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ABSTRACT: In order to evaluate the influence of food quality on deep-sea macroinfaunal and
mega-epifaunal communities, we deployed experimental food pulses at 890 m depth in Barkley
Canyon, NE Pacific. Pulses of 2 microalgal species (i.e. Chaetoceros calcitrans and Nannochloropsis oculata) differed in nitrogen, carotenoid, and lipid content (i.e. quality). After 8 mo, we sampled
the enriched patches and controls with push cores. The community structure between the 2 treatments differed in the deeper sediment layers (5−10 cm). Despite no significant differences in the
surface sediments (0−5 cm) among the 2 enrichment patches and the control, the macroinfaunal
community from sediments enriched with N. oculata separated in ordination space. These results
suggest that the experimental duration exceeded the appropriate time-frame to detect initial colonizers at the surface sediments. Analyses of functional traits, including migration, colonization,
foraging, and food selectivity, separated communities in ordination space among algal treatments
and control, although not significantly. Based on fixed camera images of each treatment over the
course of the experiment, we observed more epifaunal Brachyura visits (between 50 and 40 more)
to a patch enriched with N. oculata than to a patch enriched with C. calcitrans or the procedural
control patch during the first 2 wk of the experiment. The visible area of 1 enrichment patch per
algal treatment disappeared (> 90%) ~1.5 mo after deployment. Our study points to influences of
food quality, at the algal class level, on macroinfaunal community structure and function, epifaunal disturbance, and sediment reworking.
KEY WORDS: Food quality · Food pulse · Deep sea · Infauna · Megafauna · Sediments

1. INTRODUCTION
Several lines of evidence emphasize the importance of differences in quantity (e.g. Grassle &
Morse-Porteous 1987) and quality (e.g. Ginger et al.
2001, Snelgrove et al. 1992, 1994, 1996, Wolff et al.
2011) of food supply in structuring deep-sea benthic
communities (macrofauna and megafauna), however, direct evidence remains scant. This gap limits
our understanding of how food supply influences biodiversity patterns and biogeography of deep-sea ecosystems, noting that food supply can also influence
ecosystem functioning and services (e.g. carbon
recycling) (Levin et al. 2001, Snelgrove & Smith
*Corresponding author: ncil58@mun.ca

2002). Expected changes in food supply from surface
waters to the deep-sea benthos associated with climate change (Smith et al. 2008, Sweetman et al.
2017) add urgency in understanding how food quality influences one of the largest species pools on
Earth (Snelgrove & Smith 2002). Furthermore, recent
studies suggest contrasting responses to changes in
food supply in deep-sea ecosystems compared to
their shallow-water counterparts. For example, Yool
et al. (2017) predicted decreased biomass in deepsea ecosystems with expected reduced particulate
organic carbon (POC) fluxes, but increases in shallow
water in future climate scenarios. Campanyà-Llovet
et al. (2017) also reported changing abundances in
© The authors 2019. Open Access under Creative Commons by
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deep-sea macrofaunal abundances with changes in
the quality of sedimentary organic matter, in contrast
with shallow-water environments.
The quality of a particular food source can be defined as the degree to which quantity and composition of that food source fulfill consumer nutritional
needs (Müller-Navarra 2008), and food quality can
play a role in structuring communities and food-web
structure (Wolff et al. 2011, Campanyà-Llovet et al.
2017). Most evidence on the role of food quality for
marine organisms comes from the field of aquaculture, which optimizes diets to enhance growth, survival, and reproductive outputs of the reared species
(Glencross 2009). Nitrogen content, degradation
state (Beaulieu 2002), biopolymeric carbon (i.e. carbohydrates, lipids, and proteins; Pusceddu et al.
2011), fatty acids and sterols (Parrish 2013), and algal
pigment composition (Roy et al. 2011) all represent
potentially important sources of variation in food
quality for benthic organisms.
Several studies on megafauna and macrofauna
suggest specific benefits for organisms from food
sources differing in quality. For example, some
carotenoids and lipids improve reproductive output
of invertebrates, particularly echinoderms (Tsushlma
et al. 1997, Glencross 2009), which can feed selectively on food patches containing specific carotenoids
or fatty acids (Ginger et al. 2001, Wigham et al. 2003,
Neto et al. 2006, Boon & Duineveld 2012), resulting in
dramatic shifts in benthic communities (Billett et al.
2010). Furthermore, structural changes in benthic
communities and food webs can influence ecosystem
processes such as bioturbation (Dauwe et al. 1998).
Polychaetes, the dominant macroinfaunal group in
our Barkley Canyon study site (Campanyà-Llovet et
al. 2018), can feed selectively on particles differing in
size and/or biochemistry (Galéron et al. 2001, Jumars
et al. 2015). Other examples of organisms with a
capacity for selective feeding include oligochaetes,
which select particles of specific grain size and
organic richness (Rodriguez et al. 2001), and mussels,
which select for specific particle sizes (Defossez
& Hawkins 1997). Some nematodes and benthic
harpacticoids exhibit selective feeding at a finer level
(finer than bulk organic matter or biopolymeric carbon such as proteins, carbohydrates, and lipids), differentiating between diatoms and bacteria (Azovsky
et al. 2005, Ingels et al. 2010, Estifanos et al. 2013). In
shallow water, oysters and harpacticoids can feed
selectively on different classes of phytoplankton and
even different species of diatoms (Loret et al. 2000,
Cognie et al. 2001). Heart urchins Echinocardium
cordatum from the North Sea actively select for fatty

acids and chlorophyll a (chl a) (Boon & Duineveld
2012). Changes in food quality may favour some
selective benthic feeders, broadly affecting community structure.
The ‘patch mosaic’ theory posits that food patchiness and disturbance enhance overall numbers of
species, explaining in part the unexpectedly high
diversity in the deep sea (Grassle & Sanders 1973).
Colonization experiments consisting of enriched trays
with contrasting food sources at different degradation stages showed food selectivity at the colonization stage (Snelgrove et al. 1992, 1994, 1996). More
recent studies have traced food uptake by isotopically labelling the food added to the sediments, in
‘pulse−chase’ experiments (Witte et al. 2003, Mäkelä et al. 2017). This type of experiment delineates
trophic pathways and identifies the taxa that dominate and/or initiate food uptake from differing food
sources (Hunter et al. 2013, Jeffreys et al. 2013). Our
study focused on changes in macrofaunal community
structure with varying qualities of food (i.e. phytoplankton classes differing not only in nitrogen content but also in lipid and pigment composition). Most
previous deep-sea experiments have either altered
sediments when enriching them or confined the
added food within a mesocosm for the duration of the
experiment, thus constraining the entrance/exit of
organisms in the experimental area. In contrast, adding food to otherwise undisturbed sediments, without barriers to migration, adds realism to the experiment (Smith & Brumsickle 1989, Jeffreys et al. 2011).
Changes in macroinfaunal community structure have
been reported after pulses of high-quality phytodetritus in shallow water (Quijón et al. 2008), among
naturally occurring patches of more or less degraded
seagrass (Gallmetzer et al. 2005), and following the
addition of wood or brown macroalgae to the deep
sea floor (Grassle & Morse-Porteous 1987).
Enrichment experiments are time-sensitive. For
example, numbers of individuals and species in
mudflat sediments enriched with green macroalgae
decreased within the first 2 mo of the experiment,
then increased after about 4 mo, and finally declined
to background abundances 5 mo later after detrital
resources were depleted (Kelaher & Levinton 2003).
Quijón et al. (2008) observed changes in macroinfaunal community structure 1 wk after but not 5 mo after
the addition of an algal pulse. Furthermore, algae
added in the fall produced a greater impact on
the benthic community than when added during
the summer. ‘Pulse−chase’ experiments demonstrate
macroinfaunal uptake of organic matter within a few
days of addition (Witte et al. 2003, Hunter et al. 2013,
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Mäkelä et al. 2017), but colonization of food patches
and changes in community structure typically become evident after weeks or months (Snelgrove et al.
1996, Galéron et al. 2001). Specific environmental
variables and community structure determine the
time response to food enrichments in each ecosystem.
In order to test the effects of food quality on
Barkley Canyon benthos, we selected 2 biochemically distinct algal species for our in situ experiment.
The 2 species differ in nitrogen content but also represent different algal classes, which implicitly affects
their lipid and pigment composition. We chose the
diatom Chaetoceros calcitrans to mimic the spring
phytoplankton bloom, and the euglenophyte Nannochloropsis oculata for its high lipid content (Liu et al.
2017). N. oculata has been widely used in aquaculture because of its high polyunsaturated fatty acid
(PUFA) and sterol content (Cohen. 1999). We aimed
to quantify the consequences of contrasting food
pulses on deep-sea benthic ecosystems by (1) identifying shifts in macroinfaunal community structure
between patches differing in food quality; (2) monitoring the number of visits of different epifaunal species to food patches differing in quality with time;
and (3) comparing food patch disappearance, and
therefore, longevity, between algal treatments.
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2. MATERIALS AND METHODS
2.1. Experimental deployment and recovery
We deployed a food enrichment experiment at
Barkley submarine canyon (890 m) (Fig. 1) on 11
September 2013 from the vessel RV ‘Falkor’ using
the remotely operated vehicle (ROV) ROPOS (www.
ropos.com). The location of the experiment corresponded to the MidWest platform of the Ocean Networks Canada (ONC; www.oceannetworkscanada.
ca) observatory. Food quality and quantity in Barkley
Canyon vary with depth (Campanyà-Llovet et al.
2018); sediments at the MidWest platform are characterized by high amounts (total organic carbon [TOC]:
1.94 ± 0.2%; mean ± SD) of relatively high quality
(high concentrations of total lipids: 362.3 ± 244.8 µg
g−1 and low C:N ratio: 9.5 ± 0.81), though relatively
degraded (low chl a:pheophorbides ratio: 0.12 ± 0.06)
organic matter compared to other stations within the
canyon (Campanyà-Llovet et al. 2018). The presence
of an oxygen minimum zone (OMZ; 400−1000 m
depth; 0.17−0.18 ml O2 l−1 at the sampling site) within
the canyon (Keeling et al. 2010, Domke et al. 2017)
likely limits macroinfaunal densities compared to
those reported in the North Carolina margin (NE Pacific) outside the OMZ (Levin et al. 2003).

Fig. 1. Enrichment experiment location within Barkley Canyon (NE Pacific). Bathymetric map generated from 2 original
rasters sampled from the RV ‘TG Thompson’ in 2012 and RV ‘Falkor’ in 2013 by Ocean Networks Canada
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The algae were obtained from the Dr. Joe Brown
Aquatic Research Building (www.mun.ca/osc/jbarb/
index.php). We spread the same amount (88.2 mg)
of organic carbon onto the sediment to generate an organic matter ‘patch’, using either the North Pacific diatom Chaetoceros calcitrans or the Eustigmatophycea
Nannochloropsis oculata; this organic input corresponds to the maximum flux of organic matter arriving
at 500 m depth in Barkley Canyon (60 mg C m−2 d−1;
Wu et al. 1999) integrated over a 1 mo period. In addition to the implicit differences in lipid and pigment
composition of algae from 2 different classes that differ
in food quality, we measured total organic carbon and
nitrogen (see Section 2.2. below) to evaluate differences in food quality at a bulk level. Lipid and
pigment composition of the algal treatment could not
be measured because of constraints on storage conditions (−20°C) and sampling facilities.
The algae were spread onto the seafloor using an
Oceanlab spreader borrowed from Dr. Ursula Witte,
Oceanlab, University of Aberdeen, Scotland, UK
(Hunter et al. 2013). Each spreader consisted of a
polycarbonate tube (diameter: 25 cm, length: 30 cm)
with a plunger mechanism that released the treatment upon triggering. The resulting patches could
potentially cover an area of 490 cm2; however,
actual distributions were non-homogenous and were
concentrated in approximately 25% of the area
(122.5 cm2). Therefore the approximate algal addition was 0.72 mg C cm−2 overall, but varied in concentration across the patch. We left the spreaders in
place for between 4 and 6.5 h to allow the treatment
to settle, taking into account a minimum reported
settling time of 30 min to 2 h (Fornes et al. 1999,
Hunter et al. 2012). To expedite settlement of the
algae, we mixed it with inert kaolin clay (Fornes et al.
1999, Hunter et al. 2012) (40 g patch−1), which added
a clear white color to the enrichment patch that distinguished it from surrounding sediments. Given our
concern that strong bottom currents (up to 20 cm s−1
in Barkley Canyon; Thomsen et al. 2012) or megafaunal activity would disperse the algae, we added 0.5 g
of inert fluorescent tracer to provide visible evidence
of patch presence when we re-sampled at the end of
the experiment. In the end, the kaolin clay clearly
stood out from the background sediment and proved
a better marker than the fluorescent tracer. To minimize disturbance by the abundant sablefish Anoplopoma fimbria, we placed cage frames (50 × 50 ×
40 cm, no mesh) over each treatment patch. One
video record showed a sablefish clearly diverted by
the cages from swimming on top of the patch (N.
Campanyà-Llovet pers. obs.). Because the experi-

ment was deployed in front of ONC’s AXIS P1347
colour camera with 2 ROS MV-LED lights and a
pan/tilt unit that allowed complete coverage of all 3
treatments (± 90° tilt and ±180° pan), we could monitor patch disappearance and megafaunal visits to the
enrichment patches over time. We could only record
1 patch treatment−1 (N. oculata, C. calcitrans, and
procedural control) owing to the wide spatial extent
of the experiment and limited camera availability,
precluding any replication. The camera lights were
turned on every 2 h for 5 min, during which time the
camera was directed at each treatment and control
patch for 80 s. All videos and still imagery are
archived and available through ONC’s Oceans 2.0.
We placed each patch a minimum of 3 m away from
adjacent patches. We deployed 6 replicates of each
algal treatment and 6 cages with no enrichment
patch as a control for cage frames (Fig. 2). Limitations
of ROV time precluded the deployment of a procedural control with kaolin and fluorescent dye onto
sediments protected with cage frames and without
algal material. Instead, our procedural control only
included cage frames. Background sediment samples
provided a natural control. After 8 mo (11 and 12 May
2014), we were finally able to return to the site to
recover the experiment using the ROV ‘OE’ aboard
the CCGS ‘Tully’. We collected 24 push cores (6 from
the background community, 6 from the procedural
controls, 6 from C. calcitrans treatments, and 6 from
N. oculata treatments) to evaluate macroinfaunal
community structure and any remaining traces of the
algal enrichment. We vertically sectioned each core
into 0−5 and 5−10 cm layers, removed 4 ml of sediment samples from each core layer using a syringe,
and froze them at −20°C in Whirl-Pack bags for later

Fig. 2. Food enrichment experiment layout in the MidWest
Ocean Networks Canada (ONC) platform at Barkley Canyon. ‘Procedural control’ controls for the cage frame effects
on the benthic communities
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organic matter analysis. The remainder of the core
was preserved in a 4% seawater-formaldehyde solution for taxonomic analysis.

2.2. Sediment samples
Organic matter samples were analyzed for TOC as
a measure of food quantity and total nitrogen (TN)
and C:N ratios based on % weight as measures of
food quality (Campanyà-Llovet et al. 2017). We
quantified TOC and TN by drying a sediment subsample of 1−5 g (wet weight) at 80°C for 24 h and
grinding the subsample to a fine powder. TOC and
TN were determined after de-carbonation of sediments using the acid vapour method (under pure HCl
fumes for 24 h; Yamamuro & Kayanne 1995), to eliminate inorganic carbon. Acidified sediment samples
were dried at 80°C for 24 h prior to analysis and run
once using a Carlo Erba NA1500 Series II elemental
analyser (EA).
We transferred samples for taxonomic analysis into
70% ethanol immediately in the laboratory and processed them through a 300 µm sieve for identification. Specimens were stained with Rose Bengal,
sorted under a dissecting microscope, and identified
to the lowest taxonomic level possible using a variety
of published sources (Hartman 1968, 1969, Bousfield
1973, Barnard & Karaman 1991, Blake et al. 1996a,b,c,
Reuscher et al. 2009).

2.3. Video analysis
In order to determine rates of patch disappearance,
we extracted still images from the videos, available
in Sea Tube Pro (Oceans 2.0; https://dmas.uvic.
ca/SeaTube), from ONC every day from the beginning to the end of the experiment (13 September
2013 until 25 April 2014). We measured the surface
area of each patch with ‘image J’ software (https://
imagej.nih.gov), using the width of the cage frame to
calculate scale in each picture.
We estimated the number of epifaunal visits at
each food patch and control 4 sampling times each
day (00:00, 06:00, 12:00, and 18:00 h) during the first
2 wk of the experiment (13−28 September 2013).
We counted and identified the organisms found on
the sediment within the area delimited by each
cage frame at a broad taxonomic level following
Juniper et al. (2013) and Doya et al. (2017), constrained by the lack of physical specimens to confirm
species identities.
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We further investigated the impact of the cage
frames by identifying the taxa and counting the number of individuals from each taxon that interacted
with different areas of the cage frame: on top, underneath and in contact with the cage frame, on the legs,
at the base of the legs, and on the sediment surface
but under the cage frame.

2.4. Statistical analysis
2.4.1. Infauna
We ran separate statistical analyses for the 2 sediment depths (0−5 and 5−10 cm) because we expected
a different response from organisms in the surface
sediment layers (0−5 cm), and therefore in direct
contact with the algal treatment, compared to the
deeper sediment layers (5−10 cm), and therefore
away from the influence of the food enrichment. We
compared macroinfaunal densities and biodiversity
(i.e. ES[10] and rarefaction curves) in each experimental treatment and procedural control. We examined
normality of the residuals prior to a 1-way ANOVA
(density, log-transformed and biodiversity, no transformation) with 1 fixed factor: treatment (levels: procedural control, C. calcitrans, N. oculata). We could
not achieve normality of the residuals in total abundances or biodiversity (ES[10]) from the deeper sediment layers and therefore ran a non-parametric test
(Kruskal-Wallis). The ANOVAs and Kruskal-Wallis
tests (α = 0.05) were all done in RStudio v.3.3.0. We
then used the multivariate PERMANOVA routine,
with 9999 permutations and α = 0.05, from the add-on
PERMANOVA+ module in PRIMER v.6 (Clarke &
Gorley 2006, Anderson et al. 2008) to identify differences in macroinfaunal community structure with the
same factors and levels as above. Abundance data
were log transformed into Bray-Curtis similarity matrices and zero-adjusted in the deeper sediment
layers (5−10 cm), where organisms were sometimes
absent. This correction forced 100% similarity between 2 samples with no fauna, as is appropriate for
such data. We assume that lack of oxygen at those
sediment depths (5−10 cm) affected all samples similarly, and used the zero-adjusted Bray-Curtis similarity method. We used non-metric multidimensional
scaling (nMDS) to visualize macroinfaunal
community variation with treatment and sediment
depth within the ordination space, and superimposed
correlation vectors to show the most important taxa in
explaining the observed pattern. We complemented
these results with the similarity percentage (SIMPER)
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routine, which tests for significant differences in discriminating taxa. We used a PERMANOVA with 1
fixed factor (treatment levels: procedural control, C.
calcitrans, N. oculata) to assess differences in community structure among treatments in each sediment
depth separately. Prior to these analyses, we verified
homogeneity of multivariate dispersion using the
PERMDISP routine (Anderson et al. 2008). We repeated the same multivariate analyses based on functional traits of the different taxa (Jumars et al. 2015).
These traits included life stage (i.e. juvenile and
adults, based on size), which differentiate between
colonization from larvae that develop into juveniles
and horizontal migration of adults; mobility (i.e. sessile [organisms that can feed without moving], discretely motile [organisms that stay in place indefinitely and can feed without moving but remain
capable of moving], and motile [organisms that move
in order to eat]), which represents the degree of foraging capacity of the organism; and feeding morphology (i.e. palps, tentacles, and pharynx), which indicates the capacity to selectively feed on different food
particles, with palps and tentacles as the most selective structures and pharynxes as the least. In order to
assess the effect of cage frames on macroinfaunal
community structure, we also repeated the uni- and
multivariate analyses based on number of species,
modifying the ‘treatment’ factor (levels: procedural
control and background). We used a Kruskal-Wallis
non-parametric test when comparing total abundances among procedural controls and background
samples for the surface and deeper sediment layers
because we could not attain normality and homogeneity of variances, even after transformation.

2.4.2.Sediment organic matter
We first investigated food quality (i.e. TN and C:N;
Campanyà-Llovet et al. 2017) of the algae used to
enrich the sediments with a 1-way ANOVA (α = 0.05)
with 1 fixed factor (algae: C. calcitrans, N. oculata) in
RStudio v.3.3.0. We kept the quantity of food constant
between treatments when we deployed the experiment (see Section 2.1. above). We then investigated
food quantity and quality in sediments at the end of
the experiments. For TN and C:N, we used a 2-way
ANOVA with fixed and crossed factors (treatment:
procedural control, C. calcitrans, and N. oculata; sediment depth: 0−5 and 5−10 cm). The latter comparison was possible because of the inferred independence of samples between sediment depths (1-way
ANOVA, p > 0.05). We also ran a Kruskal-Wallis test

for each factor above on TOC because we could not
attain normality of the residuals and homogeneity of
variances, even after transformation.

3. RESULTS
3.1. Infauna
In total, we identified 279 individuals representing
77 taxa from 57 cores across 4 different treatments
(background, procedural control, Chaetoceros calcitrans, Nannochloropsis oculata). Our multivariate
analysis based on species composition showed significant differences between treatments only in the
deeper sediment samples (5−10 cm) (PERMANOVA,
Pseudo-F2,15 = 1.34, p(perm) = 0.0362). Pairwise comparisons indicated largest differences among the 2
algal treatments, however, differences were not significant (p(perm) > 0.05), indicating differences in the
effect sizes between each pair. The PERMDISP routine did not identify differences in the data cloud dispersion among treatments (PERMDISP, F2,15 = 1.58,
p(perm) = 0.360). Aricidea simplex, bivalves sp. A, and
Aphelochaeta sp. A were the main contributors in the
separation of the sediments enriched with N. oculata
in the deeper layers (5−10 cm), as shown by the
superimposed vectors in the nMDS (Fig. 3).
Multivariate analysis of fauna in surface sediment
samples (0−5 cm) indicated no significant differences
(PERMANOVA, Pseudo-F2,15 = 0.80, p = 0.786; PERMDISP, F2,15 = 0.12, p = 0.898) in species composition of
N. oculata treatments, C. calcitrans treatments, and
procedural controls. Despite some overlap, treatments
nonetheless separated in ordination space (Fig. 3)
with a stress value of 0.13, which differs from a random distribution (stress > 0.2; Clarke & Gorley 2006).
Despite non-significant differences among treatments in functional traits (p > 0.05), juveniles in surficial sediments of some samples separated from both
algal treatments in nMDS ordination space (Fig. 4).
For adults, some surficial sediment samples enriched
with C. calcitrans separated from sediments enriched
with N. oculata and procedural controls, although
the high stress in the nMDS representation in this
case (0.18) approaches a random distribution (> 0.2;
Clarke & Gorley 2006), both algal treatments separated from the control when considering only organisms with tentacles as a feeding structure (Fig. 4).
Total abundances did not differ among treatments
(i.e. procedural control, C. calcitrans, N. oculata) in
surface sediment layers (1-way ANOVA, F2,15 = 0.98,
p = 0. 397) (Fig. 5a) or in the deeper sediment layers
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Fig. 3. Three-dimensional non-metric multidimensional scaling (3D nMDS) based on infaunal response to a food enrichment
experiment in Barkley Canyon per treatment and per sediment depth. Assemblages are based on Bray-Curtis similarity
log(x+1) transformation. The large circle represents the correlation between species and nMDS axes. We only overlaid the
most relevant vectors (Pearson’s correlation threshold of 0.75); n = 6 each for control, Chaetoceros calcitrans, and Nannochloropsis oculata treatments. A. monicae: Aricidea (Stretzovia) monicae; Amph. juv.: Ampharetid juvenile; Aph. sp. A: Aphelochaeta sp. A; A. simplex: Aricidea simplex

(Kruskal-Wallis, χ2 = 1.64, df = 2, p = 0.439). Similarly,
ES[10] did not vary significantly among treatments in
surface sediment layers (1-way ANOVA, F2,15 = 0.92,
p = 0.419) or deeper sediment layers (Kruskal-Wallis,
χ2 = 1.55, df = 2, p = 0.460) (Fig. 5b).
We compared the background community with the
procedural control assemblages to identify any potential effects of the cage frames (treatment factor
levels: procedural control and background) on macroinfaunal community structure. Total abundances did
not significantly differ among treatments (i.e. back-

ground and procedural control) in the surface sediments (Kruskal-Wallis χ2 = 1.28, df = 1, p = 0.257) or
in the deeper sediments (Kruskal-Wallis χ2 = 0.08,
df = 1, p = 0.768) (Fig. 6a). Similarly, ES[10] did not
vary significantly among treatments (1-way ANOVA,
treatment: F1, 9 = 0.12, p = 0.733) but did decrease
with sediment depth (1-way ANOVA, F1, 21 = 17.81,
p < 0.001) (Fig. 6b). PERMANOVA analysis identified
no significant differences between background and
procedural control samples (Pseudo-F1, 9 = 0.76, p =
0.779), and statistically significant differences only

Fig. 4. Two-dimensional non-metric multidimensional scaling (2D nMDS) based on infaunal response to a food enrichment experiment in Barkley Canyon per treatment and per sediment depth based on juveniles, adults, and organisms with tentacles.
Assemblages are based on Bray-Curtis similarity log(x+1) transformation. The large circle represents the correlation between
species and nMDS axes. We only overlaid the most relevant vectors (Pearson’s correlation threshold of 0.75); n = 6 each for
control, Chaetoceros calcitrans, and Nannochloropsis oculata treatments
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Fig. 5. Effects of food enrichment with different algal classes on macroinfaunal communities from Barkley Canyon: (a) total infaunal abundances per treatment and sediment (error bars: 1 SD); and (b) expected number of species per treatment in surface
sediment layer (0−5 cm); lines denote number of species at 50 individuals. C. calcitrans: Chaetoceros calcitrans; N. oculata:
Nannochloropsis oculata; n = 6 each for control, C. calcitrans and N. oculata treatments per sediment layer

between sediment depths (Pseudo-F1, 21 = 3.94, p =
0.002) (Fig. 7). We found no significant differences in
the data cloud dispersion of the procedural control
and background samples based on treatment (PERMDISP, F1, 9 = 0.73, p(perm) = 0.477) but significant
differences based on sediment depth (PERMDISP,
F1, 21 = 72.29, p(perm) < 0.001).
We measured a significantly higher (1-way ANOVA, F1, 5 = 7306, p < 0.001) C:N ratio in N. oculata
(11.29 ± 0.15) compared to C. calcitrans (5.49 ± 0.04)
algae before deploying the experiment. Sediment
organic matter (TOC, TN, C:N) at the end of the

experiment (Table 1) did not differ significantly
among treatments (p > 0.05) or between sediment
depths for any of the food variables (i.e. TOC, TN,
C:N) (Table 2, Fig. 8).

3.2. Epifauna
N. oculata enrichment attracted more visitors (178
total ind.) in the first 15 d after experimental deployment than the other 2 treatments (procedural control:
99; C. calcitrans: 114). Brachyura and Caridea domi-

Fig. 6. Effects of cage frames on macroinfaunal communities from Barkley Canyon: (a) total infaunal abundances per treatment and sediment (error bars: 1 SD); and (b) expected number of species per treatment; lines: number of species at 40 individuals; n = 6 for background and control per sediment layer
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nated visitors in all treatments. Although proportions
were similar to the procedural control (Fig. 9),
Brachyura dominated over Caridea in both algal
treatments with a much clearer dominance in N. oculata than C. calcitrans treatments (Fig. 9). Finally, we
observed that the cage frames played a sheltering
and support role for epifauna. We observed brachyurans positioned underneath the cage frame and close
to the leg bases, carideans on top of the cage frame,
and Munidospis sp. on the legs of the cage frame.

3.3 Food patch surface area
Longevity of the 2 different food patches (C. calcitrans and N. oculata) differed by 4 mo (Fig. 10). C.
calcitrans disappeared in April 2014 (7 mo after deployment) whereas N. oculata disappeared in December 2013 (3.5 mo after deployment). However,
the majority of the food patch (> 90%) had vanished
in both treatments by the end of October 2013 (i.e.
1.5 mo after deployment). The 2 treatments difTable 1. Total organic carbon (TOC), Total nitrogen (TN), and C:N
fered in disturbance frequency. The patch size of
ratios from sedimentary organic matter at Barkley Canyon (NE PaC. calcitrans decreased abruptly twice (arrows in
cific, 890 m depth) from procedural control, Chaetoceros calcitrans,
Fig. 10), whereas N. oculata relative surface area
and Nannochloropsis oculata treatments at each sediment depth
decreased more gradually until mid-October
(0–5 and 5–10 cm)
2013 (arrow in Fig. 10), when surface area briefly
increased, and then continued to decline.
Experiment
Sediment
TOC
TN
C:N
Fig. 7. Non-metric multidimensional scaling (nMDS) based
on infaunal response to cage frames used in a food enrichment experiment in Barkley Canyon. Assemblages are
based on Bray-Curtis similarity with dummy variable and
log(x + 1) transformation. Blank symbols: 0−5 cm sediment
depth layer; filled symbols: 5−10 cm layer; n = 6 for background and control per sediment layer

treatment
Procedural control
Procedural control
C. calcitrans
C. calcitrans
N. oculata
N. oculata

depth (cm)
0–5
5–10
0–5
5–10
0–5
5–10

2.7 ± 0.1
2.6 ± 0.1
2.6 ± 0.1
2.7 ± 0.1
2.7 ± 0.1
2.5 ± 0.1

0.3 ± 0.02
0.3 ± 0.02
0.3 ± 0.01
0.3 ± 0.01
0.3 ± 0.01
0.3 ± 0.01

9.1 ± 0.4
9.3 ± 0.6
9.1 ± 0.3
9.2 ± 0.2
8.8 ± 0.1
8.8 ± 0.1

Table 2. Results from ANOVA analysis on total nitrogen (TN) and
C:N ratios from sedimentary organic matter at Barkley Canyon (NE
Pacific, 890 m depth), and Kruskal-Wallis from total organic matter
(TOC) between treatments (control, Chaetoceros calcitrans, and
Nannochloropsis oculata) and sediment depth (0−5 and 5−10 cm)
Vari- Source
able

df

TOC Treatment
Sediment depth
TN
Treatment
Sediment depth
Treatment: sediment depth
Residuals
C:N Treatment
Sediment depth
Treatment: sediment depth
Residuals

2
1
2
1
2
14
2
1
2
14

SS F-value/ Pr (>F )/
χ2
p-value
−
−
0.00
0.00
0.00
0.00
0.63
0.05
0.06
1.90

1.76
2.18
0.29
2.39
0.81
−
2.35
0.39
0.25
−

0.415
0.14
0.749
0.144
0.465
−
0.132
0.541
0.785
−

Fig. 8. Mean C:N ratio of sediment organic matter at 3
different treatments and 2 sediment depths ( 0−5 and
5−10 cm) from an enrichment experiment in Barkley
Canyon. C. calcitrans: Chaetoceros calcitrans; N. oculata: Nannochloropsis oculata. Error bars: 1 SD; n = 3
for each treatment and sediment depth

Mar Ecol Prog Ser 608: 45–60, 2019

54

Fig. 9. Total number of counts per treatment of the most
common taxa over a period of 15 d from a food enrichment
experiment in Barkley Canyon (890 m depth). C. calcitrans:
Chaetoceros calcitrans; N. oculata: Nannochloropsis oculata. We only included in this graph annotations from videos
where the analysis for the 3 treatments was possible (n = 54)

4. DISCUSSION
4.1. Infaunal community structure
Food enrichment experiments often compare very
distinct food qualities (e.g. terrestrial vs. marine
organic matter, macroalgae vs. microalgae) to ensure
a strong signal in the response variable of interest.

Few studies base their in situ food experiments on
different phytoplankton species (Ingels et al. 2011,
Jeffreys et al. 2013, Mäkelä et al. 2017). A clear signal in these kinds of experiments requires strong
selective feeding. For example, nematodes from
polar regions ingest bacterial carbon more rapidly
than diatom carbon, thus indicating a food preference (Ingels et al. 2010). Our experiment tested more
subtle food preference (i.e. between algal classes)
than most experiments.
Deeper layers of sediments are usually disconnected from ongoing processes at the sediment−
water interface. Sediments often become anoxic below the top few mm to cm, confining the vast majority
of organisms to sediment surface layers (Snelgrove
1999). Even so, several processes can connect surface
and subsurface sediments, for example, through bioturbation. Biological activity can mix the surface
layer of deep-sea sediments to depths of ~10 cm
(Guinasso & Schink 1975). For example, maldanid
polychaetes can transport freshly deposited organic
matter to 10 cm deep within the sediment in short
time periods (1.5 d; Levin et al. 1997). This transport
of added food particles from surface to deep sediments could influence community structure at those
sediment depths.
We observed differences, although not significant,
in overall species distributions among treatments in
surface sediment layers, which differed slightly in
C:N ratios at the end of the experiment. Our analyses
identified Aricidea sp. juveniles as distinctive within
Nannochloropsis oculata enrichment patches, suggesting a degree of selectivity in these juveniles.

Fig. 10. Relative surface area of food in 2 different food patches, Chaetoceros calcitrans and Nannochloropsis oculata, at Barkley
Canyon (890 m depth) over time. Arrows: episodic events with sudden increases or decreases in relative surface area covered
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Feeding modes of paraonid polychaetes vary greatly,
but selectivity has been observed in some species
(Sweetman & Witte 2008, Jumars et al. 2015). Even
though we could not prove the inert effect of kaolin
clay and fluorescent dye on benthic macroinfauna,
we nonetheless demonstrated that observed differences in community response were not simply an
artefact of the cage frames we deployed to protect
the enrichment patches from sablefish disturbance.
Pulses of organic matter to the sea floor can influence
ecosystem functioning (e.g. carbon and nitrogen mineralization, biological traits) and/or community structure, observed through experimental setups (Levin et
al. 1999, Gallmetzer et al. 2005, Quijón et al. 2008,
Mayor et al. 2012) or through field observations (Amaro
et al. 2015, Campanyà-Llovet et al. 2018). We only
found weak differences in the response of functional
groups to food pulses differing in quality (i.e. different
algal classes). Juveniles of some species contributed to
separation of algal treatments from the procedural control in ordination space, pointing to selection of organic
patches by some organisms. Motility and feeding mode
are linked (Jumars et al. 2015): the degree of motility
of an organism depends on its distance from, and
longevity of, resource availability (Grünbaum 2002).
For example, there are no completely sessile macrophagous feeders (Jumars et al. 2015) because they
must search for large food items (e.g. macroalgae or
prey). Even so, we found no treatment separation
based on organism motility. Among different feeding
structures (i.e. palps, tentacles, and pharynx), tentacles
often suggest selective feeding, whereas an eversible
pharynx often suggests generalist feeding (Jumars et
al. 2015); species with tentacles as feeding structures
helped to separate, although not significantly, faunas
in sediments enriched with Chaetoceros calcitrans
from those in control sediments and those enriched
with N. oculata. Differences in functional groups could
have profound impacts on nutrient cycling in the deep
ocean, and on global estimates of carbon remineralization and burial (Snelgrove et al. 2018).
Food quality can influence benthic community and
food-web structure (Wieking & Kröncke 2005, Campanyà-Llovet et al. 2017). C:N ratios and TN provide
a first insight into the nutritional value of a food
source because protein formation requires nitrogen,
which limits primary production in many marine ecosystems (Howarth 1988). In fact, the lower (although
not significant) C:N ratios from sediments enriched
with N. oculata in our experiment coincided with
observed structural changes in the infaunal community. Preferential consumption of organic nitrogen by
benthic fauna (Evrard et al. 2010), which is controlled
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by organismal C:N budgets and therefore demands
(Hunter et al. 2012, Jeffreys et al. 2013), demonstrates the relevance of C:N as a metric of food quality for benthic organisms. Low carbon uptake of terrestrial organic matter by benthic macrofauna from
Whittard Canyon, NE Atlantic, was most likely related to high C:N ratios, and therefore, nitrogen limitation of the food source (Hunter et al. 2013).
PUFAs, essential fatty acids, and some sterols,
which differ among algal species (Volkman et al.
1981, Banerjee et al. 2011, Parrish et al. 2015, Pethybridge et al. 2015), are indispensable to most cultured
marine organisms (Müller-Navarra 2008, Glencross
2009). Despite new insights (Kabeya et al. 2018) on
the genetics involved in synthesis of essential fatty
acids (e.g. 20:5ω3 [EPA; eicosapentaenoic acid],
20:4ω6 [ARA; arachidonic acid], and 22:6ω3 [DHA;
docosapentaenoic acid]), most benthic species cannot
synthesize these acids de novo even though they play
an important role in metabolic function, reproductive
output, and provisioning membrane structure/function (Parrish. 2009). N. oculata, like all Eustigmatophiceae, have high proportions of EPA and ARA, in
contrast to a high proportion of EPA and the presence
of ARA and DHA in diatoms (Hodgson et al. 1991,
Brown et al. 1997). Nannochloropsis spp. also differ
from other microalgae because they build up high
concentrations of a range of pigments such as astaxanthin, zeaxanthin, and canthaxanthin (Lubián et al.
2000). These differences in food quality may vary in
degree depending on culturing conditions (Cheirsilp
& Torpee 2012); however, in broad general terms they
remain valid, and may explain structural changes observed in the infaunal community in our experiment.
Only selective feeding could explain differences
in species composition of the infaunal community
among food treatments. Some polychaete species
selectively feed on apparently homogeneous detrital
material (Self & Jumars 1988). Tentaculate deposit
feeders (such as spionids, and ampharetid polychaetes observed in our study) can select for specific
(generally small) particle sizes (Jumars et al. 1982).
Our results showed non-significant differences among
tentaculate polychaetes, suggesting no selectivity
among food treatments from our experiment despite
the selective feeding capabilities of some of these
organisms Deposit feeder particle selectivity may be
largely passive and mechanical: the surface texture
of natural grains increases probability of selection
by tentacles, and bacteria-coated grains appear to
be picked up preferentially because of adhesion to
the bacterial coating (Guieb et al. 2004). Tentaculate
feeders can select for particles using muscles, cilia,
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and mucus with different adhesive properties that
enhance the proportion of protein in ingested food
(Lopez & Levinton 1987). Selective feeding also
occurs in suspension- and deposit-feeding bivalves
(such as thyasirid bivalves observed in our study),
with species-specific processes based on physical
and chemical characteristics of the particles (Ward
& Shumway 2004).
Previous enrichment experiments in the field have
reported responses by colonizers after the addition of
organic matter into the sediments. Total abundance
and biodiversity changed among trays enriched with
different food sources (i.e. diatom vs. brown macroalgae) and degradation state (Snelgrove et al. 1992,
1996). Although our food patches occupied ~120 cm2,
they fall within the areal range (50−1750 cm2) in
which different colonization modes generally balance (i.e. settlement from water column vs. reproduction by species with benthic development vs. immigration of juveniles from the surrounding sediments;
Smith & Brumsickle 1989). Studies examining trophic
pathways through food enrichments have demonstrated differential uptake of pulses of organic matter
by different taxa (Witte et al. 2003, Hunter et al. 2013,
Jeffreys et al. 2013), and even among polychaete
families (Sweetman & Witte 2008). These differences
suggest taxon-dependent efficiency in carbon uptake, and could explain increases in abundances of
some taxa, leading to community structure changes.
Whereas experiments with enriched trays evaluate
recruitment, ‘pulse−chase’ experiments focus on
which food resource particular organisms select and
ingest more efficiently; a community experiment
such as ours considers both, and determines changes
in community structure.
We expected a rapid increase in the numbers of
individuals in algal patches shortly after the experiment deployments (first few days or weeks), given
the rapid uptake of organic matter by benthic macroinfauna observed in enrichment experiments using
13
C-labeled algae (Levin et al. 1999, Witte et al.
2003). However, because our experiment ran for
8 mo, any initial attraction to a food pulse had presumably attenuated by the time we recovered the
experiment. Based on the longevity of our patches
(see Section 4.3. below), ideally we would have
resampled the experiment within 1 mo of deployment to detect maximum numbers of larval or juvenile colonizers and/or organisms migrating to preferred food patches, and associated reworking and
uptake of the introduced organic carbon. The high
organic matter content at that station compared to
other canyon locations (Campanyà-Llovet et al. 2018)

may dampen the need for niche speciation, and
therefore, selective feeding and macrofaunal response. Short pulses of chl a arriving to the benthos
600 m away from the experimental area, but at the
same depth (~890 m), during the winter months
(Thomsen et al. 2017) may have also dampened any
clear responses from our experiment, which ran from
September to May. Furthermore, the influence of an
environmental stressor such as an OMZ, which can
alter the processing of organic matter (Woulds et al.
2007), may obscure the effects of food quality on benthic communities (Campanyà-Llovet et al. 2017). The
lack of experimentation outside the OMZ precludes
a discussion on the direct effect of oxygen on our
experiment.

4.2. Epifaunal number of visits to patch
Highly mobile and visible crustaceans dominated
the visitors in the area: Brachyura, Caridea, Munidopsis sp., and Paguroidea were all reported previously in the same season (fall) in Barkley Canyon
(Juniper et al. 2013). Other studies in Barkley Canyon at the same depth but in a chemosynthetic environment reinforce the presence of small crabs and
grooved tanner crabs in September (Doya et al.
2017), although not in high abundances. The observed differences may result from different habitat
type (chemosynthetic vs. non-chemosynthetic) or the
use of different camera systems (mobile camera vs.
fixed; Doya et al. 2017). Benthic and mobile epifauna
can aggregate in areas with enriched organic matter
content based on their feeding preferences (Amaro et
al. 2015); however, Chionoecetes opilio, a congener
of the grooved tanner crab Chionoecetes tanneri
commonly found at our sampling station (Juniper et
al. 2013), is a carnivore and a scavenger that feeds on
bivalves, polychaetes, amphipods, and other crustaceans (Divine et al. 2017); unfortunately, we lack
data on C. tanneri feeding preferences. Although
species of scavengers, such as certain macrourid
fishes and crustaceans, occasionally feed on pulses of
phytodetritus (Jeffreys et al. 2011), we suggest that
increased brachyurans in the algal treatments in the
first 2 wk following experiment deployment resulted
from increased prey abundances within the sediment, rather than attraction of Brachyura to the
actual food treatment, because we did not observe
such feeding behaviour. We also observed brachyurans feeding on larger food falls (i.e. gelatinous material) outside the cage frames, adding scavenging to a
predatory diet (N. Campanyà-Llovet pers. obs.). The
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irregular terrain surrounding the N. oculata enrichment patch compared to the C. calcitrans or procedural control patches may have played a role. Again,
the absence of imagery from other experimental
replicates precludes definitive conclusions on differences in patch visitors.
The higher counts of mega-epifauna during the first
2 wk after the deployment of the experiment suggest
increased predatory pressure in the sediments enriched with N. oculata. The deeper sediment layers
occasionally provide refuge from predators to infaunal species. Total abundances in sediment patches
enriched with N. oculata were slightly lower than in
the procedural control and C. calcitrans surface sediment layers, but slightly higher in the deeper sediment layer. These results, although not statistically
significant, support the idea of a predatory refuge in
deeper sediments.

4.3. Patch disappearance
The organic matter we added to Barkley Canyon
(~890 m depth) was likely remineralized and/or
buried. Most organic matter produced in the photic
zone and deposited onto the sediment surface is recycled and remineralized, with burial of a small proportion (Rullkötter. 2006). Deep-sea benthic organisms begin to ingest organic matter only a few days
after it arrives (Witte et al. 2003). The organic matter
reworked by benthic organisms enters each size
compartment (i.e. bacteria, meiofauna, macrofauna,
megafauna) in different proportions, which varies
with ecosystem (Smith et al. 2008). Given the negligible effect of bottom currents on patch movement at
our site (based on our preliminary experiments), our
results suggest that benthic organisms (i.e. bacteria,
meiofauna, macrofauna, and megafauna) in Barkley
Canyon at 890 m depth reworked ~90% of 88.2 mg of
carbon in ~1.5 mo. Even so, we found differences in
the removal of the visible food patch with time
between the 2 algal treatments. First, the organic
matter remaining after ~1.5 mo persisted longer in C.
calcitrans (an additional 5.5 mo) than in N. oculata
(an additional 2 mo). Second, episodic events varied
among treatments. Two episodic events substantially
reduced C. calcitrans patch size, suggesting a sudden uptake or disturbance by a large organism, as
reported in other experiments (Jeffreys et al. 2011).
At the same time, the N. oculata patch actually increased in surface area, likely as a result of sediment
movement and reworking that flattened the food
patch, thereby increasing its surface area. As noted
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earlier, although these results offer valuable information on patch longevity at bathyal depths, lack of
replication limits our conclusions.

5. CONCLUSIONS
Food supply can depend on environmental variation in the form of increases/decreases in POC flux
(and therefore amounts of food) and/or in the form of
changes in organic matter biochemistry (and thus,
food quality). In this study, we showed that differences in food quality, at the algal class level, can
modify benthic infaunal community structure and
attract different epifaunal species, although we recommend a shorter time-frame (e.g. 1 mo) for this type
of experiment to achieve more conclusive results.
These kinds of integrative studies are useful in
understanding interactions among size compartments (e.g. macroinfauna and mega-epifauna), in
that the Nannochloropsis oculata food patch received more epifaunal visitors. However, more robust conclusions require shorter experiments and
higher numbers of replicates.
These findings have ramifications for predicting
climate change impacts on the benthos. The sensitivity of planktonic species to temperature change can
lead to phenological alterations and biogeographic
shifts at the species level, resulting in a trophic mismatch within the food web, or abrupt shifts in planktonic community structure and therefore changes
in the biochemistry of the flux of organic matter to
the benthos. These changes in species composition
can influence the biochemistry of this flux (i.e. algal
composition).
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