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Body size-based trophic structure of a deep marine ecosystem
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Abstract.  Nitrogen stable isotope ratios (8'°N) and body size were used to describe
the size-based trophic structure of a deep-sea ecosystem, the Avilés submarine Canyon
(Cantabrian Sea, Southern Bay of Biscay). We analyzed 8N of specimens collected on a
seasonal basis (March 2012, October 2012, and May 2013), from a variety of zones (ben-
thic, pelagic), taxa (from zooplankton through invertebrates and fishes to giant squids and
cetaceans), or depths (from surface to 4700 m) that spanned nine orders of magnitude in
body mass. Our data reveal a strong linear dependence of trophic level on body size when
data were considered either individually, aggregated into taxonomical categories, or binned
into size classes. The three approaches render similar results that were not significantly
different and yielded predator:prey body mass ratios (PPMR) of 1156:1, 3792:1 and 2718:1,
respectively. Thus, our data represent unequivocal evidence of interspecific, size-based trophic
structure of a whole ecosystem based on taxonomic/functional categories. We studied the
variability in 8N not explained by body mass (W) using linear mixed modeling and found
that the 8"N vs. log,, W relationship holds for both pelagic and benthic systems, with
benthic organisms isotopically enriched relative to pelagic organisms of the same size.
However there is a marked seasonal variation potentially related to the recycling state of
the system.
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INTRODUCTION

Body size is a key attribute in studies of aquatic
food webs. It provides a surrogate measure for rates
of respiration and production, mortality, predation,
and for other important life-history traits (Peters 1983,
Woodward et al. 2005). It is also used to describe
food web structure and energy flux, since body size
is also related to trophic level (Sheldon et al. 1972,
Dickie et al. 1987). Historically, demonstration of
this particularly important generalization relied on
the simultaneous assessment of body size and diet,
usually through theoretical analyses (Dickie et al.
1987), painstaking gut content analyses (Hyslop 1980,
Jacob et al. 2011), literature review of feeding habits
(Warren 1989) or laborious observations in the field
and laboratory (Warren 1989, Jacob et al. 2011).
However, since the discovery of stable isotopes as
both natural tracers and as means of characterizing
trophic structure, their use in ecology has increased
rapidly and has enabled empirical approaches
(Jennings et al. 2008). Nitrogen stable isotope analysis
provides a direct and continuous measure of trophic
position since the 8N of a consumer is enriched on
average by 3.4%o relative to its diet (Minagawa and
Wada 1984). Most previous studies that examined
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the relationship between trophic level and body size
using stable isotopes have focused on a specific com-
partment [e.g., benthic (France et al. 1998, Jennings
et al. 2002a); pelagic (Bode et al. 2007); demersal
fish communities (Jennings et al. 2001, Al-Habsi et al.
2008); zooplankton (Fry and Quinones 1994)]. Studies
including samples of both pelagic and benthic
organisms are scarce (Akin and Winemiller 2008,
Persaud et al. 2011) and none of them include plank-
tonic and nektonic as well as benthic organisms.
Accordingly, there are claims for comprehensive iso-
tope enrichment studies covering the full body size,
taxonomic, and habitat spectrum (Jennings et al.
2008).

The trophic level can be mainly predicted from
body size (Cohen et al. 2003), thereby, food web
structures can be characterized using size-based
approaches, which have been proposed as meaningful
indicators for ecosystem-based management (Rochet
and Trenkel 2003, Jennings and Dulvy 2005); allowing
trophic studies in species-rich ecosystems with com-
plex trophic pathways. In addition, temporal and
spatial changes in body size spectra would reflect
changes in trophic structure that could be used to
assess and predict ecological responses to perturba-
tions in threatened ecosystems (e.g., Pinnegar et al.
2002).

Information on the biodiversity, structure, and func-
tion of deep-sea ecosystems is still insufficient to
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adequately estimate their vulnerability to anthropogenic
impacts (Mengerink et al. 2014). Canyon benthic com-
munities are among the most vulnerable of those sys-
tems (Ramirez-Llodra et al. 2011). This is important,
since they influence water mass dynamics, channel large
volumes of sediments and organic matter from the
shelf to the deep ocean (Canals et al. 2006) and sup-
port very productive and diverse communities (De Leo
et al. 2010).

The main objective of this study is to characterize
the trophic position of the most relevant functional
groups present in the Avilés submarine Canyon (AC)
as determined from nitrogen stable isotope signatures.
We also examined the size-dependence of trophic struc-
ture and its variability. To our knowledge this is the
first size-based trophic study of a deep sea food web
and it is the first that integrates benthic and pelagic
organisms within a size spectrum spanning nine orders
of magnitude.

METHODS

The AC is part of a complex network of canyons
and valleys off the Central Cantabrian Coast with
a depth range from 128 m at its head, located at
only 12 km off the Avilés coast, down to 4766 m
depth when it reaches the abyssal plain of the Bay
of Biscay (Goémez-Ballesteros et al. 2014; Fig. 1).
It is composed of a tributary channel and several
other secondary channels that flow into the former,
and the system is supplied with continental sources
from the Nalén River. We extended our sampling
area from 44°23" to 43°56" N and from 6°31" to
5°47" W (Fig. 1).
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Sampling methods

Samples were collected during three oceanographic
cruises that took place between 3 and 13 March 2012
(BIOCANT 1); between 27 September and 6 October
2012 (BIOCANT 2) and between 24 April and 4 May
2013 (BIOCANT 3) onboard the research vessel B/O
Sarmiento de Gamboa at six different stations distrib-
uted on the main axis of the AC (stations C3, CS5,
C6, and C8) and on the adjacent slope (stations P3
and TP; Fig. 1). At each station, a rosette sampler
was used to obtain profiles of temperature, salinity,
and fluorescence by means of a CTD (conductivity—
temperature—depth) probe Sea-Bird 911-plus (Sea-Bird
Electronics, Bellevue, Washington, USA) mounted on
the rosette, and water samples for the measurement
of chlorophyll a (chl @). At each station, we also
sampled nekton by double oblique hauls with a 10 mm
pore size Isaacs-Kidd Midwater Trawl net (IKMT),
and mesozooplankton by oblique tows of a Multiple
Opening/Closing Net and Environmental Sensing
System (MOCNESS) equipped with eight nets of
200 pm mesh size. Mesozooplankton samples were
taken from 0 to 1200 m in stations C3, P3, and TP
and from 0 to 2000 m in C5, C6, and C8 (Fig. 1).
The benthic community was sampled with a 5 m wide
Agassiz dredge hauled at the bottom floor during 1 h
or by means of a rock dredge also hauled during 1 h
when the bottom substrate was rocky. In addition,
muscle tissue samples of cetaceans Delphinus delphis,
Stenella coeruleoalba, and Physeter microcephalus, sea
birds Morus bassanu and giant squid Architeuthis dux
were obtained from individuals stranded on the coast
(Fig. 1) and stored frozen at —20°C for further analysis
of stable isotopes.

58°W 56°W 54°W

FiG. 1. Map of the study area, the Avilés Canyon System (AC), Spain. Dots indicate locations of stations and lines refer to the
trawling of nets and dredges. Solid dots indicate the stations situated along the main axis of the AC and open dots indicate those on
the adjacent slope. Triangles point out sites where giant squid and cetaceans were found stranded.
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Sample processing

Samples for chl a were obtained by filtration of 200 mL
of water on Millipore membrane filters and stored frozen
at —20°C in dark. Chl a was extracted in 10 mL of 90%
acetone during 24 h in darkness at 4°C. Then chl a con-
centrations were measured using a Turner Designs 10
fluorometer (Turner Designs, Sunnyvale, California, USA).
Chl a measurements were used to calibrate the fluorescence
profiles. Each zooplankton sample was divided into two
halves using a Motoda box-splitter. One half was fixed
in a 4% formaldehyde sea-water-buffered solution and the
other half was transferred to Whatman glass-fiber GF/A
filters and immediately stored frozen at —20°C. For stable
isotope analysis, each frozen zooplankton sample was
thawed and the individuals were sorted according to their

TaBLE 1. Taxonomic groups used in the study.
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taxonomic group (Table 1). To obtain 1 mg sample of
dry weight for the isotope analysis, several individuals
belonging to the same taxonomic group were pooled to-
gether. Zooplankton and nekton collected using the IKMT
and macrobenthos collected with the dredges were sorted
individually according to coarse taxonomic categories and
three individuals of each group per station were selected
for stable isotope analysis, if available. Each specimen
was weighed and photographed onboard on a Kaiser
rePRO 5602 motorized reprography column (Kaiser
Fototechnik GmbH & Company KG, Buchen, Germany)
with a Canon EOS Mark III DSLR camera (Canon,
Tokyo, Japan) and a small sample of muscle tissue, was
dissected and stored frozen in Eppendorf tubes at —20°C
for later isotopic analysis (the body wall was used in the
case of cnidarians, holothurians, and sea urchins).

Taxonomic group Codes N " N (%o) Body mass (g) TL
Cymbulia peronii Cp 8 5.6%0.7 2.0+0.2
Copepoda cop 258 6.5+23 385x107%+9.24x 1073 2.3+0.7
Ostracoda ost 32 6.711.6 1.02 X 1073 £4.86 x 107* 23105
Amphipoda amp 11 69+14 1.76 x 107! £ 4.30 x 107! 24+0.5
Euphausiacea eup 40 74+%1.5 1.45x 107 £ 1.72 x 107! 2.5%0.5
Pelagic Decapoda pde 102 8.6+ 1.8 2.67£5.25 2.8%0.6
Pelagic Pisces ppi 64 9.1+ 1.5 6.07 £ 1.35 x 10! 3.0£0.5
Chaetognatha cha 33 99123 2.55%x1072£3.45% 107 331207
Anthozoa ant 27 10.1 £2.2 33106
Cirripedia cir S 102+ 1.1 1.14 £ 1.19 34102
Benthic Decapoda bde 29 10.5+1.4 4.78 £9.63 34104
Gasteropoda gas 6 10.5+ 1.1 342+221 35£09
Ophiuroidea oph 35 109+ 1.8 1.02 +1.80 3.6£0.5
Polychaeta pol 44 11314 2.50 +5.39 3.7£0.5
Pycnogonida pyc 4 11.6 £ 0.9 5.01 £795 38%£0.3
Cephalopoda cep 6 11.7+£1.2 1.51 x 10>+ 3.49 x 10? 3.8%£0.3
Echinoidea ech 8 11.9+1.7 6.74 x 10! £ 8.10 x 10 3.8%0.5
Delphinidae del 7 12.1£0.7 9.26 x 10* £ 1.27 x 10* 39%0.2
Benthic Pisces bpi 78 121+ 1.5 2.49 x 10 £ 4.76 x 10? 39+04
Holothuroidea hol 27 124+19 6.48 x 10! £ 1.07 x 10? 4.0£0.6
Sipuncula sip S 126+ 1.4 3.40 x 10" £ 5.85 x 10! 41104
Brachiopoda bra 8 127+ 1.5 331+£3.44 4104
Isopoda iso 5 129 +2.1 558 x 107"+ 1.71 x 107! 42+0.6
Porifera por 9 13.2+2.7 42+0.8
Aves ave 9 134+13 1.80 x 10° £2.08 x 10? 43104
Asteroidea ast 32 144+23 1.02 x 10" £ 1.27 x 10! 4.6%0.7
Architeuthis dux Ad 3 14.7+0.1 8.93 x 10* £ 4.48 x 10 4.7£0.0
Physeter macrocephalus Pm 1 16.8 2.50 x 10° 5.3

Notes: Stable nitrogen isotope values, body mass calculated, and corresponding derived trophic level (TL; mean = SD) are pre-

sented. Empty cells mean that we have no measure of body size for those taxonomic groups.



174

Due to their high diversity, the taxonomic identification
of the specimens collected is still underway, and only a
small percentage of the individuals have been determined
to species level. Of these, most were identified according
to morphological characteristics, and a few by means
of their cytochrome ¢ oxidase subunit 1 (COI) barcoding
sequence (Hebert et al. 2003). In an attempt to consider
this diversity, we have classified the specimens according
to meaningful taxonomic/functional categories.

Body size

Body mass was used as indicator of body size. Organisms
were weighed on board using Pesola Micro-Line spring
scales (Pesola AG, Baar, Switzerland), models 20010,
20030, 20060, 20100, 20300, and 40600, which measured
up to 10, 30, 60, 100, 300, and 600 g with precisions
of 0.10, 0.25, 0.50, 1, 2, and 5 g, respectively. For spec-
imens heavier than 600 g, we used a hanging scale. These
measures are less precise for small organisms or for
specimens that are usually not complete (e.g., ophiuroids),
so when there was a conversion factor available in the
literature for each species or for taxonomically close
organisms, body mass was calculated from body length
(see Supplement). Body length was measured from the
pictures taken on board of each organism using image
analysis software ImageJ (Abramoft et al. 2004). According
to its body mass, each specimen was assigned to a log-
arithmic (log,)) body size class (i.e., the first class was
107 to 10™ g, the next was 10 to 107 g, and so on
up to 107 g). We then used all individuals within a given
size class to calculate its average body size and &"N.
Cymbulia peronii and those colonial organisms (i.e., tax-
onomic groups Anthozoa and Porifera) that could not
be weighed individually were not included in the 8"N
vs. log,(body mass) relationship analysis.

Stable isotope analyses

All samples for isotopic determination were dried at
60°C for 48 h, ground to a fine powder with pestle and
mortar, packed in 3.3 X 5 mm tin capsules and processed
in a Thermo Finnigan Mat Delta Plus isotope-ratio mass
spectrometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) coupled to a Carlo Erba CHNSO
1108 elemental analyzer (Thermo Fisher Scientific). Stable
isotope abundances were expressed in & notation as the
deviation from standards in parts per thousand (%o)
according to the following equation:

8N = [ (Rmpte/ Raanara) ~ 1] %1000

sample

where R is the ratio "N/“N. The R, . values were
based on atmospheric N, (AIR). Replicate measurements
of internal laboratory standards indicate measurement
errors of 0.15%o0 for &”N. The trophic level (TL) of
consumers in the AC food web was estimated using the
equation given by Vander Zanden and Rasmussen (2001)
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TL=(5"N 5 Nygine) /3444 ()

consumer
assuming a constant trophic fractionation of 3.4%o
(Minagawa and Wada 1984) and where A is the trophic
position of the organism used as the 8"N, . —of the
food web. Ideally, isotopic ratios for phytoplankton should
be used as baseline levels representing the first trophic
level in the food web (i.e., TL = 1). However, it is difficult
to routinely isolate phytoplankton from seston or plankton
samples for isotope composition analyses, thus herbivores
are frequently favored as baseline organisms representative
of the second trophic level (TL = 2; Post 2002).
Consequently, we used the thecosomate gasteropod
Cymbulia peronii (mean "N = 5.6 £ 0.7, n = 8) as
representative of a TL = 2, assuming that it is predom-
inantly primary consumer (as in Valls et al. 2014).

Statistical methods

We used linear regression models to explore the
relationship between the dependent variable 8"°N and
the independent variable log (body mass) (W). To
determine the influence of factors other than body
size on &8N we fitted our observations to linear
mixed effects models that included part or all of a
set of independent predictors comprising zone (z;
benthic/pelagic), position (p; canyon/slope) and cruise
(¢; March 2012, October 2012 and May 2013) as
discrete, fixed factors and taxonomic group (f; see
Table 1 for the groups considered) as random factor
(see Supplement). Those samples of giant squid,
birds, and cetaceans that were not collected during
a BIOCANT cruise were not included in this anal-
ysis. The most complex model, with as many variables
and interactions as possible, can be represented as

15
6 N,./. = (zxo FeptzptpteztIpgtapy +czp,.].)

+ (B c+ Byz+ fyp+ Pycz+ Pszp+ Pyep + frczp)
log,, Wl./.+a/.+b/. log,, Wite;

a;~N(0,6;) b;~N(0,0}) £~ N(0,6%) )

where 5‘5Nij is the 8N of the ith individual of the
Jjth taxonomic group, the intercept o, and the slope
B are the parameters of the fixed effect factors and
their interactions; a, is the random intercept and b].
the random slope. These random parameters add ran-
dom variation among taxonomic group and are assumed
to follow a normal distribution with mean of zero
and variance of o and o}, respectively. The term e,
is the residual associated with the ith individual of
the jth taxonomic group from a normal distribution
of residuals with mean of zero and variance of &2
We followed a top-down model selection approach
(Zuur et al. 2009) on models for each of all the
possible combinations of factors and their interactions,
and ranked them according to their second-order
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Akaike information criterion (AIC), which reaches
lowest values for simpler models with higher explan-
atory power. We chose the best model among those
with comparable AIC, (i.e., AAIC, < 2 for every
additional parameter; Burnham and Anderson 2002)
as the most parsimonious, with fewest parameters.
To quantify the relative importance of each inde-
pendent variable we summed the Akaike weights for
each predictor with a log,, W interaction across all
the models in which it occurred (Burnham and
Anderson 2002). Marginal and conditional R? values
(referred to variance explained by fixed factors and
by both fixed and random factors, respectively) were
calculated following the procedure outlined by
Nakagawa and Schielzeth (2013). We performed all
statistical analyses using R, version 3.0.3 (R Core
Team 2014) and the lme4 package to calculate linear
mixed models (Bates et al. 2014).

REsuLTs

Environmental context of the BIOCANT cruises

The seasonal dynamics of the AC correspond to
those of a temperate sea, with water-column mixing
during winter and stratification during summer, sep-
arated by a spring and an autumn phytoplankton
bloom (e.g., Fernandez and Bode 1991). Conditions
during BIOCANT 1 (March 2012) were typical of
the onset of the spring bloom. There was a slight,
0.5°C temperature gradient spanning the upper 200 m
of the water column and associated with very high
surface chl a concentrations (Fig. 2). BIOCANT 3
(May 2013) corresponded to an early stratification
period. There was an incipient subsurface chl ¢ max-
imum located between 20 and 70 m depth, which

March
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was associated with a weak thermocline (2°C gradient;
Fig. 2). Last, BIOCANT 2 (October 2012) corre-
sponded to a late stratification period, with a well-
developed subsurface chl ¢ maximum located at 50 m
depth and associated with a strong thermocline (6°C
gradient; Fig. 2).

Size-based trophic structure

In the AC, we collected 897 specimens belonging to
nine different phyla of both pelagic and benthic con-
sumers with 8"°N ranging between —0.3%o and 18.5%o.
Individual body size ranged from 3.03 x 107 to
2.5 x 10° g (Fig. 3A). When grouped into representative
taxonomic categories, the 0N ranged from 5.6%0 *
0.7%0 (mean * SD) for Cymbulia peronii (TL = 2) to
16.8%o for the sperm whale (TL = 5.3; Fig. 3B). "N
increased significantly with body size (W) expressed
either as individual values (8N = 10.07 = 0.08 + 1.
11 £ 0.04 log,, W, parameter estimate * SE, P < 0.001,
R?* = 0.51, n = 852; Fig. 3A), when grouped into tax-
onomic categories (8N = 10.07 * 0.34 + 0.95 £ 0.15
log, W, P < 0.001, R* = 0.63, n = 25; Fig. 3B) or
when binned in logarithmic size classes (3'”"N = 9.69
+ 024 + 0.99 £ 0.07 log,, W, P < 0.001, R* = 0.95,
n = 12; Fig. 3C). The slopes and intercepts of those
lines were not significantly different (¢ test for homo-
geneity of slopes, F,,, = 0.410, P = 0.663; different
intercept test, F, = 0.372, P = 0.689). Using Eq. 1
with Cymbulia peronii as baseline, the taxonomically
aggregated equation translates to TL = 3.32 + 0.28
log,, W. In general, the regression residuals of benthic
consumers were positive, while the reverse was true for
pelagic consumers, with most extreme cases in the as-
teroids (8"°N residual = 3.62), the isopods (3.16), and
the dolphins (—3.5, Fig. 3B). The relationship between

October
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356 357 35.8

35.8
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i —=Temperature
i —chla

300+

FiG. 2. Representative temperature (7), salinity, and chl a profiles of each cruise in March (BIOCANT 1), May (BIOCANT 3),

and October (BIOCANT 2).
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FiG. 3. (A) Relationship between 8N and individual body
size (W) for all organisms collected in the AC food web. (B)
Relationship between mean 8N and mean body size of pelagic
(open circles) and benthic (solid circles) taxonomic groups of
the AC food web and their calculated trophic position. Codes as
in Table 1. Squares refer to those taxonomic groups without
body size data that were not included in the 8'°N vs. body size
regression. For clarity, SDs are not shown. (C) Relationship
between the 8'°N and size classes for the AC food web (mean *
SD).

0N and body size was better described by a second
order polynomial (AIC, = 3727.12; R* = 0.52) than by
a straight line (AIC, = 3746.95; R* = 0.51). However,
since the explained variance is similar, we used the
straight line in order to compare our results with other
systems.

Variability not explained by body size

The selected model among the possible linear mixed
models generated, explained 67% of variance in §"°N
(model 7; Table 2). The most important factor is
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cruise (relative importance weight = 1) and the model
included this factor with different slope and intercept
(Table 2), with steeper slope in BIOCANT 1 and
3 (i.e., March and May) than in the BIOCANT 2
cruise (i.e., October; Fig. 4). The model also included
the factor zone (relative importance weight = 0.71)
with different intercept for each level (i.e., pelagic,
benthic), indicating that benthic organisms had higher
0N than pelagic organisms, although this difference
was more marked during BIOCANT 3 (May) than
during the BIOCANT 1 and 2 cruises (i.e., March
and October; Fig. 4) as determined from the cruise
X zone factor interaction (model 7; Table 2).
Taxonomic group entered the model as random factor
with random slope and intercept (Table 3). Position
(i.e., inside vs. outside the AC) did not provide
enough explanatory power and so it is not included
in the selected model (relative importance
weight = 0.46).

DiscussioN

Trophic level vs. body size in the AC

Here we report the size-based, trophic structure of
a whole ecosystem from copepods through benthic
invertebrates and fishes to cetaceans and giant squids
spanning a size range of nine orders of magnitude.
Several previous studies have shown a significant
increase in trophic position with body size at an
individual level (e.g., Woodward et al. 2010, Gilljam
et al. 2011) or when data were binned into size classes
(e.g., Jennings et al. 2001, 2002a, Al-Habsi et al.
2008). However, grouping the data into taxonomic
or functional categories resulted in weaker (e.g.,
Woodward et al. 2010, Gilljam et al. 2011) or non-
significant trends [Jennings et al. (2001, 2002a),
Layman et al. (2005), Al-Habsi et al. (2008), Tucker
and Rogers (2014), but see Romanuk et al. (2011),
who found positive correlations for fish species]. Such
discrepancy has been interpreted as a symptom that
size effects are due to intraspecific increases in trophic
position during ontogeny (Jennings et al. 2001,
Woodward et al. 2010). An alternative explanation
may be that those studies were limited in their tax-
onomic breadth and/or body size range [e.g., fishes
(Jennings et al. 2001, Layman et al. 2005, Al-Habsi
et al. 2008); fishes and invertebrates (Jennings et al.
2002a, Woodward et al. 2010, Gilljam et al. 2011,
Tucker and Rogers 2014)]. Our study, covering a
more diverse taxonomic spectrum and a wider body
size range, provides unequivocal evidence of size-based
trophic structure, rendering similar estimates of
the rate of increase in trophic level with size when
using either individual, size-binned, or taxonomically
aggregated data (Fig. 3).

Our findings cannot be blamed on the AC being
a particularly different or unique ecosystem. It is
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TasLE 2. Fixed effects of best-fitting mixed models based on their Akaike information criterion corrected for sample size (AIC).

Fixed effects

Model Cruise Zone Position C x Z K AlCc AAICc w, R’ . R’ ©
1 S&I S&I S&I I 16 3258.54  0.00 0.24 0.58 0.68
2 S&I S&I I I 15 3259.46 093 0.15 0.58 0.68
3 S&I I S&l 1 15 3259.80 1.27 0.13 0.57 0.67
4 S&I S&I I 14 3259.97 143 0.12 0.58 0.68
5 S&l S&l S&I S&I 18 3260.62  2.08 0.08 0.58 0.68
6 S&I I 1 I 14 3260.66  2.12 0.08 0.57 0.67
7 S&I | | 13 326098  2.44 0.07 0.57 0.67
8 S&I S&I I S&l 17 3261.27 2.73 0.06 0.58 0.68
9 S&I S&I S&I 16 3261.73  3.19 0.05 0.58 0.68
10 S&l S&I S&I 14 326495  6.42 0.01 0.57 0.67

Notes: S&I means that the factor (Cruise [C], Zone [Z], Position) or factor interaction (C X Z) had a different slope and intercept
for each level with body size, I means that only the intercept was different for each level. K is the number of estimable parameters;
AAIC,, AIC_ differences relative to the smallest AIC value in the set of models; w probability that model i is the best model. The

selected best model is shown in boldface type.

certainly a very speciose system (Louzao et al. 2010),
to the point of having been declared a European
Union, Natura 2000 Site of Community Importance.
However, the AC has five trophic levels, what is
according to expectations for an aquatic food chain
that includes marine mammals as top predators
(Vander Zanden and Fetzer 2007). Our estimates for
the slope of the 8N vs. log,, W linear relationship
varied little, with values of 1.11, 0.95, or 0.99 when
the data were considered individually, aggregated into
taxonomic categories or binned into size classes, re-
spectively (Fig. 3). The predator : prey body mass
ratio (PPMR) can be calculated from these slopes
as PPMR = 106459 (Jennings et al. 2002a), yielding
values of 1156:1, 3792:1 and 2718:1, respectively.
These values compare well with other estimates based
on stable isotopes like in the pelagic food web of
the Galician upwelling system (4522:1; Bode et al.
2003), or the North Sea demersal fish community
(1135:1; Jennings et al. 2001). They are also consistent
with a compilation of marine food web data of
individual-based analyses of gut content (~10%
Nakazawa et al. 2011) and the estimation in the
pelagic food web of the Tuesday Lake based on
species abundance and body size (837.8; Cohen et al.
2003, Jonsson et al. 2005). However, other studies
arrive to lower estimates of PPMR (434:1, Jennings
et al. 2002a, 109:1, Jennings et al. 2002b, 424:1,
Jennings and Warr 2003) possibly because they ana-
lyzed a narrower size range and only covering the
benthic realm.

Deviations from the allometric trend in 8°N

Some of the taxonomic/functional groups deviate
clearly from the 6"”N vs. log,, W regression line

(Fig. 3B), but those deviations make ecological sense.
Asteroids, some of which are known to prey on
megafauna like corals or sponges (Gale et al. 2013)
showed the highest positive residuals. Chaetognaths
exhibited the highest positive residuals among the
pelagic groups (Fig. 3B). These animals predate on
copepods (e.g., Feigenbaum 1991), which are one
order of magnitude smaller in terms of body mass.
This difference corresponds to a PPMR of approx-
imately 10', which is much smaller than a general
PPMR of approximately 10° as estimated from
the slope of the 8N vs. log,, W regression line
(Fig. 3B). It explains the observed increase of 8°N
of aggregated zooplankton samples with the amount
of chaetognaths in the assemblages (Bode and
Alvarez-Ossorio 2004). Such disproportionate influ-
ence prompts for caution in stable isotope studies
where zooplankton are aggregated according to size
fractions.

Isopods included in this study all belonged to Family
Aegidae, which parasitize demersal fishes, with which
they share a similar 8N (Pinnegar 2001). As para-
sites, those isopods exhibit an inverted PPMR, what
accounts for their marked positive deviation from
the regression line (Fig. 3B). This suggests that a
study involving thorough assessment of the extraor-
dinarily abundant parasites (Lafferty et al. 2008) would
probably render a flat or inverted relationship between
0N and body mass. Dolphins showed the highest
negative residual; hence they are eating smaller prey
than expected for their size. Their &8N (12.1%o,
TL = 3.9) is in agreement with observations for the
same species in other systems [i.e., Delphinus delphis
and Stenella coeruleoalba; 11.7%0 and 10.8%., respec-
tively (Meéndez-Fernandez et al. 2012); 12.1%0 and
11.0%o, respectively (Das et al. 2003); 13.1%0, TL = 4.2
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FiG. 4. Relationship between 8N and individual body size
determined from the selected mixed-effect model for organisms
collected in BIOCANT 1 (March 2012), BIOCANT 2 (October
2012), and BIOCANT 3 (May 2013).

for D. delphis (Bode et al. 2007)], and is consistent
with a diet composed primarily of cephalopods and
crustaceans and not fish as in other delphinids (Hassani
et al. 1997).

In our study, a concave, second-order polynomial was
better than a straight line in describing the 8N vs. log
W relationship, implying that large predators occupy a
lower than expected trophic position. This agrees with
a large body of empirical evidence pointing to a concave
relationship or an increasing PPMR with predator size
as expected from a decrease in transfer efficiency with
predator size (Barnes et al. 2010). However, we have
described our data using straight lines, because they ex-
plain nearly as much variance as a curve and because
it is more convenient for comparison with other
studies.

Ecology, Vol. 97, No. 1

Variability in 8°N not explained by body mass

One major result of our model selection approach
was that the slope of the "N vs. log , W relationship
changed through time (Fig. 4). These changes were
mainly related to shifts in the 8N signature of the
smallest organisms, which integrates shorter timescales
and is therefore inherently more variable than that
of larger organisms (O’Reilly and Hecky 2002).
Moreover, this variation is probably related to a
difference in the trophic structure of the ecosystem.
The slopes were higher during BIOCANT 1 (March
2012) and BIOCANT 3 (May 2013; Table 3), which
coincided with early stages of stratification in the
water column and relatively high phytoplankton bi-
omass (Fig. 2). In contrast, the slope was shallower
during BIOCANT 2 (October 2012; Table 3), which
corresponded to a situation of late stratification and
low phytoplankton biomass (Fig. 2). In other words,
the smallest organisms had higher 8N during early
autumn, a pattern that is consistent with previous
reports in other systems (Wainright and Fry 1994,
Rolff 2000, Banaru et al. 2013). This can be explained
by a change in the 8N signature of phytoplankton,
which is known to increase as the system evolves
from an early stage of the production cycle based
on new production to a late stage based on recycled
production (Wainright and Fry 1994, Rolff 2000).
This change is paralleled by a marked decrease in
the ratio of autotrophic to heterotrophic biomass in
the water column, favoring a shift from more her-
bivore to more omnivore or carnivore zooplankton
diets as stratification progresses (Banaru et al. 2013).
Both mechanisms would lead to higher 8N content
in the smallest organisms during late stratification,
in autumn.

Our data suggest that the slope of the 6N vs. log
W relationship was similar and experienced the same
seasonal oscillations in both benthic and pelagic or-
ganisms (Fig. 4). This, points to a similar PPMR and
a similar cause for the trophic size structure in both
systems, which is a fairly remarkable generalization.
However, this pattern must be considered cautiously.
The size range sampled was narrower for the benthic
than for the pelagic organisms, and their 8'"N much
more variable, what suggests a weaker size structure.
This is to be expected from a system where deposit
feeding predominates (such as the deep ocean, Iken
et al. 2001) as opposed to a system based on phyto-
plankton production (Jennings et al. 2008). Thus, a
similarity in regression slopes may not reflect an actual
pattern, but a lack of statistical power to resolve any
real difference.

In spite of their similarity in slope (hence PPMR),
benthic organisms had 8N 2.1%o units higher in av-
erage than that of pelagic organisms of the same size,
as shown by a difference in the elevation of the 8N
vs. log,, W regression lines in the mixed models (Table 3,
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TaBLE 3. Parameter estimates (with SE in parentheses) of the selected linear mixed effect model.

Cruise Zone B, o

BIOI (March 2012) Pelagic 0.8629 (0.1551) 9.7502 (0.4254)
BIOI1 (March 2012) Benthic 0.8629 (0.1551) 11.3099 (0.3453)
BIO2 (October 2012) Pelagic 0.3622 (0.1387) 9.4699 (0.3939)
BIO2 (October 2012) Benthic 0.3622 (0.1387) 11.5562 (0.3364)
BIO3 (May 2013) Pelagic 0.6851 (0.1384) 8.8498 (0.3880)
BIO3 (May 2013) Benthic 0.6851 (0.1384) 11.7056 (0.3244)

Notes: Random effects are 0'2 =1.011, 0'5 =1.011, 6> = 2.910. Best selected model equation: 3°N, = o + B¢ log

W +a +
1077 j

b/ log |, W, e, where o0 = o, + ¢tz ez, the intercept o, and the slope {3 are the parameters of the fixed effect factors and their

interactions, a, is the random intercept and b/ the random slope, ¢ is cruise, z is zone, and W is body mass (g). The term g, is the
residual associated with the ith individual of the jth taxonomic group from a normal distribution of residuals with mean of zero

and variance of 6.

Fig. 4). This result is consistent with previous ob-
servations of high 8N in benthic organisms (Saino
and Hattori 1980, Mintenbeck et al. 2007), and makes
sense for a predominantly detrital food web fueled by
sinking material and sediment enriched in "N due to
preferential utilization of the light isotope during mi-
crobial degradation (Saino and Hattori 1980,
Mintenbeck et al. 2007). Such difference in 8'°N trans-
lates into a difference of 0.6 trophic levels, although
this depends directly on our assumption of a common
baseline for both systems. For example, if we had a
putative benthic herbivore with a 8"N = 9%, and if
we used this organism as baseline for the benthic
consumers, then the apparent difference of 0.6 trophic
levels with the pelagic consumers would have vanished.
In our opinion, the interesting pattern here is not the
absolute value of the difference but its marked seasonal
oscillation. It was smaller during the early stages of
the spring phytoplankton bloom in March (1.5%,
BIOCANT 1) and larger during an intermediate or a
late stratification stage (2.8%0 and 2.1%. during
BIOCANT 3 and BIOCANT 2 in May and October,
respectively; Fig. 4). It is precisely during the early
spring phytoplankton bloom that we expect intense
downward fluxes of particulate matter produced at
the ocean surface (Olli et al. 2002). Therefore, our
results suggest that these intense yet ephemeral inputs
have a pervasive effect along the size spectrum of the
benthic system and that stable isotopes can be used
to detect changes in the degree of coupling among
water column processes and the benthos.

Our study did not reveal significant differences in
0N enrichment between organisms that inhabited
the main axis of the canyon and those on the ad-
jacent slope. Therefore, the size structure of the
benthic system within the 1200-4700 m depth range
and the overlying water column seems uniform.
Submarine canyons channel large volumes of sedi-
ment of terrestrial origin (Canals et al. 2006), and
the AC is located right off the main river outflow
to the Cantabrian Slope (Nalon River, Fig. 1;

109 m’/s annual average flow; Prego and Vergara
1998) so an input of organic matter of terrestrial
origin is to be expected within the canyon. Our
data suggest that this input does not alter the body
size structure of the food web significantly, which
can therefore be reasonably extrapolated to other
regions of the Cantabrian shelf. Identification of
the sources at the base of the food web will only
be achieved through investigation of the isotopic
composition of elements other than nitrogen (i.e.,
carbon). However, our study shows that 6N may
render very useful information about the structure
and dynamics of a very complex ecosystem, which
would be prohibitively difficult to obtain following
more traditional approaches.
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