefficient S, (NASC—m?*nmi~>).

Hydroacoustic data from systematic surveys were processed
using Echoview 11.1 and Echoview 12.1 (Echoview Software
Pty Ltd., Hobart, Australia). The surface layer (0-5m) was re-
moved to avoid the near-field effects. Data were also processed
to eliminate noise from seabed reflections. The data were vi-
sually cleaned for unreliable backscatter, non-biological back-
scatter from over-the-side instrumentation, or missed pings. A
horizontal median filter (9 x 9 pings) was applied to smooth the
data. Echo-integration of the data was computed by bins of 50m
on the horizontal axis and by 10m on the vertical axis. S, and
S , values were exported for the 38kHz data. Further process-
ing of the hydroacoustic data was done in R (version 4.2.3; (R
Core Team 2021)). Time of day, according to location, time, and
date, was added using the R package suncalc (Thieurmel and
Elmarhraoui 2024). We limited the hydroacoustic data to day-
light hours. Backscatters above an S, threshold of 78 dB re 1 m?
m~3 were retained, representing sufficiently densely aggregated
backscatter (Cade and Benoit-Bird 2014). Bathymetry and dis-
tance from shore to the land station reference point (Figure 1)
were processed and calculated in the free and open source QGIS
(version 3.16.6) for each bin location.
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During each CTD cast, hydroacoustic data were concurrently re-
corded. For broadscale comparisons, averages of S and S, were
calculated for each CTD cast and then for each CTD location.
The volume backscattering coefficient (s, in m?m=3) was used to
calculate S, averages and was derived from its logarithmic form,
the volume backscattering strength (S, in dB re m?m™3). It was
then converted back to S, after averaging.

s, = 1087/10

S, =10xlog10(s,)

Transects were performed in predator core foraging habitat
areas (including CTD casts) and along an inshore-offshore gra-
dient that intersected these areas. Averages of S, and S, were
calculated as described above for each recording period per
predator core foraging habitat area or transect section, and then
per location.

2.2.2 | Statistical Analysis of Hydroacoustic Data—
Surface-Mounted Echosounders

In order to assess whether acoustic backscatter in the deep
scattering layer varied between the three predator habitats,
differences in NASC values were quantified using Generalized
Estimating Equations (GEEs; (Hardin and Hilbe 2002)). The
sum of NASC across the entire water column and in reference
to distance from shore was calculated for each recording bout,
and subsequently the mean of the sum of NASC per habitat
box (n=>5 inshore, n =6 intermediate, n =7 offshore habitat).
The sum of NASC in each foraging habitat was modeled as
a Gaussian response variable against the factor covariates
for habitat boxes (inshore, intermediate, offshore). Models
were run using the robust variance estimator (Zorn 2006),
and using the independence correlation structure to account
for spatial autocorrelation. Model selection was performed
using a hypothesis-based backwards ANOVA (sequential
Wald test). The GEE analyses were run using the package
geepack (Hejsgaard et al. 2005) in R (version 4.2.2; (R Core
Team 2021)).

We expected to find a significant effect of “habitat” if acous-
tic backscatter in the top 800m was different among the three
predator foraging zones. We determined the significance of dif-
ferences between pairs of conditions (e.g., inshore vs. intermedi-
ate habitat) using the p-values for differences between “habitat
boxes” factor levels generated by the final GEE model.

2.2.3 | Hydroacoustic Data Collection and Processing—
WBAT

Anupward-facing Simrad Wideband Autonomous Transceiver
(WBAT; Kongsberg, Horten, Norway) echosounder was de-
ployed on a mooring at the goose-beaked whale CTD location
(Figure 1). The WBAT was deployed at 1410 m depth and in-
cluded a split-beam ES70-18CD transducer. The WBAT trans-
mitted a 70kHz continuous wave pulse with a duration of
512us and a ping interval of 4s. It operated at a duty cycle of
emitting 8 pings (32s total) every 30min. Data from a March

2021 pool calibration with a 38.1 mm tungsten carbide sphere
suspended beneath the WBAT and transducer system was
used for calibration. Although the calibration could not be
completed in situ at the deployment depth, comparison stud-
ies of echosounders at varying depths and environmental con-
ditions show minimal impact on the calibration results (Haris
et al. 2018).

The 70 kHz continuous wave WBAT data was processed using
Echoview 14.0.227 (Echoview Software Pty Ltd., Hobart,
Australia). To avoid near-field effects, data from the first
0-10m (i.e., 1410-1400 m) from the upward-facing transducer
was excluded from the analysis. To ensure positioning of the
upward-facing moored WBAT, the Echoview platform set-
tings were adjusted to a fixed heading and the transducer ge-
ometry set to 165°, with 180° representing an upward-facing
position. The transducer was positioned at a 15-degree offset
from the mooring line to prevent noise from other instru-
mentation on the mooring line in the acoustic beam. The z-
vertical offset was set to 1412m, corresponding to the depth
of the WBAT transducer and calculated from a SBE-37 ODO
MicroCAT (Sea-Bird Electronics Inc., Bellevue, WA, USA),
located ~50m above the WBAT transducer. It also collected
pressure, temperature, and salinity data every 60s throughout
the deployment. Average values for temperature, salinity, and
depth were used to calculate a Chen-Milero sound speed veloc-
ity, which was applied to the deployment data. Passive pings
were removed for analysis by thresholding and matching ping
times. The Echoview operators’ Background noise removal (De
Robertis and Higginbottom 2007), Transient noise removal,
and Impulse noise removal (Ryan et al. 2015) were applied to
the data. A minimum and maximum volume backscattering
strength was set to —80 to —60dB re m?m™3 to retain putative
prey signals, focused on weak-scattering fluid-filled organ-
isms such as squid (Benoit-Bird and Lawson 2016; Campanella
et al. 2021; Grassian et al. 2023; Stanton et al. 1987). Nautical
Area Scattering Coefficient (NASC) and volume backscatter
(S,) values were calculated and exported for a depth range of
1400-1000m from the cleaned volume backscatter echogram
in 5-m and 1-h bins. The moored WBAT collected backscatter
data throughout a year-long deployment; however, to tempo-
rally match the WBAT data to the eDNA and vessel hydro-
acoustic data, we present concurrent data from only five days
being June 8-10, 2021, and August 2 and 4, 2021.

3 | Results
3.1 | Water Column Profile

Vertical water column profiles of temperature, salinity, and dis-
solved oxygen (Figure 2) were similar across the three habitats
associated with Risso's dolphins, Sowerby's beaked whales, and
goose-beaked whales. Temperature decreased steadily with
depth from approximately 19°C at the surface to 6°C at 1450m,
with little variation among habitats. Salinity decreased with
depth from 36.1 PSU at the surface to 35.2 PSU at depth, again
showing no marked differences between habitats. Dissolved ox-
ygen concentrations decreased from 5.4 mL/L at the surface to a
minimum of 4.2mL/L at 800m depth. In the offshore habitats,
the dissolved oxygen increased again below 800m, reaching
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FIGURE 2 | Vertical profiles of temperature (A), salinity (B), and dissolved oxygen concentration (C) within the water column along an inshore-
offshore gradient. Inshore: Risso's dolphin (Grampus griseus) foraging habitat; Intermediate: Sowerby's beaked whale (Mesoplodon bidens) foraging
habitat; Offshore: goose-beaked whales (Ziphius cavirostris) foraging habitat.

concentrations of 5.2mL/L above the seafloor, similar to that of
the surface layer. No oxygen minimum zone was observed (val-
ues <0.5mL/L).

3.2 | Sequencing Depth and Amplicon Sequence
Richness

The Illumina MiSeq paired-end sequencing of cephalopods re-
sulted in 24.6 M and 13.1M sequences with a mean (+ SD) of
68.8k (88.4k) and 39.1k (46.7k) reads per sample for the prim-
ers CephMLS and Ceph18S, respectively (Table A1l). For fish, a
total of 10.2M sequences were obtained with a mean of 28.7k
(19.0k) reads per sample. The number of sequences in the neg-
ative controls was 1433 for CephMLS, 67,316 for Ceph18S and
65,584 for fish (excluding human DNA). After DADAZ2 analysis,
46.96k and 1.95M sequences remained that were classified into
14 and 279 amplicon sequence variants (ASVs) for CephMLS
and Ceph18S, respectively. For fish, 961,968 sequences were
classified into 132 ASVs.

3.3 | Hydroacoustic Data

A total of 4h and 44min of stationary hydroacoustic data were
collected during eDNA collection (48 min at the inshore CTD lo-
cation, 114 min at the intermediate CTD location and 121 min at
the offshore CTD location). A total of ~6h (32km) of underway hy-
droacoustic data were collected for the inshore-offshore gradient,
~8h (16km) in the inshore habitat, 7h (15km) in the intermediate
habitat, and ~19h (32km) in the offshore habitat.

3.4 | Taxonomic Composition of Cephalopod
and Fish Environmental DNA

Overall, 37 cephalopod taxa were detected (Figure 3,
Tables A2 and A6), of which 65% could be identified to species
(n=24), 19% to genus (n=7), and 16% (n=6) to family level.
In total, 38% of cephalopod taxa (n=14) were found across
all three foraging habitats. The offshore habitat constituted
the highest number of unique cephalopod taxa as well as fish
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FIGURE 3 | Inshore-offshore fish (left) and cephalopod (right) community composition detected via eDNA along an inshore-offshore gradient in

the foraging habitats of three cetacean top predators. The area-proportional diagram illustrates both shared and habitat-specific fish and cephalopod

communities. Inshore habitat=Risso's dolphin (Grampus griseus) foraging habitat; Intermediate habitat=Sowerby's beaked whales (Mesoplodon

bidens) foraging habitat; Offshore habitat = goose-beaked whales (Ziphius cavirostris) foraging habitat.

taxa with 14% (n=5) and 30% (n=20) of the community, re-
spectively (Figure 3). For cephalopods, Heteroteuthis sp. and
Heteroteuthis dispar (Riippell, 1844), with frequencies of oc-
currence of 71% and 58% across the 38 samples, respectively,
were the most often detected taxa, followed by Idioteuthis
magna (Joubin, 1913) (53%), Vampyroteuthis infernalis (Chun,
1903) (53%), Histioteuthis sp. (50%), Onychoteuthidae (42%)
and Histioteuthis reversa (A. E. Verrill, 1880) and Loliginidae
with both 32%. All other detections were represented in <30%
of the samples (Figure Al).

A total of 66 fish taxa were detected (Figure 3, Tables A3 and
A7), of which 73% were classified to species (n=48), 15% to
genus (n=10), and 12% to family level (n=8). All three habitats
had 24% of fish taxa (n =16) in common. Trachurus sp. was the
most frequently detected fish taxon, in 84% of the samples, fol-
lowed by Scomber sp. (66%), Capros aper (Linnaeus, 1758) (63%),
Ceratoscopelus maderensis (Lowe, 1839) (50%), Cyclothone
microdon (Gilinther, 1878) (42%), Chauliodus sloani (Bloch &
Schneider, 1801) (39%) and with 32% each Zoarcidae, Magnisudis
atlantica (Kroyer, 1868), Lampanyctus sp. and Cyclopterus lum-
pus (Linnaeus, 1758). The detection frequency of the other fish
taxa was below 25% (Figure A2).

3.5 | Horizontal Distribution of Cephalopod
and Fish Richness

Overall taxonomic richness tended to increase with distance
from shore. The greatest cephalopod and fish richness was de-
tected at the intermediate and offshore habitats (both n=30
for cephalopods, and n=37 and n =52 for fish, respectively),
with 17 cephalopod taxa and 29 fish taxa detected inshore
(Figure 3). While the intermediate and offshore habitats held
more depths than the inshore habitat (i.e., 16 vs. 9 depths),

they did also hold a higher richness per depth. An average (SD)
of 5 (£3) cephalopod taxa per sampling depth was detected in
the inshore habitat, 7 (£3) in the intermediate habitat and 8
(%£2) in the offshore habitat. The average number of fish taxa
per sampling depth was 8 (+3) in the inshore habitat, 8 (+3) in
the intermediate and 10 (£3) in the offshore habitat. Thus, the
average number of taxa per sampling depth increased along
the inshore-offshore gradient. Fish richness increased sig-
nificantly across depth-binned habitats (ANOVA, F, ;=2.81,
p=0.04), and was highest in offshore deep habitats com-
pared to intermediate deep habitats (Tukey's HSD, p=0.03)
(Figure 4). However, cephalopod richness did not differ sig-
nificantly in richness (ANOVA, F, ,,=2.25, p=0.08).

Relative read abundance of cephalopod families within the
deep-scattering layer (DSL) was dominated by Enoploteuthidae
and Histioteuthidae at the intermediate and offshore habitats
(300-700m). The DSL of the inshore habitat, however, was
dominated by Sepiolidae, Histioteuthidae, Loliginidae, and
Vampyroteuthidae (Figure 5). For fish, between 50 and 200m,
all three habitats were dominated by the families Caproidae and
Carangidae, while at deeper depths, community composition
became more heterogeneous, comprising a broad mix of meso-
pelagic and bathypelagic families.

For both taxonomic groups, the offshore habitat showed con-
sistently higher richness across sampling depths (Figure A3),
with richness changing as a function of depth, and lower over-
all richness in the inshore habitat as compared to offshore.
Since the species accumulation curves did not reach an as-
ymptote, additional sampling would likely uncover additional
taxa. However, the rarefaction curves showed that the se-
quencing depth per sample was sufficient to capture the ma-
jority of diversity present within each sample, by reaching a
plateau (Figures A4 and A5).
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at p<0.05.

3.6 | Acoustic Backscatter Distribution With
Distance From Shore

The DSL in the study area occurred between a depth of ~300-
750m, along the entire inshore-offshore gradient (Figure 6).
Inshore, the layer was situated deeper (max NASC at ~590-600 m)
than offshore (max NASC at ~460-470m), in terms of both range
and depth of maximum acoustic backscatter (Figures 6 and 7).
Overall acoustic backscatter significantly increased from inshore
to offshore (mean sum of NASC = 3489, 6093 and 17,365 m?nmi~2
in inshore, intermediate and offshore habitats, respectively;
GEE, df=2, x*=7.6, p=0.022) (Figure 6). Mean sum of NASC
was 5.0 and 2.8 times higher offshore than inshore and at inter-
mediate distances to shore, respectively, representing a signifi-
cant offshore increase in total acoustic backscatter in the upper
800m (GEE; offshore vs. inshore: estimate =—13,876, SE=5404,
p=0.01; offshore vs. intermediate: estimate =—11,272, SE= 5666,
p=0.047). The deep scattering layer bifurcated inshore (max
NASC at ~590-600m and ~350m) and gradually merged into a
single, continuous layer along the offshore gradient.

3.7 | Cephalopod and Fish Richness
and Distribution With Depth and Acoustic
Backscatter

Inshore, the highest cephalopod richness (8-9 taxa) was de-
tected above the main deep scattering layer (DSL) (Figure 7A),
while fish taxa richness was highest in surface waters (50-100 m,
11-12 taxa) and near the seafloor at 800 m (9 taxa), also outside
of the main DSL (Figure 7B). The highest backscatter densities
inshore were recorded in the DSL, located between 570 and
680m (101.6-208.3 m?>nmi~2, > the 75th percentile). The maxi-
mum mean (+SD) density, 208.3 m?>nmi~—2+NA, was recorded at
a depth of 650 m (Figure 7).

In the intermediate habitat, cephalopod richness also peaked
above the DSL (12 taxa), and near the seafloor at 1288 m (10
taxa) (Figure 7A). Fish richness followed a similar pattern,
with peaks at the surface (50m, 10 taxa), intermediate depths
(800m, 13 taxa), and close to the seafloor at 1288 m (12 taxa)
(Figure 7B). The highest backscatter densities were detected
between 510 and 640m (111.6-182.2 m?nmi~2, > the 75th per-
centile) and the maximum mean density was recorded at 600 m
(182.2+12.6 m?nmi~?) (Figure 7).

Offshore, cephalopod richness showed the highest values
above and below the DSL at 300 and 700m (10 and 11 taxa,
respectively) as well as above the bottom at 1446m (11 taxa)
(Figure 7A). Fish richness was highest in surface waters (100m,
13 taxa), at intermediate depths (100m, 13 taxa) and near the
seafloor at 1400 and 1446 m, where it reached 18 and 16 taxa,
respectively (Figure 7B). Highest backscatter densities were de-
tected between 470 and 570 m ranging between 102.8 and 178.7
m?nmi~2 (> the 75th percentile) with the maximum recorded at
500m (178.7 +0.1 m?nmi~2) (Figure 7).

In the bathypelagic offshore habitat (foraging depth of goose-
beaked whales), cephalopod richness was relatively consistent and
showed the highest values near the seafloor at 1300m and above
the seafloor at 1446 m (10 and 11 taxa, respectively, Figure 8A). As
referred above, fish richness in the bathypelagic was highest above
and near the seafloor at 1400 and 1446 m, where it reached 18 and
16 taxa, respectively (Figure 8B). Highest backscatter densities
were detected at 1340m in the bathypelagic (0.43+0.12 m*nmi~2,
Figure 8). Backscatter shifted deeper later in the year (June vs.
August, Figure 8). While there are two peaks of backscatter at
1070-1192m and 1312-1350m in June (0.22+0.14-0.20+0.08
and 0.20+0.06-0.21 +0.16 m?>nmi~2), there is only one, but stron-
ger, peak of backscatter in August between 1202 and 1352 m depth
(0.28+0.01-0.51 +0.07 m2nmi~2).
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FIGURE 5 | Cephalopod (top) and fish (bottom) family presence in the three habitats along the inshore-offshore gradient. Each horizontal bar

represents the proportional contribution of read abundance for cephalopod and fish families at a given sampling depth. The light gray area depicts

the location of the deep-scattering layer, and the purple shaded area the maximum acoustic backscatter detected at the specific habitats.

3.8 | Preyscape Characteristics in
the Predator Foraging Habitats

Two significantly different fish communities were detected
across the inshore-offshore gradient, differentiated as a function

of depth zone (vertical differentiation). The first community
was present in surface to mesopelagic waters, including the DSL
(0-800m) and the second in lower meso- and bathypelagic wa-
ters (800-1600m, Figure 9A, Table A4). In total, 22.6% of the
variation in fish community composition could be explained by
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the two depth zones (PERMANOVA, 999 permutations, Jaccard,
r>=0.226, p=0.001). No indication was found for inshore-
offshore (horizontal) differentiation.

The fish species detected by eDNA are about 10% of those known
to occur in the Azores region (more than 650 species). The sam-
ples include fish taxa showing highly distinct ecologies and be-
havior. They comprise a few benthic, neritic taxa (i.e., Labridae,
Mullus surmuletus, Pagellus acarne), abundant and commercially
important bathyal, benthopelagic predatory fish (i.e., Pagellus
bogaraveo and Beryx sp.), epi- to mesopelagic top predators (e.g.,
Isurus oxyrhincus, Thunnus sp., Lepidocybium flavobrunneum), a
plankton feeder (Cetorhinus maximus), schooling epipelagic ner-
itic species (e.g., Trachurus sp., Scomber sp., Sardina pilchardus,
Capros aper, Boops boops), typical mesopelagic (Myctophidae
spp., Stomiidae spp.) and bathypelagic taxa (Serrivomer beanii,
Maulisia mauli, Sigmops bathyphilus), and deep-sea benthic
dwellers (Macrouridae, Zoarcidae, Simenchelys parasitica).

There is a trend linking the occurrence of neritic (and neritic-
oceanic) species to the distance to shore, since the richness of
those taxa was lower at the intermediate habitat that is being
targeted by Sowerby's beaked whale. Conversely, the inshore
habitat, targeted by Risso's dolphins, showed the lowest taxa
richness of oceanic species, whether they were benthic, ben-
thopelagic, or pelagic, along the water column. Across all
three habitats, oceanic meso- to bathypelagic taxa showed the
highest richness, including fish species belonging to the fami-
lies Myctophidae, Stomiidae, Gonostomatidae, Paralepididae,
and Platytroctidae, among other typical families and species
of those midwater ecosystems (Table A3).

Cephalopod communities differed significantly between the
inshore and both deep offshore habitats (pairwise.adonis,

Postshore =002 and py . .« =0.045) (Figure 9B, Table A5),
that is between the habitats most distant from each other, in-
dicating a potential gradual horizontal-vertical gradient in
cephalopod community composition. Here, 17% of the varia-
tion was explained (PERMANOVA, 999 permutations, Jaccard,
r>=0.172, p=0.002).

Of the 83 known cephalopod species occurring off the Azores
(Merten et al. 2021), 29% were detected with eDNA in this study.
Most detected taxa were oceanic meso- to bathypelagic squid spe-
cies, with two octopus taxa that are pelagic (Haliphron atlanticus,
Ocythoe tuberculata). The myopsid squid, Loligo forbesii, is the
only neritic species found in the samples and was detected in all
three habitats.

4 | Discussion

Using a powerful combination of hydroacoustics and eDNA, we
examined surface to deep-sea nekton richness, abundance, and
distribution to characterize the available deep-sea preyscapes of
three coexisting toothed whale top predators. We showed that
cephalopod and fish taxonomic richness varied with depth and
distance from shore. Cephalopod communities showed gradual
vertical and horizontal structuring between shallow depths
inshore and deep depths offshore, while fish communities ex-
hibited pronounced vertical differentiation between epi- and
mesopelagic (0-800m) and meso- to bathypelagic (900m to the
seafloor) layers. Acoustic backscatter was concentrated within
the deep scattering layer (DSL). Yet, peak taxonomic richness
occurred both above and below the DSL. The DSL structure
also varied spatially, being deeper and bifurcated inshore,
while vertically shallower and more stable offshore. Contrary
to our hypothesis, the acoustic backscatter of the upper 800 m
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FIGURE 7 | Cephalopod and fish taxonomic richness and acoustic density across epipelagic to bathypelagic depths. Cephalopod (A) and fish (B)
taxa richness detected by eDNA overlaid with acoustic backscatter (NASC—m?nmi~2, sampling range 0-800 m) across the inshore-offshore gradient.
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line: Recording limit of hydroacoustic data. Light shaded areas represent the foraging depths of the three predators. The solid black line: The seafloor.

The potential prey density at bathypelagic depths in the offshore habitat is shown in Figure 8.

was significantly higher offshore, with no decline in taxonomic
richness with increasing distance from shore.

4.1 | Acoustic Backscatter and Richness Along
the Inshore-Offshore Gradient

Contrary to our hypothesis, density in the upper 800m increased
significantly with distance from shore. This pattern was driven by
variation in the DSL acoustic backscatter at 300-700m. This was

matched with increasing fish richness between deep intermedi-
ate and offshore habitats. Yet, cephalopod richness did not differ
significantly between these habitats. The offshore DSL was shal-
lower, more compact and had higher acoustic backscatter than the
deeper and bifurcated inshore DSL. This may be caused by both
physical and biological drivers. Bottom roughness (e.g., ridges or
seamounts) and coastal upwelling can enhance ocean mixing and
may alter the stability and vertical distribution of the DSL closer
to shore (Kunze and Llewellyn Smith 2004). Similarly, coastal
upwelling has been associated with DSL disruption and reduced
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acoustic backscatter (Diogoul et al. 2020). Additionally, oxygen
concentration and availability may play a role. The inshore oxygen
profile remains stable to ~600 m before declining, whereas offshore
oxygen decreases from ~350m, potentially influencing vertical
prey distribution and aggregation patterns (Hoving et al. 2020).

Predator avoidance behavior of mesopelagic organisms could be
one of the biological drivers of the distribution of the DSL inshore,
that is, the DSL may respond to foraging odontocetes by moving

deeper (Benoit-Bird et al. 2017; Urmy and Benoit-Bird 2021). The
predation pressure by benthopelagic fish dwelling on the is-
land slope (and seamounts) and relying on autochthonous food
sources such as advected midwater fish and cephalopods (Sutton
et al. 2007) might further explain the lower inshore acoustic back-
scatter. Large migratory schooling fish predators (e.g., tuna) are
also known to feed close to island shores and increase the preda-
tion pressure on prey taxa. In the Gulf of Corinth, the DSL bifur-
cates into a shallow non-migrant thin layer at 150 to 280m and
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a deeper, thick, partially migratory layer between 250 and 600m
(Kapelonis et al. 2023). Since the sampling here was restricted to
daytime surveys, we cannot assess diel vertical migration patterns
directly. Yet, the structure we observe may reflect a similar layer-
ing, potentially shaped by non-migrant and migratory organisms.
Together, these oceanographic gradients suggest that both biologi-
cal and physical processes shape the structure and detectability of
prey layers across the inshore-offshore axis.

4.2 | Acoustic Backscatter and Taxonomic
Richness From Surface to Bottom

Deep-sea acoustic backscatter density and richness were inversely
related. Whereas the bulk of the acoustic backscatter in the top
800m resided in the DSL, the highest taxa richness was system-
atically detected above or below this layer. This is surprising and
suggests that DSL internal richness of fishes and cephalopods may
be relatively low. Most fish taxa detected with eDNA were benthic,
benthopelagic, or epipelagic species, which are not known to be
part of the DSL. Yet, the detected myctophid fishes are usually
primarily found in the DSL (Barham 1966). Alternatively, much
of the acoustic backscatter in the DSL may originate from fauna
other than cephalopods or fishes, such as gelatinous zooplankton
(e.g., physonect siphonophores) (Barham 1966; Proud et al. 2019).
Acoustic and net-sampling studies have shown that the DSL sig-
nal is often dominated by a few scattering species or many non-
fish scatterers, reducing apparent internal richness (Benoit-Bird
et al. 2017; Sato and Benoit-Bird 2017).

Community structuring exhibited an opposite pattern at bathy-
pelagic depths, where richness increased in parallel with acous-
tic backscatter. However, acoustic backscatter was structurally
much lower. This was particularly true for the benthic bound-
ary layer, that is, the water mass that extends to ~100m above
the seafloor (Angel 1990; Robison 2004). The localized buildup
of acoustic backscatter in the bathypelagic may reflect a struc-
turally and functionally diverse community, potentially driven
by benthic-pelagic coupling, higher trophic complexity, or fine-
scale habitat heterogeneity near the seafloor. Additionally, the
extended vertical distribution of many pelagic species allows for
their interaction with the bottom, compressing species toward
the benthic-boundary layer that would otherwise be dispersed
in the water column, resulting in an increase in taxonomic rich-
ness and acoustic backscatter.

4.3 | Fish and Cephalopod Community Structure
Differentiate Across Horizontal and Vertical
Gradients

Cephalopod and fish communities exhibited contrasting spa-
tial patterns. Fish assemblages were structured primarily
by depth and showed uniformity with distance from shore,
whereas cephalopods displayed more gradual differentiation
with increasing depth and distance from shore. The broad
vertical distribution of cephalopod eDNA likely reflects their
typically broad vertical distribution ranges and, across their
life cycle, the capacity of some cephalopods to swim thousands
of meters daily as part of diel vertical movement, predator
avoidance, and foraging strategies (Hoving et al. 2014; Judkins

and Vecchione 2020; Roper and Young 1975). In contrast, fish
eDNA exhibited clear vertical zonation across all habitats, with
shallow-water communities (50-800m) differing significantly
from those found at greater depths (>800 to the seafloor).
Distinct cephalopod assemblages observed between inshore
and deep offshore habitats differed from previous findings
in the same area (Visser, Merten, et al. 2021), potentially re-
flecting interannual shifts in cephalopod abundance and food
availability or environmental conditions that may have a pro-
nounced influence on cephalopod recruitment and growth
(Rodhouse et al. 2014).

Several of the detected fish taxa represent first records for the
Azores. The most surprising was the detection of eDNA from
lumpfish Cyclopterus lumpus across all habitats. This species
normally lives between 50 and 150 m over rocky bottom in cold-
temperate subpolar waters. Juvenile lumpfish are known to as-
sociate and disperse with floating seaweed, such as Sargassum
(Ingolfsson and Kristjansson 2002; Vandendriessche et al. 2007).
The Azores, situated along major transatlantic maritime routes,
frequently receive floating seaweed, which facilitates the arrival
of non-native species (Gabriel, Martins, et al. 2024). In 2024, a
large-scale Sargassum inundation was reported for the first time
along the Azorean coast, potentially introducing species such as
lumpfish (Gabriel, Maridakis, et al. 2024).

The eDNA detections of the three fish species Diplospinus mul-
tistriatus, Notacanthus chemnitzii, and Nansenia boreacrassi-
cauda represent the first records of these taxa in Azorean waters
(Froese and Pauly 2000; Santos et al. 1997). It is plausible that
these species may occur in the region but have previously gone
undetected due to limited deep-sea sampling effort and the
cryptic nature of many bathypelagic species. This highlights the
power of eDNA metabarcoding to uncover hidden biodiversity
and expand our understanding of species distributions.

4.4 | Predator Preyscape Differentiation

Preyscapes across habitats varied in acoustic backscatter and
partly in taxonomic richness, and prey communities. Risso's
dolphins hunt inshore predominantly on cephalopods in
200-600m depth at the upper (daytime) or lower (night time)
margin of the DSL (Visser, Keller, et al. 2021). This foraging
habitat was characterized by lower overall acoustic backscat-
ter and a trend toward reduced richness, as compared to more
offshore habitats. Yet, with the presence of the DSL, density
is much higher than in the deeper foraging zones targeted by,
for example, goose-beaked whales. Risso's dolphins foraging
habitats are accessible to a range of other cetaceans and ma-
rine predators, potentially creating a more competitive forag-
ing environment. However, Risso's dolphins typically occur in
larger groups and form long-term social associations, which
may be advantageous in competitive or predator-rich settings
(Hartman et al. 2008; Shane 1995). In contrast, goose-beaked
whales usually forage in small groups and are thought to have
limited capacity for active competition or defense (Aguilar de
Soto et al. 2020).

It may be that goose-beaked whales forage in the bathype-
lagic to target larger, more mature prey that occur in deeper
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waters as a result of ontogenetic migration (Visser, Merten,
et al. 2021). However, until now, direct data on potential
prey acoustic backscatter and density within goose-beaked
whale foraging zones were limited. Here, hydroacoustic data
from depths between 1000 and 1446m in the offshore hab-
itat revealed sparse prey aggregations, while eDNA analyses
indicated high taxonomic richness. This strengthens the hy-
pothesis that goose-beaked whales may target dispersed but
taxonomically diverse prey rather than dense, homogeneous
shoals. Off southern California, goose-beaked whales forage
in areas characterized by lower densities of myctophids, squid,
and other micronekton than areas they use less frequently for
foraging. Despite reduced standing stocks across multiple tro-
phic levels, goose-beaked whales could still forage (Benoit-Bird
et al. 2016). These findings imply that prey quality, behavior, or
spatial configuration may outweigh bulk abundance for these
predators. Unlike the California system, prey acoustic back-
scatter in the goose-beaked whale's habitat in our study varied
with depth, potentially reflecting regional differences in prey-
scape structure or oceanography. Off Terceira, goose-beaked
whale foraging habitats align with slopes of submarine can-
yons that trap organic matter and support benthic productiv-
ity (De Leo et al. 2010; Fernandez-Arcaya et al. 2017; Pearman
et al. 2023). Yet, these habitats likely support lower densities
of larger prey compared to the mesopelagic, where smaller but
more abundant individuals are present (Hoving et al. 2014).
Consequently, goose-beaked whales may adopt deep offshore
foraging strategies to target larger, high-quality prey despite
lower encounter rates. Despite their size, they make fewer for-
aging dives and capture attempts than Risso's dolphins (Visser,
Merten, et al. 2021), supporting the idea that they prioritize
prey quality over encounter rate.

Sowerby's beaked whales are the only species of the three ce-
taceans investigated here to predominantly feed on fish and
just occasionally on cephalopods (MacLeod et al. 2003; Pereira
et al. 2011; Spitz et al. 2011). Their foraging habitat is at inter-
mediate distances to shore, but overlaps with the goose-beaked
whales' offshore foraging habitat. Their preyscape shows simi-
lar fish richness compared to inshore habitats, yet reduced fish
richness compared to the deep offshore habitat. According to
diet studies based on stranded individuals, Sowerby's beaked
whales in the Azores predominantly feed on numerically abun-
dant midwater prey such as Myctophidae, Melamphaidae, and
Diretmidae with Myctophidae being the main component of
the DSL (Pereira et al. 2011). Bottom-dwelling fish like gadids
and merlucciids, characteristic of Sowerby's beaked whale diet
in other regions (MacLeod et al. 2003; Spitz et al. 2011), ap-
pear to be rare prey in Azorean waters. Net sampling (Pereira
et al. 2011) and our eDNA data detected only a single gadid spe-
cies and no merlucciids.

Sowerby's and goose-beaked whales maintain relatively high
prey capture rates (e.g., 17-42 prey capture attempts per dive
and 30-34 prey capture attempts per hour, respectively) (Visser
et al. 2022; Visser, Merten, et al. 2021), indicating effective for-
aging even in low-density environments. Risso's dolphins have
the potency to extract more energy per hour of foraging com-
pared to goose-beaked whales (Guilpin et al. 2025), suggesting
that nearshore habitats, though potentially less diverse, may
offer higher energetic returns. This highlights that predator

success is not solely determined by prey density, but also by prey
accessibility, spatial distribution and energetic payoff (Benoit-
Bird et al. 2013). Such dynamics likely underpin the fine-scale
habitat separation at the km?-scale observed among these deep-
diving cetaceans.

Although the deep-diving cetaceans observed in the study area
do not directly target the offshore DSL (deep layer at 300-750m),
aside from Sowerby's beaked (Pereira et al. 2011), the DSL likely
sustains intermediate predators such as cephalopods and fish,
which hunt and capitalize on its abundant resources, but do not
reside permanently within the DSL. Indeed, eDNA from some
of those intermediate predators, such as ommastrephid squids,
sharks and bony fish (e.g., trichiurids, gempylids, scombrids)
was detected in the sampling area. Foraging just above and oc-
casionally in the DSL has also been observed for large squids
such as Loligo forbesi and Dosidicus gigas (Cones et al. 2022; Gilly
et al. 2006). In turn, beaked whales may consume these foraging
cephalopods and fish that occur in small groups or as solitary
individuals in deeper layers. Previous research has found that
beaked whales tended to increase foraging effort where there
were larger single prey items below the DSL (Hazen et al. 2011)
and that predator density was related to DSL density and com-
position as well (Hazen and Johnston 2010). Thus, while some
deep-diving cetaceans may not exploit the DSL directly, the DSL
may play an important role in structuring the prey field upon
which these whales depend.

Additionally, cetaceans are not the only deep-hunting predators.
Sharks represent another group potentially competing with ce-
taceans for cephalopod and fish prey. Our eDNA data detected
six shark species co-occurring in the habitats of the cetacean
species, including lantern sharks (Etmopterus sp.), blue sharks
(Prionace glauca), and shortfin mako sharks (Isurus oxyrinchus),
all known consumers of mesopelagic and bathypelagic prey
(Jakobsdottir 2001; Nakano and Stevens 2008; Stevens 2008).
These detections highlight the ecological overlap among deep-
diving predators with varied physiological specificities and un-
derscore the need to consider multispecies interactions when
evaluating trophic dynamics and conservation priorities in oce-
anic ecosystems.

5 | Conclusion

Our findings highlight the importance of vertical and hori-
zontal habitat complexity in supporting predator-prey interac-
tions and cetacean habitat partitioning. Long-term monitoring
of preyscape dynamics at seasonal and interannual scales is
vital for understanding ecosystem variability. While net sam-
pling has traditionally been used to assess prey distribution, it
offers limited spatial resolution and can underestimate mobile
prey (Kaartvedt et al. 2012; Kimura and Somerton 2006). In
contrast, integrating eDNA, hydroacoustics, and biologging
provides high spatial and temporal resolution to detect changes
in prey community structure and acoustic backscatter. Future
research should incorporate multi-frequency acoustics to re-
solve prey type and density, directly link predator behavior to
preyscape characteristics through predator and prey tagging,
and conduct in situ observations to document predator-prey
interactions.
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