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1. INTRODUCTION

The deep sea (beneath approximately 200 m
depth) has long been considered a relatively stable
environment, buffered from the climatic and geo -
logical drivers that dominate terrestrial and littoral-
marine ecosystems (Glover et al. 2010). However, cli-

mate variations and sea level oscillations affecting
coastal marine communities also have an effect on
the deep-sea biota (Yasuhara et al. 2009, Glover et al.
2010). The deep-sea fauna of the Mediterranean
basin was strongly affected in the past by a massive
extinction during the Messinian salinity crisis
(5.9−5.3 million yr ago: Pérès 1985, CIESM 2008).
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ABSTRACT: Although the deep sea is considered a relatively stable environment, it is affected by
climatic and environmental variations with implications for functioning of its ecosystems and food
webs. We used stable isotopes to compare trophic levels of 21 species of deep-sea megafauna
(fish, decapods and other invertebrates) between 2 periods separated by ca. 20 yr (1985−1989 vs.
2007−2011) and characterized by different climatic conditions (based on the NAO index), by
increases in temperature and salinity and by a decrease in O2 concentration in intermediate
 (Levantine Intermediate Waters, LIW) and deep (at the Benthic Boundary Layer, BBL) water
masses in the Balearic Basin. We found a decrease in the δ15N of benthopelagic fishes (1.5‰ on
average), benthic invertebrates (1.1‰) and pelagic organisms (0.8‰) from 1985−1989 to
2007−2011, a temporal decline confirmed with additional analyses performed after compiling
published data collected in 1996, 1998, 2003/2004 and 2007/2008 from the same area. Changes in
trophic levels (based on δ15N) were correlated (Spearman’s R) to temperature increase, i.e. species
seemed to feed on lower trophic levels during warmer periods. According to generalized linear
models, the main explanatory variables for changes in δ15N were O2 in the BBL and at the core of
the LIW, chlorophyll a concentration at the surface and salinity near the bottom. We hypothesize
that the changes in oceanographic conditions in the Mediterranean, driven by both global change
and river damming, have influenced benthic organisms by reducing their biomass and/or size,
shifting megafauna (mainly fish) to feed on more pelagic or smaller benthic prey, with lower δ15N
values, in 2007−2011 compared to 1985−1989.
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In the last century, in addition to natural variability,
deep-sea ecosystems have been increasingly sub-
jected to human impacts, including pollution, over-
fishing, climate change and river damming. Fishing
activities have seriously affected (directly or not)
deep-sea ecosystems through the removal of sessile,
habitat-structuring organisms such as coldwater
corals (Hall-Spencer et al. 2002, Mortensen et al.
2005) and through the local extinction of megafaunal
species, especially long-lived species such as sharks
(Ferretti et al. 2008, Maynou et al. 2011). Factors
other than fishing also affect deep-sea fauna; e.g.
increased salinity in the Levantine Intermediate
Water (LIW) is correlated with the decline of deep-
living shrimps (Cartes et al. 2011) and sharks (Cartes
et al. 2013a). In general, anthropogenic changes
appear in various combinations and are also con-
founded by natural variability (e.g. responses to
short-term climatic shifts, such as North Atlantic
Oscillation [NAO] variations, Stenseth et al. 2002).
Hence it is important to test for long-term changes
and their possible causes in unexploited areas such
as the deep Mediterranean Sea below 1000 m (Car -
tes et al. 2015). Further, deep-sea species are charac-
terized by slow growth, high or extremely high
longevity (~100 yr), late sexual maturity (~15−25 yr)
and low fertility (Koslow et al. 2000, Morato et al.
2006, Drazen & Haedrich 2012), biological character-
istics which make them extremely vulnerable to
exploitation and give them very low resilience (Villa -
sante et al. 2012). Thus, even small changes may
rapid ly affect their composition, body size or even
cause their extinction, as has occurred in the past
(Kennett & Stott 1991). The general warming trend
observed in the deep waters of the western Mediter-
ranean with an increase in temperature by ~0.12°C
over the past 30 yr (Williams 1998, Rixen et al. 2005)
has reduced bacterial density and activity, and, to -
gether with the trend of decreasing oxygen levels in
deep waters, is contributing to the reduced reminer-
alization of organic matter (Danovaro et al. 2001).

Human-induced or natural changes alter ecosys-
tem functions (Chassot et al. 2010) and may alter the
food-web structure of ecosystems in general and of
the deep-sea in particular (Danovaro et al. 2001).
Studies of food webs are crucial to understanding
matter and energy transfers in ecosystems (Thomp-
son et al. 2012). The resilience of an ecosystem to dis-
turbances and its retention of inorganic nutrients are
examples of ecosystem functions that depend on
food-web structure.

The trophic level of a species is a good indicator of
its status in the food-web structure of its ecosystem

and in general of the environmental status of that
ecosystem. This is recognized in the European
Marine Strategy Framework Directive (http://eur-lex.
europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:
32008L0056&from=EN), wherein one of the descrip-
tors of ecosystem health (Descriptor 4) is the ‘elements
of marine food webs’, including trophic levels. Using
stable isotope analysis (SIA), changes in trophic level
status and the pathways of energy flow can be inves-
tigated and reported. Such shifts may suggest disrup-
tions in food webs, i.e. in fundamental ecology (e.g.
Vander Zanden et al. 1999, Perga & Gerdeaux 2003,
Solomon et al. 2008, Schmidt et al. 2009). Moreover,
many studies have suggested that small isotopic
shifts can be associated with large ecosystem distur-
bances acting over long periods. In deed, chemical
tracers such as naturally occurring carbon (C) and ni-
trogen (N) stable isotopes have been particularly use-
ful in tracing long-term changes in marine ecosys-
tems, especially in the context of global warming and
for monitoring trends in the structure and productivity
of ecosystems (e.g. Schell 2000, Smetacek & Nicol
2005). Additionally, the analysis of stable isotope
composition provides an indication of the assimilated
vs. ingested food, which can be assessed by stomach
content analysis (Phillips 2012), and integrates short-
term (few months) variations in diet and is therefore
less subject to temporal bias.

In this study, we compared the isotopic ratios of
macro- and megafaunal species from the western
Mediterranean collected in 2 different periods, in
1985−1989 (hereafter referred to as the ‘80s period’)
and in 2007−2011 (the ‘current period’), in order to as-
sess the effects of natural and human-induced distur-
bances on deep-sea food webs. We first performed a
meta-analysis of the available literature in order to
define a correction factor for δ15N and δ13C values of
preserved specimens. After that we aimed to: (1) de-
termine possible changes in the trophic level (and ori-
gin of food) of deep-sea megafauna, from top preda-
tors (fish) to some of their most common prey
(pelagic/benthic crustaceans, some deposit-feeding
invertebrates), and (2) relate such changes to oceano-
graphic conditions and potential human effects.

2.  MATERIALS AND METHODS

2.1.  Sample collections

Samples were collected within the framework of
the Spanish-funded projects BATIMAR, BIOMARE
and ANTROMARE. BATIMAR cruises were carried

192



Fanelli et al.: Long-term decline in megafauna trophic levels

out in 1985−1989 (80s period). BIOMARE and
ANTRO MARE cruises were performed in 2007− 2011
(current period). For both periods, we analysed sam-
ples taken between depths of ca. 1000 and 2250 m
(Fig. 1), strata free of fishing activity (Cartes et al.
2015). Details on these surveys were reported by
Cartes & Sardà (1992), Papiol et al. (2012) and Cartes
et al. (2013a, 2015). Briefly, the same sampling gear,
an OTSB-14 (6 mm mesh at the cod end, bridle length
of 8 m, vertical opening height of 1.2 m; Cartes et al.
2009), and the same vessel (RV ‘García del Cid’,
1160 HP), sailing at the same average trawling speed
of 2.7−2.8 knots, were used in the 2 periods. Addi-
tionally, hauls in 2007−2011 were carried out at the
same positions as those in 1985−1989.

Samples from the 80s period were preserved in for-
malin (fish and the sea cucumber Mesothuria intesti-
nalis) and ethanol (decapod crustaceans and all other
invertebrates), while samples from 2007−2011 were
frozen and stored at −20°C. In order to compare the
isotopic ratios of species from the 2 periods, spe -
cimens were selected from 2007−2011 collections
made during the same season, depth, latitude and
longitude as specimens selected from the 80s period.

In this way, we were able to exclude con-
founding factors such as depth, season of col-
lection and spatial variation, considering that
variations with season, depth and location
(beyond the meso-scale) have been observed
in deep-sea food webs (Fanelli et al. 2011a,b,
2013a, Papiol et al. 2013).

2.2.  Stable isotope analysis (SIA)

Species selected for this comparison were
those dominant in the megafaunal assem-
blage in terms of both abundance and bio-
mass (Papiol et al. 2012, Fanelli et al. 2013b).
In total, 21 species including 10 fishes, 5
decapods, the holothurian M. intestinalis, the
sponge Polymastia tissieri, the sipunculid
Sipunculus norvegicus, the mysid Eucopia
hanseni, the euphausiid Meganyctiphanes
norvegica and the hyperiid Phronima seden-
taria were analysed (Table 1). For SIA, we
followed standard protocols already used for
deep-sea macro- and megafauna (see details
in Fanelli et al. 2011a,b, 2013b, Papiol et al.
2013). Briefly, samples of dorsal muscle for
fish, abdominal muscle for decapods or the
whole animal for small specimens of fish,
euphausiids, mysids, sponges or sipunculids

were dried to constant weight at 60°C and then
ground to a fine powder. At least 3 replicates were
analysed for each species, using specimens of
approximately the same size for each species (paired
t-tests, p > 0.05) between the 2 periods. For species
analysed whole and containing carbonate structures
(e.g. small crustaceans or small fish such as
Cyclothone braueri), 2 sub-samples (out of 4 repli-
cates) for carbon isotope analysis were acidified by
adding 1M HCl drop by drop until bubbling stopped
to remove inorganic carbonates, and then samples
were dried again at 60°C for 24 h.

Although some authors suggest extracting lipids
from samples prior to stable isotope analysis, we did
not use a defatting approach for 2007−2011 speci-
mens in order to allow comparisons with isotope data
from other studies on deep-sea megafauna (Polunin
et al. 2001, Jeffreys et al. 2009, Fanelli et al. 2013b,
Papiol et al. 2013). However, in order to evaluate
whether lipids may affect the isotopic values in these
specimens, equations from Post et al. (2007) (Eq. 1
below) and Hoffman & Sutton (2010) (Eq. 2), based
on C:N ratios, were applied to calculate δ13C values
corrected for lipid content, for invertebrates and
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hauls performed in 1985−1989 (—) and 2007−2011 (+). Dotted lines: 

500, 1000 and 2000 m bathymetries
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fishes, respectively. The bulk δ13C values were then
normalized for lipid concentration:

δ13Clipidfree = δ13Cbulk − 3.32 + 0.99 × C:Nbulk (1)

δ13Clipidfree = δ13Cbulk + [−6.39‰ 
× (3.76 − C:Nbulk)]/C:Nbulk

(2)

Values of %C and %N to establish C:N ratios
were measured simultaneously during SIA from the
elemental percentages. The δ13Clipidfree values were
then compared to δ13Cbulk using paired t-tests.
These comparisons showed no significant differ-
ences for fish or decapods, both of which had low
C:N values (3−4). A few significant differences were
found for other invertebrates with slightly higher
C:N ratios, such as mysids and sponges (C:N > 4 up
to 6 in Polymastia tissieri). Given that these sponges
have low lipid content (Drazen et al. 2008), the high
C:N ratio is prob ably attributable to structural com-

pounds with high C content (Fanelli et al. 2013b).
Thus, the subsequent analyses were carried out on
uncorrected (δ13Cbulk) samples. For specimens from
the 80s period, we avoided this approach because
δ13C signatures had already been altered by preser-
vation.

Biological samples were weighed (ca. 1 mg of dry
weight), packed into tin capsules and loaded onto a
ThermoFisher Flash EA 1112 elemental analyser
coupled to a Thermo Electron Delta Plus XP isotope
ratio mass spectrometer (IRMS) to obtain stable iso-
tope ratios of N and C. This was done at the geo-
chemistry laboratory of the IAMC-CNR Institute
(Institute for Marine and Coastal Environment of the
National Research Council) in Naples, Italy. Samples
were run with blank cups and urea standards. Three
capsules of urea were analysed at the beginning of
each sequence and 1 every 6 samples to compensate
for potential machine drift and as a quality control
measure. The δ13C and δ15N values were obtained in
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Functional guild/species Taxon Abbre- 1985−1989 2007−2011
viation δ15N δ13C N Depth δ15N δ13C N Depth

Benthopelagic fish
Alepocephalus rostratus Fish Aros 12.1 ± 0.3 −19.2 ± 0.9 7 MS 8.7 ± 0.5 −18.4 ± 1.2 4 MS
Alepocephalus rostratus Fish Aros − − – – 9.0 ± 1.0 −18.8 ± 1.4 5 LS
Bathypterois mediterraneus Fish Bmed 11.3 ± 0.5 −20.1 ± 1.2 4 LS 11.6 ± 0.3 −16.0 ± 0.0 3 LS
Chalinura mediterranea Fish Cmed 12.1 ± 0.3 −18.0 ± 0.4 3 LS 10.7 ± 0.9 −15.4 ± 0.6 3 LS
Coryphenoides guentheri Fish Cgue 11.3 ± 0.8 −18.2 ± 0.6 4 LS 8.9 ± 0.7 −15.5 ± 0.5 4 LS
Lepidion lepidion Fish Llep 11.4 ± 1.6 −19.4 ± 1.4 6 LS 10.8 ± 0.7 −15.9 ± 0.4 3 LS
Phycis blennoides Fish Pble 12.1 ± 0.4 −17.9 ± 1.4 3 LS 10.6 ± 0.2 −15.8 ± 0.2 3 US
Polyacanthonotus rissoanus Fish Pris 11.1 ± 0.9 −18.6 ± 1.2 3 LS 11.2 ± 0.0 −15.7 ± 0.3 3 MS
Trachyrhyncus scabrus Fish Tsca 12.8 ± 0.4 −18.8 ± 1.0 4 MS 11.2 ± 0.5 −15.3 ± 0.3 3 MS

Benthic invertebrates
Acanthephyra eximia Decapod Aexi 9.4 ± 0.4 −17.8 ± 0.2 3 LS 8.2 ± 0.4 −16.2 ± 0.1 3 LS
Calocaris macandreae Decapod Cmac 7.2 ± 0.4 −16.9 ± 1.0 10 MS 4.8 ± 0.6 −16.9 ± 0.9 3 MS
Nematocarcinus exilis Decapod Nexi 9.2 ± 1.0 −14.1 ± 0.2 4 LS 8.0 ± 0.8 −14.7 ± 0.1 3 LS
Mesothuria intestinalis Holothuroid Mint 11.3 ± 0.8 −13.8 ± 1.1 4 LS 9.7 ± 0.6 −16.6 ± 0.5 7 MS
Polymastia tissieri Sponge Ptis 13.1 ± 0.5 −16.0 ± 0.1 3 MS 10.5 ± 0.5 −16.0 ± 0.8 7 MS
Polymastia tissieri Sponge Ptis − − – – 11.0 ± 0.7 −16.1 ± 0.6 6 LS
Sipunculus norvegicus Sipunculid Snor 9.5 ± 0.5 −14.4 ± 0.4 3 MS 9.5 ± 0.5 −14.4 ± 0.3 4 MS

Pelagic organisms
Argyropelecus hemigymnus Fish Ahem 8.2 ± 0.1 −15.9 ± 0.9 3 MS 7.5 ± 0.7 −17.5 ± 0.6 3 MS
Cyclothone braueri Fish Cbra 5.6 ± 0.1 −17.6 ± 0.1 3 MS 6.1 ± 0.5 −18.2 ± 1.1 3 MS
Eucopia hanseni Mysid Ehan 8.0 ± 0.1 −17.2 ± 0.6 3 LS 7.2 ± 0.2 −18.6 ± 1.3 3 LS
Gennadas elagans Decapod Gele 7.4 ± 0.2 −17.1 ± 0.5 5 LS 6.2 ± 0.2 −18.9 ± 2.2 6 LS
Meganyctiphanes norvegica Euphausiid Mnor 7.8 ± 0.8 −16.6 ± 0.0 3 MS 6.6 ± 0.1 −17.8 ± 0.3 3 MS
Meganyctiphanes norvegica Euphausiid Mnor − − – − 5.6 ± 0.3 −19.6 ± 0.3 3 LS
Phronima sedentaria Hyperiid Psed 6.3 ± 0.4 −16.6 ± 0.5 3 LS 8.2 ± 0.7 −16.7 ± 0.7 4 MS
Sergestes arcticus Decapod Sarc 7.3 ± 0.4 −17.7 ± 1.0 3 MS − − – –
Sergestes arcticus Decapod Sarc 8.7 ± 1.0 −17.7 ± 0.5 5 LS 5.6 ± 0.3 −17.8 ± 0.2 5 LS

Table 1. Isotopic composition (mean ± SD), number of replicates (N) and depth (US: upper slope, 400−800 m; MS: middle slope, 
1000−1300 m; LS: lower slope, 1400−2200 m, according to Fanelli et al. 2013a) of species collected in the 2 study periods (1985−1989 
and 2007−2011). Values of species from the earlier period have been corrected according to meta-analysis results (for further details, 

see the ‘Results’ section as well as the Supplement at www.int-res.com/articles/suppl/c067p191_supp.pdf)

http://www.int-res.com/articles/suppl/c067p191.pdf
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parts per thousand (‰) relative to Vienna Pee Dee
Belemnite and N2 international standards, respec-
tively, according to the following formula:

δ13C or δ15N = [(Rsample/Rstandard) − 1] × 103 (3)

where R = 13C/12C or 15N/14N.

2.3.  Environmental variables

Environmental characteristics were analysed for
the 2 periods, considering possible changes in water
masses (hydrography, i.e. temperature, salinity, dis-
solved oxygen), climatic conditions (NAO index) and
food inputs (chlorophyll a [chl a] concentration at the
surface, river discharge) between 1985−1992 and
2007−2011. Temperature (T), salinity (S) and dissol -
ved oxygen (O2) near the bottom (in the Benthic
Boundary Layer, O2 BBL) were obtained in 2007−2011
from CTD casts performed over the same depth as
the hauls on almost the same dates (for further details
and the methodology used in data compilation, see
Cartes et al. 2015). Mean dissolved oxygen at the
depth of maximum salinity (O2 LIW, i.e. at the core of
the LIW) in the water column was also measured. For
the 80s period, T, S and O2 data at each haul depth
were selected from oceanographic cruises performed
in the area be tween 1984 and 1993 (compiled by
Cartes et al. 2015 from Grup PEPS 1986, Masó &
Grup FRONTS 1988, Varela & Grup FRONTS 1991,
Masó & Grup VARIMED 1995). Estimates of T, S and
O2 were taken for the depths and locations nearest to
the haul stations, and data used were from the same
year as the hauls, and whenever possible from the
same season. When that was not possible (e.g. in
1988 when no oceanographic cruises were perfor -
med) hydrographic data were downloaded from the
MEDATLAS database (www.ifremer.fr/medar/) for
the area of the Balearic Basin (Cartes et al. 2015).
Possible differences in the climatic regime between
the 2 periods studied were considered based on
 winter and annual NAO indices, which were down-
loaded from the Climatic Research Unit of East
Anglia University (www.cru.uea.ac.uk).

Variables related to possible changes in food inputs
were:

(1) Chl a concentration at the surface (mg chl a m−3)
as a proxy for surface primary production, down-
loaded from satellite imagery (http://oceancolor.gsfc.
nasa.gov/CZCS and http://gdata1.sci.gsfc.nasa.gov)
or from chl a analyses reported in ‘Datos Informa-
tivos’ reports (Cartes et al. 2015). Monthly average
readings of chl a at the positions of the bottom trawls

were recorded simultaneously (Chlasim) and from 1 to 
3 mo (Chla1-3mo) before the sampling dates;

(2) Flow data (m3 s−1) for the Ebro, Llobregat and 
other regional rivers compiled for the months with 
biological sampling were taken from, for example, 
www.bafg.de/GRDC/EN/Home/homepage_node.html 
and http://aca-web. gencat. cat/aca, to provide a 
proxy for the freshwater inputs during the 2 periods.

2.4.  Data treatment

2.4.1.  Meta-analyses

Since fishes and the sea cucumber M. intestinalis 
from the 80s period were preserved in formalin and 
all the other invertebrates in ethanol, and as preser-
vation may affect δ15N and δ13C ratios of deep-sea 
fauna (see Fanelli et al. 2010 and references therein), 
we first ran a meta-analysis to assess whether and 
what correction factor had to be applied to the 80s 
period data (for further details on the meta-analysis, 
see the Supplement at www. int-res. com/ articles/
suppl/ c067 p191 _ supp. pdf).

2.4.2.  Isotope data

After applying correction factors (from the esti-
mated effect size returned by the meta-analysis for 
δ15N and δ13C) to the isotopic values of the 80s period, 
data were analysed by means of univariate and mul-
tivariate techniques. Data were not transformed for 
these analyses, since they did not violate the assump-
tions of normality and homoscedasticity.

Two-way univariate permutational analysis of vari-
ance (PERMANOVA, Anderson et al. 2008) tests (fac-
tor 1: ‘period’ with 2 levels − i.e. 1985−1989 data vs. 
2007−2011 data; factor 2: ‘functional group’, with 3 
levels − i.e. benthopelagic fish, benthic invertebrates 
and pelagic organisms, both fixed and crossed) were 
carried out on separate Euclidean resemblance 
matrices of δ15N and δ13C data in order to test for dif-
ferences between the 2 periods in each of the isotopic 
ratios across taxa and for differences in interaction. 
After this, a 2-way PERMANOVA was run on the 
bivariate matrix (δ15N and δ13C).

Additional data were analysed for 13 out of the 
21 species considered (14 taxa when we included 
macro urids as a group of different species from this 
family), by compiling information from different sur-
veys carried out in the area (i.e. Balearic-Algerian 
Basin and the Catalan Sea) from 1996−2011: i.e.
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QUIMERA surveys, carried out in October 1996 and
May 1998 off the Balearic Islands (Polunin et al. 2001);
IDEA, August 2002 to June 2003 off Mallorca (Fanelli
et al. 2009, Fanelli & Cartes 2010); BIOMARE Febru-
ary−October 2007 off the Catalan sea slope (Fanelli et
al. 2011a,b, Papiol et al. 2013) and ANTROMARE3
carried out in October 2011 at the same depths/
stations (authors’ unpubl. data). By using these data,
particular attention was paid to size differences of the
specimens (as in the case of the specimens used by
Polunin et al. 2001; N. V. C. Polu nin & J. K. Pinnegar
pers. comm.) or to sampling depth variations (as in the
case of specimens from IDEA and BIOMARE: Minten-
beck et al. 2007, Fanelli et al. 2013b). The use of a
 different IRMS was also considered, as it can cause a
certain degree of variability in the isotopic composi-
tion of the same samples (Mill et al. 2008). Two of
the datasets used in that experiment came from the
IRMS used by Polunin et al. (2001) and from the IRMS
used by our group for processing all samples from
IDEA, BIOMARE and ANTROMARE (dataset M6, see
Table 1 in Mill et al. 2008), so we were able to apply a
correction factor to the data from Polunin et al. (2001).
After that, these additional δ15N values were analysed
together with those presented in this study and
 compared with the year of collection. A regression
analysis was also performed for each species.

2.4.3.  Environmental data and correlation with
isotope data

A draftsman plot (i.e. scatterplots of all pairwise
combinations of variables; Clarke & Ainsworth 1993)
was applied to environmental variables to identify
whether any of them were strongly correlated, thus
providing redundant information. Redundant vari-
ables (ρ > 0.70) could be discarded, simplifying the
matrix.

Differences in T, S, O2 BBL, O2 LIW, chl a and river
discharge values between the 2 periods were tested
by Cartes et al. (2015). Depth was not considered,
since samples from the 2 periods were selected from
the same hauls/depths. Spearman rank correlations
were calculated between δ15N and δ13C values and
the available environmental variables. After that,
both δ15N and δ13C data recorded in the 2 periods for
all taxa and for each taxon separately (fish, decapods
and other invertebrates) were compared with envi-
ronmental variables using generalized linear models
(GLMs). A GLM is a flexible generalization of ordi-
nary least-squares regression. The distribution fam-
ily used was Gaussian with link identity. Model

selection was based on minimising Akaike’s informa-
tion criterion.

Finally, a principal coordinates analysis (PCO;
Anderson et al. 2008) was carried out in order to visu-
alize the ordination of samples and the environmen-
tal variables to which they were linked in a 2D space.

All data analyses were performed using PRIMER6
and PERMANOVA+ (Clarke & Warwick 1995, An -
der son et al. 2008) and R 3.1.1 (www.r-project.org).

3. RESULTS

Results of δ15N and δ13C of fixed material from the
80s period corrected for formalin and ethanol-preser-
vation effects (see Table S1 in the Supplement), and
of frozen material from the current period are sum-
marized in Table 1.

3.1.  Long-term changes in the isotopic composition
of deep-sea species

The δ15N values of almost all species collected dur-
ing the 80s period were greater than those from the
current period (Fig. 2, Table 1). The δ13C values were
generally more negative in the current period (0.3‰
for benthic invertebrates and 1.1‰ for pelagic organ-
isms) than in the 80s, with the exception of bentho -
pelagic fish (2.5‰ more positive in the current
period, Table 1).

Univariate PERMANOVA showed significant dif-
ferences in δ15N values between the 2 periods and
among functional groups but not for the interaction
(Table 2). Within functional groups, δ15N of benthic
invertebrates did not differ significantly between the
2 periods, while those of benthopelagic fishes and
pelagic organisms did, being significantly higher in
specimens from the 80s period than in those from the
current period. Based on univariate PERMANOVA,
values of δ13C differed significantly between the 2
periods, among functional guilds and for the interac-
tion. The δ13C of pelagic organisms and bentho -
pelagic fishes changed significantly from the 80s
until now (Table 2), with a decrease in pelagic organ-
isms and an increase in benthopelagic fishes.

Results of PERMANOVA for the bivariate dataset
showed significant differences between the 2 peri-
ods, functional groups and for the interaction
(Table 2). The pairwise test for the interaction term
and factor period of δ15N values did not demonstrate
significant differences among benthic invertebrates
(Table 2).
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The analysis of our data combined with published
δ15N values for 13 out of 21 species for which addi-
tional data were available (14 when all macrourids
together were also considered), showed a continuous
declining trend in δ15N values for 93% of the species
(13 out of 14; Fig. 3); this trend was significant (p <
0.05) in 71% of the cases (Table 3).

3.2.  Long-term trends in  environmental variables
and  correlation with isotope data

Temperature, salinity, O2 BBL, O2 LIW, surface chl a
concentration re corded simultaneously to sampling
(Chlasim) differed significantly between the 2 periods
(Table 4, Fig. 4). Greater temperature and salinity
were recor ded in recent years (2007−2011), while O2

concentration (both on the bottom and at LIW) and
RD (although not significantly) were higher in the
past (80s period: Table 4 and Fig. 4 only for O2).
Chlasim changed significantly between the 2 periods
(Table 4, Fig. 4), being lower in the current period
than in the 80s period.

The draftsman plot showed high autocorrelation
(ρ > 0.7) between annual NAO and winter NAO
indices, chl a concentration recorded 1 and 2 mo
before sampling and all records of RD. Thus, winter
NAO, Chla2mo and RD recorded 1, 2 and 3 mo before
sampling were excluded from the following analyses.

For all functional groups, Spearman’s rank correla-
tion (R) showed a significant decrease of δ15N with

increasing temperature (ncases =
174, R = −0.20, p = 0.008), decreas-
ing O2 measured both at the LIW
core (R = 0.25, p < 0.001) and at the
bottom (R = 0.26, p < 0.001) and
decreasing Chla1mo (R = 0.18, p <
0.01). Values of δ13C significantly
increased with increasing tempera-
ture (R = 0.42, p < 0.001) and de -
creased with increasing O2 (both at
LIW and BBL, R = −0.27, p < 0.001),
Chla1mo (R = −0.15, p = 0.04) and
river discharge recorded simulta-
neously (R = −0.15, p = 0.04).

Based on a GLM, δ15N of ben-
thopelagic fishes was positively
correlated with Chlasim recorded
simultaneously to sampling and O2

BBL, while δ15N of pelagic organisms
was positively linked to O2 LIW

(Table 5). No model explained a
significant fraction of variance for
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Source df δ15N δ13C δ15N − δ13C
MS Pseudo-F MS Pseudo-F MS Pseudo-F

Period 1 18.86 7.77** 19.86 12.04*** 38.72 9.50***
Functional guild (FG) 2 204.05 84.04*** 47.61 28.85*** 251.66 61.71***
Period × FG 2 5.17 2.13ns 44.78 27.14*** 49.95 12.25***
Residuals 166 2.42 1.65 4.08
Total 171

Pairwise comparisons of the interaction term
t t t

Benthopelagic fishes 3.40*** 1 > 2 7.16*** 1 < 2 5.57***
Benthic invertebrates 0.67ns 2.35ns 0.64ns

Pelagic organisms 2.78** 1 > 2 3.05** 1 > 2 2.94***

Table 2. Results of the univariate (δ15N and δ13C) and multivariate (δ15N − δ13C) analyses
(PERMANOVA) carried out on δ15N and δ13C values of benthopelagic fishes, benthic
 invertebrates and pelagic organisms collected off the Catalan sea slope during 2 time
periods: 1985−1989 (indicated with ‘1’ in the pairwise comparisons) and 2007−2011
 (indicated with ‘2’). Results of pairwise tests are also reported. *p < 0.05, **p < 0.01, 

***p < 0.001, ns: not significant

Fig. 2. δ15N values of species (see Table 1 for full names) col-
lected during the 2 study periods (1985− 1989, black symbols; 

2007−2011, white symbols)
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benthic invertebrates; the only significant variable
was salinity, which only explained 5% of the vari-
ance (Table 5). This is probably due to the high δ15N
heterogeneity within this group that is composed of
species belonging to different trophic guilds (see
Section 3.1 above).

Overall, models run on δ13C values explained more
variance than those for δ15N. The δ13C values of ben-
thopelagic fish and pelagic organisms were ex -
plained by the NAO index recorded simultaneously

with sampling (both fishes and pelagic organisms).
Variation of δ13C of fish was partly explained by
O2 BBL and chl a concentration recorded 3 mo before
sampling (the greater the primary production, meas-
ured by Chla3mo, the higher the δ13C, while the oppo-
site trend was observed for O2 BBL). Partial accounting
for δ13C variation of pelagic organisms was found for
O2 LIW (i.e. more negative δ13C with lower O2 LIW). Pat-
terns of δ13C values of benthic invertebrates were
most strongly related to temperature and river dis-
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Fig. 3. δ15N values vs. year of collection of 13 out of 22 deep-sea species (including macrourids as a whole, encompassing Chal-
inura mediterranea, Coryphenoides guentheri, Nezumia aequalis, Coelorhynchus coelorhynchus and Coelorhynchus labia-
tus). Regression lines are also shown (R and p values are given in Table 3). Symbols above the regression line indicate samples
larger (+) or smaller (−) than those used in our study; symbols below the regression line indicate specimens collected deeper
(+) or shallower (−) than those considered in our study. No sign (+ or −) indicates that differences in terms of size and/or depth 

were considered not significant



Fanelli et al.: Long-term decline in megafauna trophic levels

charge (i.e. more negative δ13C values with higher
temperature and lower river discharge; Table 5).

The PCO showed that the isotopic variations of fish
from the 80s period were most strongly explained by
O2 concentration recorded both in the LIW and BBL,
while those of fish from the current period were
mainly linked to Chlasim and to RD (Fig. 5). The iso-
topic ratios of pelagic organisms from the current
period were related to chl a concentration recorded
1 and 3 mo before sampling, while benthic inverte-
brates from the 80s period (mostly Calocaris macan-
dreae and Nematocarcinus exilis) seemed to be
related to NAO, temperature and salinity. The first
axis (PCO1) was mostly related (Pearson correlation)
to O2 both on the bottom (ρ = 0.32) and at the LIW
core (ρ = 0.30), while the second (PCO2) was nega-
tively associated with temperature (ρ = −0.44).

4.  DISCUSSION

A drop in δ15N values from the 80s period to the
current period were found in all analysed groups
(1.5‰ on average in benthopelagic fishes, 0.8‰ in
pelagic organisms and 1.1‰ in benthic inverte-
brates), although these differences were not signifi-
cant for benthic invertebrates. The lack of signifi-
cance in this case, notwithstanding the greater δ15N
values of specimens from the 80s period than of those
from the current period, is attributable to the high

variance among the species within this group, which
encompasses surface deposit feeders (i.e. Calocaris
macandreae, Mesothuria intestinalis), sub-surface
deposit feeders (i.e. Sipunculus norvegicus) and car-
nivores (Acanthephyra eximia and Nematocarcinus
exilis). The decrease in δ15N was mainly linked to the
changes occurring in deep-water masses (i.e. warm-
ing, salinization, Williams 1998, Rixen et al. 2005,
Vargas-Yáñez et al. 2009, Zunino et al. 2009; de -
crease in dissolved O2 concentration, Cartes et al.
2015) as a widely recognized consequence of climate
change and other anthropogenic causes (e.g. river
damming into the eastern Mediterranean basin and
the Black Sea; Rohling & Bryden 1992).

The δ15N decline was also confirmed by analysing
additional data from different deep-sea surveys car-
ried out from 1996 to 2008 (Polunin et al. 2001,
Fanelli et al. 2009, 2011a,b, Fanelli & Cartes 2010,
Papiol et al. 2013). All of these data were collected at
intermediate periods with respect to those 2 consid-
ered in the present study and from adjacent sites (i.e.
1996 and 1998, Balearic slopes: Polunin et al. 2001;
2002−2003, Algerian Basin: Fanelli et al. 2009, Fa -
nelli & Cartes 2010) or from the same area (i.e. the
Catalan sea slope, 2007−2008: Fanelli et al. 2011a,b,
Papiol et al. 2013). Notwithstanding potential biases
due to the use of some specimens collected at differ-
ent depths (in the case of samples from the Algerian
Basin or the Catalan sea slope: Mintenbeck et al.
2007, Fanelli et al. 2013b) or with different size
(Fig. 3; N. V. C. Polunin & K. K. Pinnegar pers.
comm.), or to the use of different IRMSs (Mill et al.
2008) (as in the case of Polunin et al. 2001 vs. present
study and e.g. Fanelli et al. 2009, 2011a,b, Fanelli &
Cartes 2010, Papiol et al. 2013), which have been cor-
rected when possible, we ob served a negative corre-
lation between the year of collection and δ15N values
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R R2 p

T. scabrus −0.88 0.77 <0.001
B. mediterraneus −0.11 0.01 0.54
A. rostratus −0.91 0.83 <0.001
L. lepidion −0.63 0.40 0.005
Macrouridsa −0.51 0.26 <0.001
C. mediterranea −0.12 0.01 0.754
P. blennoides −0.70 0.48 <0.001
C. braueri −0.25 0.06 0.219
A. eximia −0.68 0.46 <0.001
S. arcticus −0.65 0.42 <0.001
C. macandreae −0.76 0.58 <0.001
N. exilis −0.69 0.48 0.039
M. norvegica −0.66 0.43 <0.001
P. sedentaria 0.53 0.28 0.117

aIncluding C. mediterranea, C. guentheri, Nezumia
aequalis, Coelorhynchus coelorhynchus and Coelo -
rhynchus labiatus

Table 3. Results of regression analysis between δ15N values
and the year of sampling from 1987−2011 (see Fig. 3) for 13
out of 22 of the species analysed in the study. Full species 

names are given in Table 1

Variable df t p Pairwise

T 172 −19.73 *** 1 < 2
S 172 −8.65 *** 1 < 2
O2 BBL 172 3.69 *** 1 > 2
O2 LIW 172 9.21 *** 1 > 2
Chl a 166 9.09 *** 1 > 2
River discharge 172 1.10 ns −

Table 4. Results of paired t-test for temperature (T), salinity
(S) and oxygen (O2) recorded close to the bottom in the
 benthic boundary layer (BBL) and at the core of the Levan-
tine Intermediate Waters (LIW), and chlorophyll a concen-
tration (Chl a) and river discharge carried out on data from 2
periods (1:1985−1989; 2: 2007−2011). ***p < 0.001; ns: not 

significant
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for 93% of the species, with such trends being signif-
icant in the majority of cases. This suggests that the
observed δ15N drop previously found comparing 2
discrete periods within the same geographic area
and depth range consisted of a progressive decline in
δ15N within the ca. 30 yr period analysed.

4.1.  Long-term decline in trophic levels
of megafauna

We found evidence of a long-term decline in δ15N
in both deep-sea fishes and their possible prey
(mainly crustaceans), suggesting a generalized de -
cline in the whole food web. Negative relationships

between δ15N signature declines and bottom temper-
atures (by Spearman’s correlation) indicate a shift in
diets to prey of lower trophic status in warm years.
Indeed, 1 of the most significant trends in the envi-
ronmental data from the 2 periods under study was
warming of the deep water mass from the 80s period
to 2007−2011 (Cartes et al. 2015). This result agrees
with the gradual warming of the Western Medi -
terranean Deep Water (WMDW) since 1909 (Rohling
& Bryden 1992, Williams, 1998). The long-term de -
cline in δ15N also agrees with the δ15N drop found in
the rockhopper penguin Eudyptes chrysocome from
different sub-Antarctic islands, where greater de -
clines were observed where water temperature was
greater (Hilton et al. 2006). Furthermore, a decrease
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Fig. 4. Trends in environmental variables with depth during
2 periods (1985−1989, black; 2007−2011, white). BBL: Ben-
thic Boundary Layer; LIW: Levantine Intermediate Waters;
T: temperature; S: salinity; Chl a = chlorophyll a concentra-

tions recorded at the surface
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δ15N δ13C
df De- Resid. Resid. F +/− df De- Resid. Resid. F +/−

viance df Dev. viance df Dev.

Benthopelagic fish
NULL 60 143.18 NULL 60 207.90
Chlasim 1 16.3075 59 126.87 8.06** + NAO1-3mo 1 85.18 59 122.72 47.13*** −
O2 BBL 1 9.5881 58 117.28 4.74* + O2 BBL 1 8.51 58 114.21 4.71* −

Chla3mo 1 11.19 57 103.02 6.19* +
AIC = 219.11 AIC = 215.08
Expl. Dev. = 17.92% Expl. Dev. = 50.44%

Benthic invertebrates
NULL 56 241.14 NULL 54 75.45
S 1 11.75 55 229.39 4.33* − RD 1 8.03 53 67.42 7.43** +

T 1 11.16 52 54.25 10.32** −
AIC = 247.12 AIC = 165.32
Expl. Dev. = 4.88% Expl. Dev. = 25.44%

Pelagic organisms
NULL 55 58.63 NULL 55 83.32
O2LIW 1 12.64 54 45.99 14.84*** + NAO1-3mo 1 8.61 54 74.71 7.72** +

O2 LIW 1 10.80 53 63.91 9.69** +
NAO 1 5.95 52 57.95 5.34* +

AIC = 153.9 AIC = 170.84
Expl. Dev. = 21.55% Expl. Dev. = 30.45%

Table 5. Generalized linear models performed on δ15N and δ13C values of fish, decapods and other invertebrates collected during 2 study
periods (1985−1989 and 2007−2011). +/−: sign of the correlation. O2 BBL and O2 LIW: O2 recorded close to the bottom in the Benthic Bound-
ary Layer (BBL) and at the core of the Levantine Intermediate Waters (LIW); Chlasim and Chla3mo: chlorophyll a concentration recorded si-
multaneously with and 3 mo before sampling; T: temperature; S: salinity; NAO(1-3 mo): NAO index (1−3 mo before sampling); RD: river 

discharge. AIC: Akaike’s information criterion. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant

Fig. 5. Principal coordinates plot based on the mean isotopic ratios of specimens collected in 1985−1989 (black symbols) and in
2007−2011 (white symbols). Vectors re present Pearson correlations (r > 0.3) with environmental variables. Abbreviations as 

in Table 1
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in mean δ15N has been observed at different levels of
the food webs in arctic and temperate ecosystems: in
the bowhead whale Balaena mysticetus in Alaska,
USA (Lee et al. 2005), and in the harbour porpoise
Phocoena phocoena in the North Sea (Christensen &
Richardson 2008). Although these are not deep-
water species, they are comparable to deep-sea
fauna in terms of low metabolism and turn-over be -
cause of their polar habitats.

In our study, changes in δ15N were linked to a num-
ber of different environmental variables, with Chlasim

and O2 BBL as the strongest explanatory variables for
changes in benthopelagic fishes. The concentration
of O2 in the BBL significantly decreased from the 80s
until 2011 (on average of 0.2 ml l−1) with a negative
consequence for benthic organisms due to a synergic
effect with increasing temperature (Cartes et al.
2014). Indeed, temperature is a key factor controlling
the extent of hypoxia (Conley et al. 2007), acting
through an array of interacting processes, including
temperature effects on increasing stratification that
reduces ventilation of marine waters (Sarmiento et al.
1998). Increasing temperature diminishes oxygen
solubility (Carpenter 1966, Garcia & Gordon 1992)
and increases the respiration rates of organisms
(Jones 1977, Enquist et al. 2003) to the detriment of
growth. Temperature plays a fundamental role in
regulating all metabolic processes (Iriberri et al.
1985, White et al. 1991, Cartes et al. 2002 and empiric
models compiled therein). Additionally it has been
suggested that the temperature increase in the
WMDW, as mentioned above, enhances the degrada-
tion of particulate organic matter (POM) passing to
great depths through the water column, thus reduc-
ing the availability of fresh POM (food) for supraben-
thic/benthic organisms (Cartes et al. 2015). Despite
the magnitude of change of each variable being
rather small from a biological point of view (e.g.
0.12°C temperature increase in the last 30 yr,
Béthoux et al. 1990), such variations have effects on
POM flow along the entire water column, in the case
of the WMDW below depths of ca. 800 m.

Both an increase in metabolic demands by benthic
organisms and a decrease in available POM as a food
source for benthos may have affected near-bottom
macrofaunal biomass, causing a decrease in abun-
dance (Bailey et al. 2006) or a shift to feeding on
smaller prey, explaining δ15N declines (smaller spe-
cies generally have lower δ15N; Jennings et al. 2001,
Papiol et al. 2013). Thus, benthopelagic fishes (and
also probably large decapods) may have shifted to a
more pelagic diet (zooplankton) or to smaller-sized
benthic/hyperbenthic prey, which in turn reduced

their trophic positions. Similarly, the decrease of δ15N
with primary productivity (as estimated by chl a) sup-
ports the idea of an overall diminution in ecosystem
carrying capacity (Hilton et al. 2006). This has been
observed for many marine vertebrate predators in
other areas (sub-Antarctic: Cunningham & Moors
1994, Waugh et al. 1999, Moore 2004; Indian Ocean:
Weimerskirch et al. 2003; Bering Sea: Schell 2000).
Chl a concentrations are typically lower during
warmer periods (Behrenfeld et al. 2006), and warm-
ing enhances vertical stratification of the ocean
waters (Lewandowska et al. 2012). Greater stratifica-
tion reduces mixing between the surface water lay-
ers, where phytoplankton live, and deeper layers
containing the nutrients required for phytoplankton
to flourish (Gomez 2009). These conditions are ex -
pected to favour the smaller phytoplankton fraction
and motile groups such as flagellates and dinoflagel-
lates vs. diatoms, as observed in pigment signatures
in the open NW Mediterranean (Marty et al. 2002).
Dinobionts are isotopically lighter than diatoms
(Sommer & Sommer 2004, Waite et al. 2007), which
change the isotopic composition of the phytoplank-
ton community (when there are more dinoflagellates
than diatoms), possibly resulting in δ15N decrease
over time. In addition, species living in symbiotic
associations with diazotrophic organisms able to fix
nitrogen are expected to spread in this warming con-
dition (Breitbarth et al. 2007), contributing to the
decreased δ15N values.

Additionally, there could have been a synergic
action with temperature in phytoplankton succes-
sion: palaeontological and space-for-time analysis of
phytoplankton cell size has demonstrated that in a
warmer ocean, primary producers will tend to be
smaller (e.g. Falkowski & Oliver 2007, Morán et al.
2010). Thus the role of the microbial food web should
also be taken into account, because even minor
effects at the base of the food web could be amplified
through trophic chains. Recent studies have focused
on the effects of climate change on lower trophic lev-
els (Sarmento et al. 2010) using a different approach
and particularly the metabolic theory of ecology by
Brown et al. (2004). With ocean warming, it is likely
that the oligotrophic regions of the ocean will
become more stratified, and nutrient segregation will
have a negative impact on net primary production.
Some studies have already reported strong evidence
for ocean ‘oligotrophication’ as a direct effect of
global warming (Falkowski & Wilson 1992, Karl et al.
2001, Behrenfeld et al. 2006, Falkowski & Oliver
2007, Polovina et al. 2008) and have forecasted shifts
in the size structure of the autotrophic community
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(Morán et al. 2010), which in turn may influence
higher trophic levels in a cascade process.

The δ15N of pelagic organisms (including small
fishes such as Argyropelecus hemigymnus and
Cyclothone braueri) was best explained by reduced
O2 LIW in the study area (the Balearic Basin). The
increase in both temperature and salinity in the LIW
has been coupled with lower O2 concentration (Kress
& Herut 2001, Roether & Well 2001, Cartes et al.
2015). Again, the decrease in O2 provokes increased
respiration rates of pelagic organisms, tending to
reduce their size in order to sustain the rise in energy
demand (Seibel & Drazen 2007). The pelagic species
analysed here are all active swimmers and carni-
vores on zooplankton (except Meganyctiphanes nor -
vegica, which acts as an omnivore and also feeds on
copepod exuviae, Fanelli et al. 2011b). Thus, the O2

decrease may have led to a general decrease in zoo-
plankton biomass or a general decrease in their size,
reducing their δ15N.

All of these factors combined may explain the long-
term decrease in δ15N of benthopelagic fauna, mainly
in the analysed fish.

4.2.  Long-term changes in food sources

Considering that changes in δ13C of samples pre-
served in formalin were found to be species-specific
(see Fanelli et al. 2010 for a review), results of our
study for benthopelagic fishes, notwithstanding the
correction resulting from the meta-analyses applied
here, must be interpreted with caution (see also our
discussion on this topic in the Supplement).

The trend observed for practically all organisms
(with the exception of formalin-fixed large bentho -
pelagic fishes) is toward greater depletion of 13C in
samples from the current period, associated with a
greater consumption on zooplankton due to an in -
crease in zooplankton biomass from 1988 (Piont -
kovski et al. 2006, Conversi et al. 2010), related to
changes in NAO, and to the increase in bottom tem-
perature resulting in lower benthic biomass (Cartes
et al. 2015). Ethanol has much less of an effect than
formaldehyde on preserved material, so the greater
δ13C values observed in pelagic organisms (preser -
ved in ethanol) from the 80s period are a more reli-
able result than the high 13C-depletion of formalin-
fixed fish. It could be logical for benthopelagic fish to
be as 13C-depleted in 2007−2011 as the rest of the
trophic web, since most of the large benthopelagic
fishes analysed here are zooplankton feeders (Car-
rassón & Cartes 2002, Dallarés et al. 2014). For

pelagic organisms (fish prey, preserved in alcohol),
the NAO index was one of the most explanatory vari-
ables (GLMs), together with chl a recorded 1 mo be -
fore sampling. High NAO (as in 1985−1989) in the
northeast Atlantic reinforces the west wind stress,
which generates strong mixing of the surface layer
(Fromentin & Planque 1996). This delays the phyto-
plankton bloom and reduces primary production
(Piontkovski et al. 2006). On the other hand, low
NAO years (like those preceding the current period,
2007−2011) provide favourable conditions for earlier
temperature stratification of the water column and
onset of the spring phytoplankton bloom (Dickson et
al. 1988, Fromentin & Planque 1996).

The inverse relationship found between δ13C de -
crease and increasing temperature for benthic inver-
tebrates by GLM is consistent with other findings,
which overall point to a decrease of δ13C in the last
50 yr, on average by 1.8‰ (Schell 2000, Hirons et al.
2001, O’Reilly et al. 2003, Hilton et al. 2006). Such
diminution, observed for different marine species
worldwide, has been frequently attributed to a de -
crease in primary productivity, as we also observed
when comparing surface chl a concentration from
1988−2011.

4.3.  Other possible causes linked to human impacts

The correlation found in GLM between δ13C values
of benthic invertebrates and the amount of river dis-
charge could be explained by the implementation of
sewage treatment plants in Barcelona Metropolitan
Area (Bravo & Ferrer 2011) from the 80s to the cur-
rent period. Although we expected more positive
δ13C values with decreasing river discharge (i.e.
lower input of 13C-depleted fresh water) in the cur-
rent period, a positive correlation was found instead.
This unexpected result could be attributed to the
lighter isotopic composition of POM of primary-
treated sewage effluent compared to that of marine
POM (Gaston & Suthers 2004). This may have con-
tributed to both the 15N and 13C depletions of the
deep-sea food web off the Catalonian coasts.

In fresh and coastal marine ecosystems, previous
studies have demonstrated that a human population
increase leads to an increase in δ15N signatures (Mar-
iotti et al. 1984, McClelland et al. 1997, McClelland &
Valiela 1998), the 15N-enrichment being a conse-
quence of the input of sewage to the aquatic system.
However, off Catalonia, we have the opposite situa-
tion, with a clear and significant drop in δ15N values
for all taxa from 1985−1989 to 2007−2011. When
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anthropogenic input of nitrogen to aquatic ecosys-
tems is dominated by direct runoff of artificial fertil-
izers, a reduction in the δ15N signal can be predicted
(as artificial fertilizers are based on N fixed from the
atmosphere). Fertilization in Catalonia is with in -
organic (mostly non-organic) fertilizers, with a low
organic matter content and a low C:N ratio (~1:2,
Guimerà et al. 1995) soil. This results in high nutrient
leaching in the upper zone of the aquifer affected by
groundwater withdrawals and in low δ15N values in
groundwater dissolved nitrogen (Vitòria et al. 2004).

In the Catalan sea, the increase in nitrates on the
surface was consistent with a parallel increase in
nitrate concentration in the Rhone waters in recent
decades (Moulin et al. 1998) and with a decrease in
phosphates (1968−2005: Raimbault et al. 2007). Such
variations in N and P contents have provoked a
change in the N:P ratio on the sea surface (Souchu et
al. 1997, Raimbault et al. 2007) and may have also
triggered a drop in δ15N, less clearly in δ13C due to
methodological limitations of fixed material.

Other human factors, such as fisheries, can be
excluded, because we worked on communities at
depths of >1000 m that have been free of any trawl-
ing activity. Trawl fisheries along the Catalan coasts
are normally practiced only down to ca. 900 m
(Cartes et al. 2015).
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