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ARTICLE INFO ABSTRACT

Keywords: The deep sea is the largest biome on earth, but one of the least studied despite its critical role in global carbon
Stable-isotope analysis cycling and climate buffering. Deep-sea organisms largely rely on particulate organic matter from the surface
Food web ocean for energy — these organisms in turn play critical roles in energy transport, transformation, storage, and
Isoscapes . 1. . .
Deep sea sequestration of carbon. Within the deep sea, submarine canyons are amongst the most complex and dynamic
Slop[::s environments in our oceans, where varied morphology, powerful currents, and variable nutrient conditions in-

Submarine canyon fluence the distribution of species and transport of organic material throughout the water column and the sea-

U.S. Mid Atlantic floor. Significant habitat heterogeneity provides ideal substrates for cold-water corals, making submarine
canyons of interest to conservation and management. However, how these and other topographic features in the
deep ocean influence energy flow and trophic pathways is poorly known. Thus, submarine canyons serve as
model systems to track variability in organic material flux and consequential utilization and assimilation by the
benthos. In this study, we used an extensive stable isotope dataset to examine food-web structure in Baltimore
and Norfolk submarine canyons and compared them to their adjacent slopes located along the U.S. Atlantic
margin. Linear models were used to construct geospatially-explicit consumer isoscapes that predicted variation in
carbon and nitrogen isotopes across the canyon-slope seascape, providing a predictive map from which to test
hypotheses on the distribution and flow of energy resources, relevant to understanding whole community
function. Communities were composed of isotopically diverse feeding groups with photosynthetically-derived
organic carbon providing the basal food resource. Canyon communities were distinct from the slope, with
canyon consumers significantly 3C-depleted, indicating a greater supply and/or utilization of fresh organic
matter compared to the slope. Isoscapes for benthic and suspension feeders were distinct, possibly due to the
consumption of different quality organic matter sources (fresh = suspension feeders, old = benthic feeders), each
with distinct isotope composition. To our knowledge, our modeled isoscapes represent the first spatially
extensive isotopic maps of deep-sea consumers, providing insights into regional-scale variation in stable carbon
and nitrogen isotopes for different consumer groups. They provide a baseline for tracking climate-change
induced fluctuations in the quality and availability of surface primary production and the consequential
impact to benthic communities, which play critical roles in carbon cycling in our world’s oceans.
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1. Introduction

The deep sea encompasses more than half of the earth’s surface,
representing our planet’s largest, and arguably least studied, biome
(Ramirez-Llodra et al., 2010). Deep-sea organisms rely on input of
particulate organic matter (POM) from the surface ocean as a primary
food source, providing a critical function in cycling, remineralization,
and sequestration of carbon. This material is transported to the seafloor
either directly through deposition or indirectly via diel vertical migra-
tors, including zooplankton, cephalopods, and fishes (Gage and Tyler,
1991; Klages et al., 2003; Inthorn et al., 2006; Trueman et al., 2014). The
deep-sea food limitation paradigm posits that POM quantity and avail-
ability declines with depth; however, some deep-sea environments
experience a decoupling of this food supply/depth paradigm, including
areas where organic matter (OM) is produced in situ (e.g., chemosyn-
thetic habitats) and/or where highly variable organic-carbon deposition
or erosion occurs (e.g., submarine canyons (De Leo et al., 2010)).
Climate models predict decreases in particulate organic flux with
climate change; this food limitation will in turn impact biodiversity,
composition, biomass, and function of deep-sea communities (Jones
et al.,, 2014, Woolley et al., 2016). However, given these changes are
predicted to impact a variety of deep-sea environments (Jones et al.,
2014), including seamounts and submarine canyons, there is a paucity
of understanding how these changes will scale across the local seascape,
including geologically complex areas, (e.g., canyon and adjacent slope),
and influence the food-web ecology, biodiversity, and ecosystem
function.

Much like their terrestrial analogs, submarine canyons exhibit a high
degree of topographic complexity, inferred from canyon morphology (e.
g., steepness and length), influencing extreme variations in turbulent
fluid flow, particle transport and deposition (e.g., Gibbs et al., 2020).
Variable flow can influence food quality and supply to consumers within
canyons and in adjacent slope environments. Resuspension of fine par-
ticulates due to local hydrodynamics, e.g., internal tides, can create
nepheloid layers at discrete depths — these layers are concentrated sus-
pended material that includes POM (Kiriakoulakis et al., 2011, Haal-
boom et al., 2021), serving as a food source for deep-sea fauna
(Demopoulos et al., 2017a, b). The channeling and deposition of POM,
both functions of canyon morphology and hydrodynamics, increase
benthic productivity (Duineveld et al., 2001), faunal abundance and
distributions (De Leo et al., 2010, McClain and Barry, 2010, Cunha et al.,
2011, Rumolo et al., 2015; Chauvet et al., 2018, Pearman et al., 2020)
and trophic complexity (Stefanescu et al., 1994; Cartes and Sorbe, 1999;
Cartes et al., 2010; Romero-Romero et al., 2016). Thus, interactive hy-
drodynamic and geomorphological processes, including resuspension
and deposition events controlled by turbidity currents, control food
supply to canyon seafloor environments, rather than depth-related food-
limitation, which may also influence ecological niche space and biodi-
versity in submarine canyons (Dell’Anno et al., 2013).

Approximately 6000 submarine canyons occur worldwide (De Leo
et al., 2010, Harris and Whiteway, 2011). Stable isotope analysis (SIA)
has been used to reveal provenance of POM sources (Prouty et al., 2017,
Gibbs et al., 2020), and disentangle complex food webs in submarine
canyons and contrast them with other deep-sea environments (Cartes
and Sorbe, 1998, Schmiedl et al., 2000, Duineveld et al., 2001, Bian-
chelli et al., 2008, Cartes et al., 2010, Mamouridis et al., 2011, Fanelli
et al., 2013, Papiol et al., 2013, Cartes et al., 2014, Romero-Romero
et al., 2016). Recently, detailed examination of Baltimore Canyon and
adjacent slope environments (U.S. Atlantic Margin) using stable isotopes
and isotopic niche modeling revealed a high degree of trophic
complexity across feeding groups within the canyon environments
(Demopoulos et al., 2017a, b). Higher trophic diversity and distinct
isotopic niches were evident for canyon suspension feeders compared to
fauna that consume OM deposited on the seafloor (e.g., benthic feeders,
including surface deposit feeders) (Demopoulos et al., 2017a, b). Given a
consumer’s ecological niche is a function of its abiotic and biotic
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interactions with its environment (Hutchinson, 1957,1978), heteroge-
neous environments, like those found in submarine canyons, may be just
as important as trophic variability in defining an organism’s isotopic
niche. Greater sub-habitat heterogeneity leads to greater variation in
resource use (Reddin et al., 2018). However, despite the presence of
numerous shelf-indenting canyons and extensively canyonized and
gullied slopes within the U.S. Atlantic margin (Obelcz et al., 2014), the
degree to which this trophic complexity is generalizable to other can-
yons and over large spatial scales, including along the canyon channels,
steep walls, and adjacent slopes, is unknown.

One technique used to estimate variation in isotopic composition
over large spatial scales is to create models of isoscapes, which are
spatially explicit predictions of isotope values across a landscape
(Cheesman and Cernusak, 2016) or “seascape” as in the case of sub-
marine canyons. Isoscapes are created through interpolating geograph-
ically dispersed stable isotopic measurements or models that attempt to
predict observed heterogeneity from an understanding of isotopic frac-
tionation and associated controls on that fractionation (Cheesman and
Cernusak, 2016). These maps can be used to track consumer locations
and their geographic origin, and identify dominant carbon and nitrogen
sources/dynamics, across geographic and ecological scales (West et al.,
2008, Bowen, 2010). This approach enables predictions on a broader
scale beyond the confines of the spatial scale sampled, tracing material
fluxes from source to sink, monitoring ecosystem-scale processes over
time and space (Hellmann and Werner, 2016), and providing insights
into community-level interactions (Cheesman and Cernusak, 2016). By
coupling isotopic applications with spatial (e.g., GIS techniques) and
temporal analyses with other explanatory variables, including seafloor
terrain (Wilson et al., 2007, Huvenne et al., 2011), it is possible to infer
underlying processes and species interactions, which has been linked to
OM flows in the deep sea. However, in the deep sea, understanding of
spatially explicit isotopic baselines through isoscapes, and the role that
habitat heterogeneity may play in influencing isotopic variation in
consumers is unknown.

Marine isoscapes reveal trophic connections and migrations (Nav-
arro et al.,, 2013; Radabaugh et al.,, 2013; Trueman et al.,, 2017,
Carpenter-Kling et al., 2020; St John Glew et al., 2019, 2021), however,
isoscape modeling approaches have been limited to the open ocean,
water column, and/or coastal environments (Thibault et al., 2020,
Durante et al., 2021). These isoscapes have examined spatio-temporal
changes in isotopic baselines (carbon and nitrogen sources), including
primary and secondary production in the surface ocean and water col-
umn (McMahon et al., 2013, Navarro et al., 2013, Brault et al., 2018,
Waite et al., 2019, Troina et al., 2020, Durante et al., 2021, Ho et al.,
2021), revealing major biogeochemical zones on ecosystem-wide scales
(Vokhshoori et al., 2014, Carpenter-Kling et al., 2020, Arnoldi et al.,
2023), as well as climate-change induced fluctuations in food-web dy-
namics in the Southern Ocean (St John Glew et al., 2021). The accuracy
and applications of isoscapes are limited in areas that are undersampled,
reinforcing the value of larger-scale studies that include direct sampling
(aka observations) and modeling the relationship between environ-
mental variables. Sessile-dwelling consumer groups, such as suspension-
feeding bivalves, can serve as sentinels of change; they integrate and
record changes in the isotopic signal of their food, POM (largely phy-
todetritus) (Jennings and Warr, 2003), over time. Modeled isoscapes of
bulk 5!3C values of bivalves reflect the relative distribution of major
food sources (Vokhshoori et al., 2014), whereas isoscapes of 515N values
can reveal variations in nitrogen sources and cycling along spatial gra-
dients. With the inclusion of in situ isotope data at local scales, such as
those from sessile suspension feeders, regional-scale isoscapes can pro-
vide predictions of isotope values in areas where data are lacking or
sparse (Trueman and St John Glew, 2019; St John Glew et al., 2021) and
ultimately improve applications of isoscapes in marine settings (cf.
Bowen et al., 2009, Troina et al., 2020).

In this study, we used SIA from discrete feeding groups found in
canyons and adjacent slopes to address the following question: Are
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feeding groups found in multiple canyon and adjacent slope environ-
ments generally isotopically distinct? We then used linear models to
identify key variables that inform isotopic variance, and the top models
were used to derive isoscapes for two canyons and adjacent slopes along
the U.S. Mid-Atlantic margin. This is the first time, to our knowledge,
that isoscapes have been developed for the deep sea. By using seafloor
morphology as variables in the models, we linked morphology to isotope
patterns in space. Given that habitat heterogeneity and OM supply and
quality available to the benthos may differ between canyons and slope
environments, we hypothesized that consumer isotopic compositions
vary by feeding group, and this variation is location specific over the
scales of the canyon and connected slopes. Deep-sea consumer isoscapes
have the potential to reveal spatial variability, which may be driven by a
number of different factors, including variation in baseline energy
sources These baseline isoscapes provide predictive surfaces from which
to test ecological questions and discrete hypotheses, including migration
patterns for mobile megafauna or distribution of labile carbon down the
length of a submarine canyon. Modeled isoscapes presented here may
serve as valuable monitoring tools for tracking the impacts of climate
change-induced fluctuations in the availability and quality of surface
primary production to energy transfer and carbon sources critical to
deep-sea consumers.

2. Materials and methods
2.1. Study location

Baltimore and Norfolk canyons are large, shelf-incising canyons
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within the Mid-Atlantic Basin (Farre et al., 1983). They have distinct
differences in overall morphology, differing orientation of the canyon
heads, and larger scale hydrodynamics, yet their similarity in depth
range, geographic proximity, overall length and size, provide an op-
portunity for comparisons (Fig. 1). Details on the geomorphology of this
region’s canyons were documented by Obelcz et al (2014). Both canyons
support diverse assemblages of stony and octocorals (Brooke et al.,
2017), fishes (Ross et al., 2015), and sediment macrofaunal commu-
nities (Robertson et al., 2020). Baltimore Canyon (BC), located 100 km
offshore of Maryland, has distinct zones of organic-poor and organic-
rich sediments, corresponding to well-defined resuspension (200-600
m, down to 800 m) and deposition regions (>900 m, Gardner, 1989a, b;
Mienis et al., 2017). Within the resuspension zone, there is a temporally
variable nepheloid layer that extends from 200 to 600 m (sometimes
down to 800 m), driven by tidal currents (Gardner, 1989b; Prouty et al.,
2017; Ross et al., 2017; Robertson et al., 2020). Current speeds within
the deeper reaches of BC approach 9.26 cm s~} at 1082 m and 6.6 cm s~*
at 1318 m water depth (Prouty et al., 2017, Robertson et al., 2020).
Norfolk Canyon (NC) is located 115 km offshore of Chesapeake Bay.
Multiple nepheloid layers are present within NC, where small layers of
suspended sediments occur at several depths in the canyon (Ross et al.,
2017). In contrast, adjacent slope environments appear free of sus-
pended sediment layers, likely due to the absence of extensive and
variable turbidity zones (Gardner, 1989b; Mienis et al., 2017); rather,
the slopes experience relatively consistent sediment deposition, char-
acterized by organic content that declines with depth, consistent with
other deep-sea environments. Current speeds are notably higher in NC
(17.6 cm s 1 at 917 m and 9.0 cm s~ ! at 1364 m) than BC (Ross et al.,

74°0'W

A

r38°10'N

r37°10'N

F37°0'N

Depth (m) O Fauna
B Flora

-2175 O POM
A  Sediment
OREREG 12 18 Joa

Fig. 1. Location of (A) Baltimore and (B) Norfolk canyons and adjacent slope environments along the U.S. Mid-Atlantic margin. The bathymetry represents 25 m
gridded multibeam data with contour lines at every 100 m. Colors on the bathymetric scale represent depth from shallow (red) to deep (blue). Sampling locations
from 2011 to 2013 for stable isotope analyses are designated by the following symbols: square = flora, circle = fauna, triangle = sediment, and diamond = particulate

organic matter (POM).
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2017, Robertson et al., 2020); speeds in both canyons are sufficiently
high to facilitate resuspension (or prevent deposition) of material
(Gardner 1989b; Thomsen and Gust, 2000).

2.2. Sampling methods

Sampling was conducted within BC and NC and along their respec-
tive slopes (Fig. 1) during four research cruises from 2011 to 2013
(Supplementary Table 1). Samples were collected using the NOAA ships
Nancy Foster (2011, 2012, 2013) and Ron Brown (2013) and remotely
operated vehicles (ROV) Kraken II (2012) and Jason II (2013). Multiple
gear types, including otter trawls, box cores, ROV push cores, ROV
suction sampler, and Niskin bottles were used to sample fauna, POM,
and sediments. Otter trawls (4.9 m head rope, 38.1 mm mesh) were
deployed and towed for ~ 30 min at ~ 2 knots (3.7 km/h) ground speed
to sample benthic fauna. Sediment samples were collected using a Royal
Netherlands Institute for Sea Research (NIOZ)-designed box corer with a
cylindrical core tube (30 cm diameter, 55 cm height) deployed from the
ship. Smaller tube cores (31.65 em? x 30 cm) were inserted into each
box core to subsample sediments for analyses. Bottom water was
collected with Niskin bottles mounted on a CTD rosette within 10 m of
the seafloor and surface seawater was collected within 5-10 m of the
surface. Additional water samples were collected at various depths using
Niskin bottles attached to the ROVs. Water (up to 10L) from each depth
was filtered over combusted glass fiber filters. Fauna were collected
using either the suction systems or the manipulator arms on the ROVs,
while sediments were collected using push cores (31.65 cm? x 30 cm)
operated by the ROV manipulator arm. Sediment trap samples were
collected using two Technicap PPS 4/3 sediment traps mounted on
benthic landers with the mouth of traps about 2 m above the bottom and
a Honjo Parflux sediment trap mounted on a mooring (4 m above bot-
tom), all programmed to rotate on a 30 day interval at three depths
within Baltimore (603 m, 1082 m [mooring], and 1318 m) and Norfolk
(630, 917 m [mooring], 1364 m) canyons for the 1-year deployment.
Traps were deployed in August and September 2012 (see Supplementary
Table 2 for specific dates and locations), and remained in place for up to
1 year. Trap material was preserved in pH buffered solution of mercuric
chloride (HgCly) in seawater to minimize microbial activity and conse-
quential modification of organic matter. Sediment trap samples were
divided into five equal splits with a McLane WSD10 rotor splitter at the
Royal Netherlands Institute for Sea Research (NIOZ). Two splits were
rinsed, frozen, freeze dried, and prepared for isotope analysis (Prouty
et al., 2017). Detailed descriptions of the lander and mooring configu-
rations can be found in Ross et al. (2017).

Dissections of fish and invertebrate tissues occurred prior to preser-
vation. For consistency, tissue was removed from similar body regions
based on taxa as in Demopoulos et al. (2017a, b). Tissue samples were
dried to a constant weight at 50-60 °C, ground to a fine powder and
weighed into tin capsules. Invertebrate samples were acidified with 10
% platinum chloride to remove inorganic carbon. POM filters were dried
and both filters and sediment trap material were treated with 1.0 N
hydrochloric acid, then transferred into tin boats. Surface sediment
samples (0-2 cm) were homogenized prior to drying then acidified with
1.0 N phosphoric acid and redried before weighing into tin boats.

Samples (tissue, sediment, POM) were processed as in Demopoulos
etal., (2008, 2017a, b) and analyzed for 5!3C and 5'°N values referenced
to Vienna PeeDee Belemnite and atmospheric nitrogen gas, respectively.
Analyses were conducted at Washington State University using a Cost-
ech elemental analyzer interfaced with a GV instruments Isoprime
isotope ratio mass spectrometer. Isotope ratios were expressed as 5°C
and 615N, in per mil (%o). Reported 513C values were taken from
analyzed acidified samples and 5'°N values from non-acidified samples
to avoid the potential artefact associated with acidification (Pinnegar
and Polunin, 1999). Precision and accuracy examined through replicate
analysis of laboratory standards were less than 0.2% in C and N
(Demopoulos et al., 2008). Specific laboratory standards used included
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bovine liver, egg albumin, and acetanilide.

2.3. Data processing

All data presented represent untransformed means (+1 S.E.).
Bottom-water POM and sediment stable isotope data were compared
using a one-way analysis of variance (ANOVA). All data were tested for
normality and heteroscedasticity using Shapiro-Wilk and Levene’s tests
(Zar, 1999). If data were not normally distributed, then a non-
parametric Kruskal-Wallis test was used, followed by post-hoc pair-
wise Wilcoxon tests. All raw data are available in Demopoulos et al.
(2017c), Demopoulos et al. (2024), and McClain-Counts et al. (2018).

Feeding group assignments (benthic [BE], pelagic [PE], suspension
[SS], benthic/pelagic [BP], deposit/suspension [DS], and unknown
[UK]) and definitions were based on literature review (Supplementary
Table 2, Demopoulos et al., 2017a, b). Feeding groups were defined as
follows: benthic feeders included deposit, infaunal, epibenthic, and
suprabenthic feeders, as well as those identified mixed groups (any
combination of deposit, infauna, epibenthic or suprabenthic feeders).
These benthic subcategories are further defined in the Supplementary
materials. Pelagic feeders were mobile fauna that consumed prey in the
water column. Benthic/pelagic feeders fed on taxa associated with the
seafloor and the water column. Deposit/suspension feeders rely on
material that is floating in suspension and deposited on the seafloor.
Suspension feeders are attached to the substrate, consuming organic
material that is suspended in the water column. A few taxa were clas-
sified as unknown feeding group, due to insufficient taxonomic resolu-
tion (e.g., Decapoda-Shrimp).

For trawl samples, we assigned the latitude, longitude, and depth to
isotope samples based on the ship’s position and water depth at the start
of sampling (at the time when the net reached sampling depth). For
trawls NF-2012-150 and 168, there was a malfunction with the trawl
winch, so the ship’s position and the water depth at the location where
the net was deployed were used for those stations. For ROV collections,
post-processed navigation data including the position and depth of the
ROV at the time of sampling were recorded. Lastly, for CTD water
samples, the ship’s position and depth recorded by the CTD were used.
Lander and mooring locations were approximated through triangulation
of three points around the location of the lander/mooring.

We considered the 13 variables for inclusion in our models (Table 1)
as follows: one categorical variable (“In/Out”, where in = within the

Table 1
Candidate terrain variables in the model set of each isotope.

Name Units Description

In/Out Categorical ~ Whether sample was taken inside or outside the
canyon

Depth Meters Water depth of sample collection

SD(Depth) Unitless Standard deviation of depth within a neighborhood of
3x3 cells

Slope Degrees Maximum change in depth in a neighborhood of 3x3
cells

SD(Slope) Unitless Standard deviation of slope within a neighborhood of
3x3 cells

tan(Curve) Unitless Tangential curvature describes/characterizes
divergence or convergence of flow across a surface

BPI broad Unitless Broad bathymetric position index — relative vertical
position of the sampling location in a radius of 10 cells

BPI fine Unitless Fine bathymetric position index - relatively vertical
position of the sampling location in a radius of 3 cells

Rugosity Unitless Terrain complexity — the ratio of surface area to planar
area

cos(Aspect) Unitless Cosine of aspect (direction of maximum slope) in
radians

cos(2 x Unitless Cosine of 2 times aspect in radians (double the period

Aspect) of the wave)
sin(Aspect) Unitless Sine of aspect in radians
sin(2 x Unitless Sine of 2 times aspect in radians (double the period of
Aspect) the wave)




A.W.J. Demopoulos et al.

canyon, out = adjacent slope), eight continuous variables, and four
transformations of a circular variable (“Aspect”) as recommended by
deBruyn and Meeuwigg. (2001). We removed observations with missing
values for any covariate. Lastly, we scaled and centered all eight
continuous terrain variables to improve model fitting and parameter
interpretation. The seafloor terrain variables (Table 1) were calculated
from 10 m and 25 m gridded (cell) resolution multibeam bathymetry
surfaces constructed from multiple surveys conducted across the region
(Andrews et al., 2016). ArcGIS 3D Analyst and Spatial Analyst Tools
were used to calculate depth, standard deviation of the depth, slope,
standard deviation of the slope, and aspect of the slope (to derive easting
and northing calculated using sine and cosine transformed aspect,
respectively). The Benthic Terrain Modeler (BTM) 3.0 toolbox (Wal-
bridge et al., 2018) in ArcMap 10.5 was used to extract additional var-
iables including rugosity (terrain ruggedness), fine-scale bathymetric
profile index (BPI) to identify smaller features of the canyon and slope
landscape, and a broad-scale BPI to identify larger regions in that
landscape. Tangential curvature was calculated using DEM Surface
Tools (Jenness, 2013).

Consideration was given regarding the impact of lipids on bulk §'3C
values. Lipids may be '3C-depleted, and it has been suggested that for
samples with variable lipid content, a normalization should be applied
to the data prior to analysis (Post et al., 2007). Data were examined for
potential lipid contribution and for samples that had C:N values > 3.5,
their corresponding 5'3C values were mathematically corrected for the
effect of lipid concentration on §!3C measurements using the methods of
Post et al. (2007) for invertebrates and Hoffman and Sutton (2010) for
fishes, as used in Demopoulos et al. (2017a, b). Following the correction,
the 513C values were compared using paired t-tests and differences be-
tween the pairs were significant for both fishes (t = -22.934, df = 752, p
< 0.001, mean difference = -0.496) and invertebrates (t = -54.777, df =
1558, p < 0.001, mean difference = -1.015). The same analysis was
conducted by feeding group with the highest difference occurring in
suspension feeders (mean difference = -1.17926, t = -39.403, df = 510,
p-value < 0.001), followed by pelagic feeders (mean difference =
-0.9419205, t = -27.685, df = 364, p-value < 0.001), and lastly, benthic
feeders (mean difference = -0.6778935, t = -33.236, df = 1285, p-value
< 0.001). Both corrected and uncorrected data were used in the devel-
opment of the isoscape models described below to enable comparisons
across habitats and broader region. We fit our full model to both raw
(not lipid corrected) 5'C and normalized §'3C data and compared
parameter estimates (Fig. S1). After verifying that all terrain effects were
similar between the two models, we chose to proceed with the raw
isotope data. Details of our lipid normalization can be found in sup-
plemental material. The final dataset consisted of 1917 samples from the
two canyons (724 from Baltimore and 1193 from Norfolk). Most of the
organisms collected were categorized as benthic feeders (1070), fol-
lowed by suspension (428), pelagic (342), and finally the two combi-
nation feeding categories (Benthic/Pelagic = 69, Deposit/Suspension =
8).

2.4. Model fitting

We built linear models to describe the relationships between our
covariates of interest (listed below) and the observed isotope ratios. We
fit all models and performed all subsequent analyses in R version 3.6.3
(R Development Core Team, 2020). We built separate model sets for the
5'3C and 5!°N datasets. Each model set began with a fully parameterized
model containing all possible covariates. Each full model contained a
categorical variable describing the feeding group, the terrain variables
(Table 1), and the canyon (Baltimore or Norfolk). Thus, the full model
for each set can be described as:

8"X = B, + FeedingGroup + TerrainVariables + Canyon + €

e ~ N(0,6%)
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where By is the population-level intercept and e represents the residual
erzror term. We assessed goodness-of-fit of the full model with adjusted-
R%.

After fitting the full model for each isotope, we used the function
‘dredge()’ from the package ‘MuMIn’ to fit all possible combinations of
terrain variables, while keeping feeding group and canyon in every
model (Barton, 2018). With 13 possible terrain variables (including the
transformations of aspect), the resulting model sets had 213 = 8,192
candidate models per isotope. We ranked the models using AICc (AIC
corrected for finite sample size), and then used model averaging to
combine the parameter estimates for all competitive models (<2
AAICc). For model averaging, we used the function ‘model.avg()’ in the
package ‘MuMIn’, using the full average, as opposed to the conditional
average (i.e., we assumed that each variable had a parameter estimate of
0 if did not appear in a given candidate model). This approach resulted
in a single average model for each isotope.

2.5. Isoscape construction

The averaged models were used to predict isotopic variation across
both Baltimore and Norfolk canyons and adjacent slopes, thus gener-
ating a model-based isoscape of the two canyon areas. We generated
isotopic predictions for the primary feeding groups (benthic, pelagic,
and suspension), but not for the mixed groups (benthic/pelagic and
deposit/suspension) given their small sample sizes. Before generating
the isoscapes, we first checked the model residuals for spatial autocor-
relation to verify that the model captured the meaningful spatial pattern
and that the corresponding residuals were independent. We checked for
spatial autocorrelation using non-parametric spline correlograms from
the package ‘ncf” (Bjgrnstad, 2019). Prior to fitting the spatial correla-
tion model, we needed to jitter the locations taken at the same spot by
2-10 m using the function ‘jitterDupCoords()’ from the package ‘geoR’
(Ribeiro and Diggle, 2001).

Spatial covariates were available as raster data with two different
cell resolutions: 10 m and 25 m. We fit our full model (see “Model
Fitting”) to data from both scales and compared parameter estimates.
After confirming that all parameter estimates were similar (Fig. S2), we
chose the finer grain (10 m) for subsequent analyses and reported pre-
dictions. Details of our scale comparison are available in the supple-
mental material. In addition, given the similarities between parameter
estimates for lipid corrected and raw §'3C data (Fig. S1), we chose non-
lipid corrected (raw) data for our linear models to limit assumptions.
The final dataset consisted of 1917 samples from the two canyons (724
from Baltimore and 1193 from Norfolk). Most of the organisms collected
were categorized as benthic feeders (1070), followed by suspension
(428), pelagic (342), and finally the two combination feeding cate-
gories (Benthic/Pelagic = 69, Deposit/Suspension = 8).

2.6. Model validation using camnyon zones

Given the spatial differences in the depositional environments
associated within the canyon and adjacent slope (see Materials and
methods-2.1 Study location above), we hypothesized that this might
result in differences in the model predicted isotope values throughout
distinct zones of each canyon. This analysis involved a post-hoc exam-
ination of the residuals for each feeding group in each zone. The two
canyon environments were subdivided into zones characterized as
channel, slope, or wall. Channels (Channel Zone) were classified as the
flat to low gradient seafloor at the base of the steep gradient canyon
walls (Wall Zone). Walls transition to the shelf and continental slope
(Slope Zone) along the maximum change in gradient at the top of the
canyon walls or canyon bounding ridges (drainage divides). For all
samples in the model, we calculated the residual between the observed
values and the model-predicted values, and then grouped the residuals
by zone and feeding group. This represents an in-sample model
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validation, but since the grouping was based on a covariate not used in
model building (zone), our goal was to identify any systematic spatial
differences in the model’s predictive ability.

3. Results
3.1. General patterns

A total of 3032 samples, representing 11 phyla, as well as sediments,
POM (from both bottom [POMy] and surface water [POM;]), and sedi-
ment trap samples, were analyzed for 8'>C and 5!°N (Table 2, Supple-
mentary Tables 3, 4). Stable carbon isotope data for the primary sources
analyzed ranged from —24.2 to —12.6 %o. (Table 2). Stable carbon and
nitrogen isotope values for the sediment traps deployed within the
canyons (6'3C: —22.8 to —22.0 %o, 515N: 4.3 to 5.1 %0) were within the
range of POM (bottom and surface) and sediment isotope values and
were very consistent across sampled depths. POMp, from NC was 3C-
enriched compared to BC (ANOVA Fy 25 = 20.216, p < 0.001), while BC
POM was '*N-enriched relative to NC (ANOVA Fj o5 = 14.829, p <
0.001). However, there was no significant difference in POMy, isotope
values between the slope environments adjacent to BC and NC (5'3C
ANOVA F;; = 3.1501, p = 0.119; 6!°N KW x* = 0.242, p = 0.623).
Temporal variability in POM could only be tested for POM; from NC,

Table 2

Progress in Oceanography 223 (2024) 103231

which was '3C-enriched in May 2013 (-21.1 %o), compared to November
2012/2013 (-23.5 to -23.1 %o, One-way ANOVA: Fy 23 = 4.918, p <
0.05). Sediment 5'3C values did not differ between BC and NC (ANOVA
Fi51 = 3.213, p = 0.079), while NC sediments were slightly 15N.-
enriched (KW x% = 5.258, p < 0.05) relative to BC. Sediment isotopes did
not differ between Baltimore and Norfolk slope habitats (BS and NS,
respectively) for either 5'3C (ANovA Fq,27 = 2.158, p = 0.153) or 515N
(KW x2 = 0.584, p = 0.444).

Across the region (combining Norfolk and Baltimore data), POMy
was °N-enriched compared to POM for both canyon and slope envi-
ronments. While there were no significant differences between canyon
and slope 513C values for POM;, (KW, x2 = 2.156, p = 0.142) or sediment
(ANOVA: Fy go = 0.0737, p = 0.787), canyon POM,;, and sediments were
I5N-enriched relative to slope habitats (615N, POMyp: ANOVA, F; 37 =
4.523, p < 0.05; sediment: KW, x%=5.089, p < 0.05). Canyon sediments
were significantly 3C-enriched relative to canyon POM, (5'3C: KW, x?
= 11.547, p < 0.001). Likewise, slope sediments were 3C-enriched
relative to slope POM}, (ANOVA, Fq 36 = 13.191, p < 0.001). However,
there was no difference in 5'°N between these two primary sources
(POM and sediments) for either canyon (ANOVA, Fig; = 0.458, p =
0.5005) or slope (ANOVA, F; 3¢ = 0.0787; p = 0.7807) environments.
Canyon sediments were both 3C- and °N-enriched compared to sedi-
ment trap samples »%c: KW, X% = 18.432, p < 0.001; 515N: KW, X% =

Stable isotope values (5'3C, §!°N) and C:N ratio for primary producers and sediments collected from Baltimore and Norfolk Canyons, and the adjacent slopes. Values
represent the average (+S.E.) with ranges (min to max). Bottom POM was collected within 10 m of the seafloor, while surface POM was collected within 5 m of the
surface. Surface sediments were analyzed from the upper 0-2 cm fraction of a push core. Data from sediment trap (Trap) samples were previously published in Mienis

et al., 2017.
Baltimore Canyon (BC) Baltimore adjacent slope (BS) Norfolk Canyon (NC) Norfolk adjacent slope (NS)
TaxalD n Mean + (Min - Max) n Mean + (Min - Max) n Mean + (Min - Max) n Mean + (Min - Max)
SE SE SE SE
e Phaeophyta
(%o) cf. Fucus sp. 4 -18.4 + (-189 to
0.2 —17.8)
Sargassum 5 —-18.3 + (-20.9 to 3 —-18.3 + (-20.2 to
sp. 0.7 -17.1) 1.2 —16.0)
POM
bottom 13 -23.2 + (-25.4 to 4 -23.3 + (-23.8 to 17 —-21.8 + (-23.2to 5 -22.4 + (-23.4 to
0.3 -22.1) 0.4 -22.2) 0.1 —20.9) 0.3 —21.5)
midwater 5 -22.1 + (-23.6 to 2 -225+ (-22.8 to 12 -21.0+ (-23.3 to
0.5 —20.4) 0.3 -22.2) 0.5 —18.8)
surface 5 —21.2 + (-22.2 to 3 -22.7 £ (-23.4 to 26 —21.8 + (-24.8 to 7 —-20.1 = (-22.7 to
0.5 —20.0) 0.8 -21.2) 0.4 —18.7) 0.4 -19.4)
Sediment
Surface 21 —21.9 + (-24.4 to 18 —-21.8 + (-22.9 to 32 —21.5 + (-23.2to 11 —21.3 + (-23.4 to
0.2 -19.7) 0.2 —20.3) 0.1 —20.3) 0.3 -19.2)
Trap 14 -22.3 + (-22.8 to 3 -22.2 + (-22.3 to
0.1 -22.0) 0.1 -22.1)
51N Phaeophyta
(%o) cf. Fucus sp. 4 3.3+0.3 (2.6 to 4.0)
Sargassum 5 0.9+09 (-1.2 to 4.0) 3 1.2+ 0.6 (0.1to 1.9)
sp.
POM
bottom 13 7.4+05 (3.1t09.5) 4 59+ 1.0 (4.0 to 8.2) 17 55+0.2 (3.5t06.8) 5 4.3+0.6 (2.0 to 5.0)
midwater 5 5.8+ 0.8 (4.5 to 8.5) 2 4.4+0.3 (4.1t04.7) 12 4.0+04 (2.6 to 5.8)
surface 5 55+ 1.0 (3.1t08.3) 3 3.2+07 (2.4 to 4.6) 26 4.6+0.2 (2.2t07.4) 7 3.8+ 0.4 (2.3t0 5.6)
Sediment
Surface 21 55+04 (1.8 t0 8.7) 18 4.5+ 0.7 (-3.7 to 10.0) 32 6.5+ 0.3 (1.5t0 10.4) 11 51+0.7 (1.1 to 7.5)
Trap 14 48=+0.1 (4.3 t0 5.0) 3 5.0 +£0.1 (4.9t05.1)
C:N Phaeophyta
cf. Fucus sp. 4 26.7+19 (21.3to
30.3)
Sargassum 5 249+27 (15.8to 3 242+70 (10.1to
sp. 31.3) 31.5)
POM
bottom 13 9.3+04 (7.6 to 12.5) 4 8.0+ 0.8 (6.3 t0 9.4) 17 84+04 (5.3 t010.7) 5 8.8+ 0.5 (7.3 t0 10.0)
midwater 5 7.6 £ 0.9 (6.0 to 11.1) 2 6.9 +0.2 (6.7 to 7.1) 12 56+0.3 (4.41t07.8)
surface 5 83+1.1 (6.7 to 12.6) 3 82+0.5 (7.3 to 8.9) 26 8.1+0.3 (5.6 to 11.3) 7 9.9+0.3 (8.4 t0 10.5)
Sediment 8.0 £0.9 13.3+27 11.3+ 23 5.9+ 0.9
Surface 21 8.0+09 (2.9 t019.1) 18 13.3+27 (1.2t043.6) 32 11.3+23 (2.0t079.1) 11  59+09 (0.3 to 9.0)
Trap 14 9.6+0.2 (8.8 t0 10.6) 3 9.3+0.2 (9.1t09.7)




A.W.J. Demopoulos et al.

18.354, p < 0.001). There was no significant difference between sedi-
ment trap and POM, 5'3C values (KW, x% = 0.126, p = 0.722), but POM,
was 1°N-enriched compared to the sediment trap (KW, x> = 13.998, p <
0.001).

Isotope results from feeding groups in canyons and slopes revealed
some overlap as well as key differences between these two environ-
ments. Stable isotope results revealed that the canyon and slope com-
munities were composed of several feeding groups (Fig. 2,
Supplementary Tables 3, 4). Canyon consumers were generally 3C and
15N-depleted relative to consumers on the adjacent slopes (Fig. 2, see
centroid means), with suspension feeders having the lowest values,
pelagic consumers with intermediate values, and benthic feeders
generally having the highest isotope values.

Suspension feeders from BC and BS exhibited a large range in 5'°N
values (1.7 to 10.7 %o), while the range in 513C values (-24.3 to —16.6
%q) was consistent with the range in POM &'3C. The §!3C values of
specific suspension-feeding corals ranged from -22.6 %o + 0.2 SE (Des-
mophyllum dianthus from BC) to —18.6 %o + 0.4 SE (Dasmosmilia lymani,
from BS), and 55N values from 2.7 %o + 0.9 (Alcyonacea sp. 1 from BC)
to 7.3 %o (n = 1, Alcyonacea sp. 2 from BC). While the range in §'°C
values from NC and NS (-24.4 to —14.5 %o) was similar to Baltimore,
suspension feeders exhibited an even larger range in 5'°N values (-0.1 to
13.9 %o). Average 5'3C values of suspension-feeding corals ranged from
—22.8 %o += 0.4 (Pennatulacea from NC) to —16.6 %o (n = 1, Isididae from
NS), and 5'°N values from 2.5 %o + 0.4 (D. lymani from NS) to 10.4 %o +
0.8 (Sibopathes sp. from NC).

Benthic consumers encompassed several “sub” groups, including
infaunal, epifaunal, deposit, and suprabenthic feeders. Consumers
classified simply as “Benthic” were unable to be further differentiated.
Within BC and BS, benthic consumer 5'3C values ranged from -22.2 (n
=1, Annelida from BS) to —13.2 %o (n = 1, poranid seastars in BC) and
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5'°N values ranged from 5.3 %o + 1.8 (Colus stimpsoni from BC) and 5.3
%o + 0.2 (Paguristes lymani from BS) to 14.1 %o (Asteroida from BC). In
NC and NS, benthic consumers had a large range in 5!3C values and
similar range in 8'°N values compared to Baltimore region, with 5'3C
values ranging from —24.2 (Solenogastres from NC) to —14.4 %o + 0.3
(Plutonaster agassizi agassizi from NS) and 5'°N values ranged from 0.6
(Cidaris sp. from NS) to 15.1 %o (Malletia sp. from NS).

Pelagic feeders exhibited a smaller range in 5!3C values compared to
benthic and suspension feeders around both Baltimore (-21.3 to —16.2
%o) and Norfolk (-22.4 to —15.7 %o) canyons. The squid, Illex cf. ill-
ecebrosus had the lowest §'3C (-21.3 %o, n = 1) value and euphausid,
Meganyctiphanes norvegica, had the lowest 5'°N (6.9 %o + 0.4) values,
both were from BC. While the fish, Argentina striata, from BS had the
highest 5!3C and 8'°N values (-16.8 and 12.4 %o, respectively, n = 1). In
Norfolk, pelagic feeding pyrosomes from NS had the lowest 8'3C (-21.7
%o 4+ 0.4) and 515N values (3.0 £ 0.7), whereas Processa profunda had
the highest 513C (-16.6 %o + 0.1), and Maurolicus weitzmani had the
highest S°N (12.7 %o) values, both from NS.

3.2. Carbon isotope model set

The full model for the carbon model set had an adjusted R% = 0.49.
The model set for !3C had 18 models within < 2 AAICc from the top
model (Table 3). The averaged model for the carbon isotope model set
indicated that 5'3C values from Baltimore organisms were on average
slightly (0.1 %o) greater than those from Norfolk. Feeding groups
differed in 8'3C by up to 2.3 %o, with suspension feeders having the
lowest 8!3C values and benthic and benthic/pelagic feeders having the
highest 513C values (Fig. 3). The most important variables identified
were “In/Out” (18 models), “Depth” (18 models), “cos(Aspect)” (18
models), “sin(Aspect)” (18 models), “sin(2 x Aspect)” (18 models),

B
Baltimore Slope

28 24 20 -6 -12
S13C (%o)

D
Norfolk Slope

-28 -24 -20 -16 -12
313C (%o)

Fig. 2. Isotope data for benthic (red), pelagic (blue) and suspension (yellow) feeders, sediment (black) and bottom (dark green) and surface (light green) POM
collected in (A) Baltimore Canyon, (B) Baltimore adjacent slope, (C) Norfolk Canyon and (D) Norfolk adjacent slope. Points represent the mean 8'3C and 5!°N data,

and ellipses were created using 95% confidence intervals.
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Table 3

Carbon models with 2 AAICc of the top model, showing the terrain variables
included in the model, the number of parameters in the model, the AICc score,
the difference in AICc from the top model (AAICc), and the AICc weight (o).

Model

Parameters

AlCc

AAICc

(O]

In/Out + Depth + cos(Aspect) + sin
(Aspect) + sin(2 x Aspect) + Slope +
SD(Slope) + SD(Depth) + tan
(Curve) + BPI Fine

In/Out + Depth + cos(Aspect) + sin
(Aspect) + sin(2 x Aspect) + Slope +
SD(Slope) + SD(Depth) + tan
(Curve)

In/Out + Depth + cos(Aspect) + sin
(Aspect) + sin(2 x Aspect) + Slope +
SD(Slope) + SD(Depth)

In/Out + Depth + cos(Aspect) + sin
(Aspect) + sin(2 x Aspect) + Slope +
SD(Slope)

In/Out + Depth + cos(Aspect) + sin
(Aspect) + sin(2 x Aspect) + Slope +
SD(Slope) + SD(Depth) + tan
(Curve) + BPI Broad

In/Out + Depth + cos(Aspect) + cos(2
x Aspect) + sin(Aspect) + sin(2 x
Aspect) + Slope + SD(Slope) + SD
(Depth) + tan(Curve) + BPI Fine

In/Out + Depth + cos(Aspect) + sin
(Aspect) + sin(2 x Aspect) + Slope +
SD(Slope) + SD(Depth) + tan
(Curve) + Rugosity + BPI Fine

In/Out + Depth + sin(Aspect) + sin(2
x Aspect) + Slope + SD(Slope) + SD
(Depth) + tan(Curve) + BPI Fine

In/Out + Depth + cos(Aspect) + cos(2
x Aspect) + sin(Aspect) + sin(2 x
Aspect) + Slope + SD(Slope) + SD
(Depth) + tan(Curve)

In/Out + Depth + cos(Aspect) + sin
(Aspect) + sin(2 x Aspect) + Slope +
SD(Slope) + tan(Curve)

17

16

15

14

17

18

18

16

17

15

6486.32

6486.65

6486.68

6487.25

6487.81

6487.95

6488.07

6488.17

6488.26

6488.26

0.00

0.33

0.36

0.93

1.63

1.76

1.94

0.04

0.03

0.03

0.03

0.02

0.02

0.02

0.02

0.02

“Slope” (18 models), “SD(Slope)” (16 models), and “SD(Depth)” (14
models). After plotting each of these variables against predicted 5'3C,
while holding all other terrain variables constant at their mean (Fig. 4),
some patterns were evident. Modeled §'3C values increased with loca-
tion (Out > In), increased depth, decreased slope and slope variation (SD
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(Slope)), and 8'3C varied with aspect, indicating that the direction of the
slope, whether northwest or southeast facing, influenced &'3C
variability.

3.3. Nitrogen isotope model set

The full model for the nitrogen model set had adjusted R? = 0.36. The
model set for 5'°N had 11 models within < 2 AAICc from the top model
(Table 4). The averaged model for the nitrogen isotope model set indi-
cated that 8'°N values from Baltimore organisms were on average 0.6 %o
greater than those from Norfolk. Feeding groups differed in §'°N by up
to 5.4 %o, with suspension and deposit/suspension feeders having the
lowest 5'°N values and benthic feeders having the highest 5!°N values
(Fig. 3). The most important terrain variables were “In/Out” (11
models), “Depth” (11 models), “Slope” (11 models), “SD(Slope)” (11
models), and “SD(Depth)” (11 models). Two transformations of aspect
appeared in most of the top 11 models: “sin(2 x Aspect)” (11 models)
and “sin(Aspect)” (9 models). After plotting each of these variables
against predicted 5'°N, while holding all other terrain variables constant
at their mean (Fig. 5), some patterns were apparent. Predicted 5'°N
values increased with increased depth and variability in depth,
decreased slope and slope variation (SD (Slope)), and 5!°N varied with
aspect, indicating that the direction of the slope, whether northwest or
southeast facing, influenced 5'°N variability.

3.4. Spatial prediction

The raw isotopic values in the dataset showed spatial autocorrelation
within 1500 m; however, the residuals of the averaged models did not
show any strong spatial autocorrelation (Fig. S3). Given this lack of
autocorrelation, we created isoscapes for each of the three primary
feeding groups (Suspension, Benthic, and Pelagic) for each canyon
environment (canyon and surrounding slope) for s'3¢ (Fig. 6) and 51°N
(Fig. 7). Parameter uncertainty around each estimate was low; 95 % of
the 8'3C estimates had standard errors < 0.19 %o and for 5!°N, <0.28 %e.
Very few pixels had extreme values (Figs. S4 & S5). For both isotopes,
lower values were generally constrained to the steep canyon walls,
whereas higher isotopic values were associated with the canyon chan-
nel, or thalweg, and the adjacent slope. Pelagic-feeder isoscapes were
intermediate between suspension feeders (low range) and benthic
feeders (high range).
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Fig. 3. Predicted mean 8'3C (left) and 5'°N (right) values (%) for each feeding group from the averaged carbon and nitrogen models. Error bars show 95% con-

fidence intervals around the prediction.
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Fig. 4. Predicted mean relationship for the Benthic feeding group between 5'C values (%o) for each terrain variable that appears in the averaged carbon model. For
each prediction, all other continuous variables were held at their mean, the “In/Out” categorical variable was set to “In”. Gray envelopes show 95% confidence

intervals around the prediction.

Table 4

Nitrogen models within 2 AAICc of the top model, showing the terrain variables
included in the model, the number of parameters in the model, the AICc score,
the difference in AICc from the top model (AAICc), and the AICc weight (w).

Model Parameters ~ AlICc AAICc o

In/Out + Depth + sin(Aspect) + sin(2 14 8201.33 0.00 0.03
x Aspect) + Slope + SD(Slope) + SD
(Depth)

In/Out + Depth + cos(Aspect) + sin 15
(Aspect) + sin(2 x Aspect) + Slope +
SD(Slope) + SD(Depth)

In/Out + Depth + sin(Aspect) + sin(2 15
x Aspect) + Slope + SD(Slope) + SD
(Depth) + tan(Curve)

In/Out + Depth + cos(2 x Aspect) + 15
sin(Aspect) + sin(2 x Aspect) +
Slope + SD(Slope) + SD(Depth)

In/Out + Depth + cos(Aspect) + sin(2 14
x Aspect) + Slope + SD(Slope) + SD
(Depth)

In/Out + Depth + sin(2 x Aspect) + 13
Slope + SD(Slope) + SD(Depth)

In/Out + Depth + cos(Aspect) + sin 16
(Aspect) + sin(2 x Aspect) + Slope +
SD(Slope) + SD(Depth) + tan
(Curve)

In/Out + Depth + sin(Aspect) + sin(2 15
x Aspect) + Slope + SD(Slope) + SD
(Depth) + Rugosity

In/Out + Depth + cos(2 x Aspect) + 16
sin(Aspect) + sin(2 x Aspect) +
Slope + SD(Slope) + SD(Depth) +
tan(Curve)

In/Out + Depth + sin(Aspect) + sin(2 15
x Aspect) + Slope + SD(Slope) + SD
(Depth) + BPI Broad

8201.98  0.65 0.02

8202.22  0.89 0.02

8202.51 1.18 0.02

8202.62 1.29 0.02

8202.82  1.49 0.01

8202.90 1.57 0.01

8203.18 1.85 0.01

8203.21 1.89 0.01

8203.32  1.99 0.01

3.5. Model performance in discrete canyon zones (Wall, Channel, Slope)

The canyon zone validation (wall, channel, slope) indicates that the
model performed well at predicting isotopic ratios throughout the
canyon, with one exception. Predicting the isotopic values of suspension
feeders in the canyon channels was consistently challenging, with the
mean 8'3C and 8'°N residuals for suspension feeders in the channel was
1.9 %o and 2.5 %o, respectively, while all other residuals were close to
0 (Fig. S6).

4. Discussion
4.1. General patterns

We generated modeled isoscapes for Baltimore and Norfolk subma-
rine canyons and their adjacent slope environments based on > 1900
samples of invertebrates and fishes, illustrating isotopic heterogeneity
within and among feeding groups. Spatial variation of faunal isotopes
can be due to several factors, including different isotopic baselines in the
local food webs, as well as differences in trophic transfer and energy
dynamics, and these factors are further discussed below. Ultimately, the
geochemical perspective generated from modeling of ecosystem '*C and
5'°N values, as demonstrated for these canyon and slope environments,
helps to clarify spatial variability of carbon (cf., Bowen, 2010, Ohshimo
et al., 2019) and nitrogen isotope ratios, providing opportunities to test
hypotheses regarding food availability and resource use across these
areas.

Currently published marine isoscapes from offshore environments
are limited to modeling the pelagic food web in the upper water column
using POM, phytoplankton, zooplankton, and higher-order pelagic
consumers (Navarro et al., 2013, Lorrain et al., 2015, Magozzi et al.,
2017, Brault et al., 2018, Arnoldi et al., 2023), as well as sediment
isoscapes tracking OM deposition in the Gulf of Mexico (Bosman et al.,
2020). In contrast, by developing isoscapes from forage species, e.g.,
deep-sea suspension feeders examined in this study that integrate
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Fig. 5. Predicted mean relationship for the Benthic feeding group between 5'°N values (%o) for each terrain variable that appears in the averaged nitrogen model. For
each prediction, all other continuous variables were held at their mean. Gray envelopes show 95% confidence intervals around the prediction.

isotopic variability in local baselines over time in their tissues, we
captured local §!3C and 8'°N dynamics that are less sensitive to irregular
fluctuations (Ohshimo et al., 2019).

The high-resolution isoscapes developed for these two canyon and
adjacent slope environments were structured by specific variables,
including location (in [canyon] vs. out [adjacent slope]), depth, as well
as several terrain variables (slope degree, slope variability, and aspect
[slope direction]). The resulting isoscapes illustrate key patterns,
including low values associated with shallow depths and steep slopes of
the canyons, and high values associated with the more gradually sloping
environments and deeper areas. Depth is a parameter that co-varies with
many other variables, including temperature, dissolved oxygen, and
salinity, providing insight into large scale processes, such as water
masses. While food availability also generally declines with depth in
deep-sea systems, it is often decoupled within the high depositional
canyon environments (Duineveld et al., 2001, De Leo et al., 2010, Gibbs
et al., 2020, Pearman et al., 2020) such as BC and NC. Slope can serve as
a rough proxy for substrate type, where steep slopes often correlate with
hard substrates and erosional processes (Pearman et al., 2020); steep
slopes are also positively correlated with high diversity of sessile epi-
benthos, given hard substrates provide suitable attachment sites for
epifauna (Baker et al., 2012). The habitat suitability of steep slopes also
relates to the controls on sediment deposition, where high slopes can
limit deposition of sediment and accelerate erosion, which would
otherwise have adverse impacts on sessile fauna, including smothering
of tissues and feeding appendages. Lastly, aspect, or slope direction,
provides an indication of areas with more or less current exposure
(Wilson et al., 2007, Robert et al., 2015, Lo Iacono et al., 2018), which
has an influence on sedimentation, food delivery, as well as larval
transport. However, whether the isotope variability documented in the
current study can be extrapolated to the larger Atlantic margin where
dozens of canyons with different morphologies, sediment sources, and
oceanographic regimes are present, remains to be evaluated.
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4.2. Isoscapes by feeding groups

Overall patterns in the 5'3C and §!°N data indicate that the canyon
and slope food webs are complex, with the large spread in 8'°C indi-
cating a continuum of feeding types from low 8'3C (suspension and
pelagic feeders) to high 8'3C (benthic feeders) values (Sherwood et al.,
2008), consistent with previous work examining Baltimore Canyon and
slope food webs (Demopoulos et al., 2017a). The modeled isoscapes
reflected this continuum, where suspension feeders and benthic feeders
serve as the low and high isotopic endmembers, with pelagic feeders
falling between the two. By modeling the isoscapes based on feeding
groups, we capture the range encompassed within each group; focusing
on functional grouping rather than species groups circumvents the
challenge of not having species evenly distributed across sites and
depths. The distinct isoscapes among feeding groups may be a conse-
quence of spatial and temporal isotopic variability in the POM source,
including relative contribution of terrestrial vs. marine organic matter
(Mienis et al., 2017, Prouty et al., 2017), and/or habitat association.
Modeled isoscapes of surface POM within the Atlantic (Magozzi et al.,
2017) indicate a relatively constrained range in §'3C (-20.5 to —19.5 %o).
However, the low resolution of the surface POM isoscapes presented in
Magozzi et al. (2017) may not capture regional or local variability
present within the Baltimore and Norfolk canyon region, and they do not
approximate the isotopic variability of available carbon at depth. Our
isoscapes help to fill in that gap and illustrate distinct isotopic gradients
that may reflect isotopic variability of POM in space and/or resource use
variability among feeding groups.

The isotopic range observed in suspension feeders may reflect dif-
ferential utilization of both POM and invertebrate prey resources. Some
of this variability may be a function of particle selection by suspension
feeders (Iken et al., 2001, Bergmann et al., 2009, Jeffreys et al., 2009,
Dubois and Colombo, 2014), with smaller particles depleted in heavy
isotopes relative to larger particles (Rau et al., 1990; Tyler et al., 1995).
However, the spread in the 8'3C values likely represents spatial vari-
ability in their food resource (which may be linked to the degree or
frequency of resuspension events discussed below), with suspension
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Fig. 6. Isoscapes showing the predicted 5'3C values (%o) from the averaged carbon model for each of the primary feeding groups (Benthic, Pelagic, Suspension) in

Baltimore and Norfolk canyons.

feeders residing within the canyon '3C-depleted relative to those found
on the slope. While depth has been proposed as more important than
location (canyon vs. slope) in driving isotope patterns of consumers
(Romero-Romero et al., 2016), conclusions from this previous work
were limited by the few data available from non-canyon environments.
In contrast, results from our model analysis indicate that both location
within the canyon and associated terrain (slope, slope variability, and
aspect), as well as depth influence suspension feeder isotopic composi-
tions, and potentially drive niche separation among feeding groups
(Figs. 2 and S2, Demopoulos et al., 2017a, b).

The location within the canyon seascape may also influence con-
sumer isotopic composition. For example, after plotting observations of
suspension-feeding corals (coral location data previously published in
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Brooke et al., 2017) within the two canyons (Fig. 8), coral occurrence
was tightly associated with the low isotope values predicted by the
modeled isoscapes and corresponded to areas of high slope, particularly
concentrated along the canyon walls (Fig. 8AB). Suspension feeding
corals may be assimilating a mixture of food sources including fresh
POM and small zooplankton (Kiriakoulakis et al., 2005; Sherwood et al.,
2008; Duineveld et al., 2012; Demopoulos et al., 2017a, b). While some
corals had 5'3C values consistent with POM bottom water, they were not
I5N.enriched relative to POM (Supplementary Tables 2, 4). Similar
species of corals found in Baltimore canyon were also present in Norfolk
canyon, including D. dianthus, D. pertusum, P. arborea, and Anthothela
grandiflora. These animals were isotopically closest to values for surface
POM (5'3C: BC: —21.2 %o + 0.5, NC: —21.8 %o + 0.4) and sediment trap
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organic material (8'3C: —22.3 %o + 0.1), indicating that they select fresh
material, leading to little isotopic fractionation in the coral tissue rela-
tive to surface POM (Sherwood et al., 2008). Cold-water corals have
been shown to be associated with areas where topography interacts with
hydrography, characterized by internal wave motions and downwelling
(De Mol et al., 2011, Howell et al., 2011, Huvenne et al., 2011, Gori
et al., 2013, Rengstorf et al., 2013, Robert et al., 2015, Pierdomenico
et al., 2016, Fabri et al., 2017, van den Beld et al., 2017, Aslam et al.,
2018, Bargain et al., 2018, Pearman et al., 2020), resulting in continuous
delivery of this fresh food source (Mohn et al., 2014, Fabri et al., 2017,
Lo Tacono et al., 2018). By living on the edge of the canyon walls, these
colonies may be bathed in nepheloid layers (Ross et al., 2017) and/or
high-quality organic matter transported from the shelf down canyon or
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deposited from surface production, and less reliant on resuspended,
possibly less labile, POM. In contrast, the lower performance of the
model within the canyon channel (non-wall) environment may also be a
result of the variation in food resources utilized by species in these areas.

The isotopic continuum for coral species present in Norfolk canyon,
from low to high &'3C and 8'°N values, followed the same trend as
Baltimore canyon (this study, Demopoulos et al., 2017a, b), with lower
values associated with species residing on high-profile hard substrates
(e.g., D. pertusum, P. arborea) and higher isotope values present in spe-
cies residing in less dynamic, more quiescent sedimented environments
(e.g., F. alabastrum, Umbellula sp.) where resuspension events and
benthic sources may be more important. High &!°C values of
F. alabastrum also may reflect feeding carnivorously on benthic infauna
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Fig. 8. Suspension-feeder isoscapes of Baltimore (A, C) and Norfolk (B, D) canyons with coral distributions outlined in white. Colors represent the different isotopes
with cool colors (blues, greens) for 5!3C data (A, B) and warm colors (pinks, purples) for 5'5N data (C, D), both in %o.
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and demersal zooplankton (Sherwood et al., 2008). The antipatharian
Sibopathes sp. had the second highest 515N (10.4 %o + 0.8) of the sus-
pension feeders, which may represent consumption of degraded organic
material and/or higher trophic level organisms, such as zooplankton
(Wagner et al., 2012); however, no analyzed zooplankton in the current
study had isotope values consistent with 5'C and 8!°N values of the
Sibopathes. While it is possible that food resources for this species were
not sampled, their higher 8!°N values relative to sympatric corals
collected suggest they are potentially feeding at a higher trophic level.
Umbellula sp. (sea pens) had the highest average 5'3C and 5!°N values of
the suspension feeders; all specimens analyzed were collected on the
adjacent slope where the consumer isotope values were significantly
higher than those within the canyon. Not surprising, Umbellula sp. were
found on soft substrates at depths (>1,500 m) where POM experiences
high isotope fractionation (e.g., Mintenbeck et al., 2007), as a result of
microbial induced reworking during settlement and/or isotopic changes
during sediment resuspension events.

Benthic feeders occupied the other end of the isotopic spectrum; their
higher isotope values were expected because they likely utilize OM that
has been reworked and recycled over time (Lopez and Levinton, 1987),
leading to enrichment in the heavy isotope. Thus, isotopic differences
among benthic feeders may indicate food consumption along a gradient
in freshness, from fresh (low 613C/615N) to degraded (high 613C/615N,
(Jeffreys et al., 2009)); this gradient in freshness may be spatially
explicit and influenced by sediment deposition and resuspension areas.
Microbial utilization of isotopically light lipids in POM as it descends to
the seafloor (or at the seafloor) leads to '2C-enriched OM (Mintenbeck
et al., 2007). The subsequent consumption by benthic feeders helps
explain the heavy 5'3C values observed in this group in both canyon and
slope environments (Demopoulos et al., 2017a). Higher order benthic
consumers had stable isotope data that indicate separation among spe-
cies with similar feeding strategies where the baseline food resource is
consistent with carbon derived from photosynthetic material. Addi-
tionally, certain taxa exhibit distinct biochemical responses to seasonal
changes in quality of phytodetritus, including congeners analyzed in this
study (Amphiura sp., and Hyalinoecia sp. (Jeffreys et al., 2009). This
suggests they may modify food selection when resources are limited
contributing to variation in isotope values. The higher isotope values of
benthic feeders compared to suspension feeders in the canyon envi-
ronment are consistent with consumption of older, more refractory,
isotopically heavy OM. The same pattern was observed in the slope
benthic and suspension feeders; however, there was greater isotopic
overlap with these two groups suggesting higher similarity in food
sources (Fig. 2). Given that the benthic feeding group represents mul-
tiple trophic levels, the range in 8'°N could be a function of the different
trophic levels represented (from primary consumers to higher-level
carnivores), as well as the variability in the source 5!°N from the base-
line. It should be noted that feeding group assignments were based on
the best available information, which is often limited and not species
specific for deep-sea taxa in particular. Feeding modes for certain taxa
may change depending on food resource availability, and these changes
may influence individual-level isotopic composition. However, by
examining isotope patterns and modeled isoscapes by feeding groups
that encompass multiple taxa, isotopic separation among feeding groups
(benthic, suspension, pelagic) was evident.

Isoscapes developed for pelagic feeders were intermediate between
suspension (lower values) and benthic (higher values) feeding groups.
Pelagic feeders included several taxa typically found in the mesopelagic
zone, including a variety of euphausiid species and decapod shrimp, as
well as several species of mesopelagic and bathypelagic fishes. Many of
these species are known diel vertical migrators, including Myctophum
affine and Diaphus sp., serving as important transport mechanisms of
food from the upper water column to the seafloor and back again
(Hidaka et al., 2001, Ashjian et al., 2002). Mesopelagic fishes and in-
vertebrates have been observed in the Mid-Atlantic area to consistently
occur near the bottom in areas of topographic highs, including deep-sea
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corals, canyons, and seamounts (Gartner et al., 2008), as well as in areas
of high productivity (e.g., continental slopes, Young and Blaber, 1986,
Gartner et al., 2008). Isoscapes of pelagic feeders suggest that they may
be feeding on distinct food sources from suspension feeders and benthos,
and/or their sources are isotopically variable over the water column.
This variability suggests utilization of OM that might include a mixture
of fresh OM contributed from surface productivity, as well as isotopi-
cally heavy OM (and prey resources) found at depth. Because this group
could represent multiple trophic levels (McClain-Counts et al., 2017),
spatial variability in the §!°N isoscape may be a function of multi-
trophic level representation.

4.3. Influence of carbon geochemistry on 5'3C spatial variability

Spatial variability in deep-sea fauna 5'C values can be a function of
controls on carbon isotopic composition fixed at the sea surface and as it
descends to the seafloor and/or is captured en route. These controls
include concentration of specific compounds (CO3), physiological pro-
cesses (photosynthesis and respiration), physical characteristics (e.g.,
sea surface temperatures) and type of phytoplankton (diatoms or di-
noflagellates, Ohshimo et al., 2019). Phytoplankton isoscapes from the
study region provide a low-resolution perspective of the isotopic
composition of the baseline carbon source (Magozzi et al., 2017). In
contrast, our isoscapes reveal finer scale carbon isotopic gradients along
canyon features, providing higher resolution information on carbon
dynamics in these deep-sea environments. The isotopic distinctiveness
between canyon and slope environments suggests that the primary food
source, surface exported POM, undergoes different degradation path-
ways in these discrete systems (e.g., Macko et al., 1986), potentially
influenced by hydrodynamics, including internal tides, and post depo-
sitional processes, including alternating deposition and resuspension
events.

Seasonal patterns in the isotopic composition of POM and consumers
remains unknown for these canyon environments. Previous work
revealed seasonal pulses of OM dominated by vertical and lateral
transport within Baltimore canyon (Prouty et al., 2017). For Norfolk
canyon, surface POM &'3C values were higher in May compared to
November sampling periods (this study), suggesting possible temporal
variability in the baseline carbon isotopic composition, at least in sur-
face waters. However, given the limited available 8'°C from sediment
trap data, similar isotopic values from both trap (-22.3 + 0.1, 4.8 = 0.1
%o) and sediment OM (-21.9 + 0.2 %o, 5.5 + 0.4 %0) (Fig. 2, Table 2)
suggest the isotopic composition of deposited POM is similar over time.

4.4. Influence of nitrogen geochemistry on 5'°N spatial variability

Variability of '°N values for deep-sea consumers is a function of
controls on baseline sources of 8'°N, including nitrogen cycling dy-
namics, as well as trophic level of the consumer. Specific factors that
influence baseline 5'°N values include fine-scale controls on hydrogra-
phy, nutrient chemistry at the surface, and phytoplankton primary
production (Graham and Bury, 2019). In the water column, denitrifi-
cation can lead to increased 8'°N values in the baseline sources, which
may then be transferred up the food chain (Vokhshoori and McCarthy,
2014). Within canyon environments, elevated 5'°N values may be tied
to higher turbidity associated with presence of nepheloid layers (Puig
and Palanques, 1998a, b; Fanelli et al., 2011) via resuspension of the
POM. Resuspended material consequently '°N-enriched can then
become an important food source. Resuspension processes were evident
in the study region, where both canyons exhibited high turbidity and
nepheloid layers at certain depths (Robertson et al., 2020), which may
have a corresponding impact on the canyon’s trophic system.

4.5. Isoscape accuracy and limitations

Isoscapes are static maps of isotopic variability extrapolated over
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large areas. They represent a slice of the past, and in this study, illustrate
timescales dependent on the tissue turnover of the organisms examined.
Isoscapes presented here represent isotopic integration over periods of
months, maybe years for some taxa, but not weeks/days (Dattagupta
et al., 2004, Hill and McQuaid, 2009); with the primary isotopic data
included in the model spatially constrained to areas sampled. However,
due to the sample limitations, interannual variability cannot be resolved
with the present dataset and would require more frequent sampling
throughout the year. However, temporal patterns in the surface and
bottom POM samples indicates limited changes over 6 mo — 1 year time
frames. By using sentinel consumers, suspension feeders, to build our
isoscapes, we used the animals to integrate the isotopic variability over
time, including short-term or seasonal variability.

Submarine canyons can be challenging environments to map from
surface vessels at the resolutions required for meaningful statistical
analysis of derivative datasets due to the steep and narrow terrain and
variable water column structure that impacts sound velocity. Acquisi-
tion artifacts, under sampling of the seafloor due to complex terrain, and
smoothing of resultant interpolated bathymetric surfaces can all signif-
icantly impact the quality of the extracted terrain variables. Some of
these issues were overcome via identification and correlation of signif-
icant outliers in the extracted variables with known artifacts and the use
of multiple data resolutions (10 and 25 m) for the analysis.

Currently, isoscape models have employed a variety of statistical
approaches, including simple interpolation (e.g., kriging), linear
regression, general additive models, frequentist mixed modeling, and
Bayesian hierarchical spatial modeling (e.g., INLA, St John Glew et al.,
2019) of sample data. Many of these are complex models that require
long computational times to fit. Our linear models rely on covariates -
including a suite of environmental variables (i.e., terrain factors),
feeding groups, and zones — to capture the spatial pattern in the data.
The resulting models yielded robust results, with negligible residual
spatial autocorrelation (Fig. S3) and precise estimates for the modeled
isoscapes (Fig. S4 and S5), and good performance under validation
(Fig. S6) — without a large computational burden. Compared to purely
phenomenological approaches, e.g., ordinary kriging, our regression
models also allow inference on the mechanisms driving the observed
spatial pattern. However, the ability to extrapolate the model pre-
dictions to other areas will require additional data from the region of
interest to validate the model. Some of these relationships may exhibit
mechanistic context dependence (Catford et al., 2022), and future work
in new areas will provide information required to quantify these pat-
terns, enabling generalizations about how deep-sea physical structure
influences flux of nutrients and assimilation pathways.

5. Conclusions

In conclusion, to our knowledge, this study represents the first
empirical isoscapes of deep-sea environments that predict 5'>C and 5!°N
values for different functional groups and identified some underlying
mechanistic controls on these patterns in submarine canyons and adja-
cent slopes. Analysis of the stable isotope variability coupled with
measures of seafloor environmental parameters as proxies for habitat
heterogeneity and complexity provide insights into mechanistic factors
that help influence the trophic diversity and food webs in the mid-
Atlantic canyon region. By using the animals to sample the environ-
ment, they assimilate a time-integrated isotopic signal, which allows the
creation of unique isoscapes based on feeding groups. The models
identify several possible environmental controls on ecosystem processes
(e.g., food quality, transfer of energy) and associated isotopic baselines.
By using low-trophic level consumers (suspension feeders) the isoscapes
can be used to evaluate locations for migratory species. There is a suite
of migratory marine mammals, as well as commercially important fishes
and invertebrates that utilized the Atlantic canyons seasonally, as well
as throughout their life histories. The deep-sea isoscapes presented here
could be used to test resource use and locality for these species.
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This study represents an initial step in characterizing the geospatial
isodynamics for feeding groups, with concomitant mechanistic controls
(slope, etc.) within deep-sea environments. Given the significance of
slope, slope variability, and aspect, as well as depth, it appears that
canyon morphology, habitat heterogeneity, and depositional dynamics
may play a role in diversifying associated food webs and niche
specialization identified for consumers. Our deep-sea isoscapes from two
canyon systems provide a starting point from which to test whether
observed patterns are broadly generalizable to multiple canyon envi-
ronments or if they are more site specific and a function of canyon
morphology. In addition, they provide a baseline for monitoring vari-
ability in the quality and quantity of surface primary production asso-
ciated with climate change and the consequential impact to benthic
communities, which play critical roles in carbon cycling in our world’s
oceans.
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