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Abstract. The bioavailability of organic matter in benthic

deep-sea ecosystems, commonly used to define their trophic

state, can greatly influence key ecological processes such as

biomass production and nutrient cycling. Here, we assess the

trophic state of deep-sea sediments from open slopes and

canyons of the Catalan (NW Mediterranean) and Portuguese

(NE Atlantic) continental margins, offshore east and west

Iberia, respectively, by using a biomimetic approach based

on enzymatic digestion of protein and carbohydrate pools.

Patterns of sediment trophic state were analyzed in relation

to increasing water depth, including repeated samplings over

a 3 yr period in the Catalan margin. Two out of the three sam-

pling periods occurred a few months after dense shelf water

cascading events. The benthic deep-sea ecosystems investi-

gated in this study were characterized by high amounts of

bioavailable organic matter when compared to other deep-

sea sediments. Bioavailable organic matter and its nutritional

value were significantly higher in the Portuguese margin

than in the Catalan margin, thus reflecting differences in pri-

mary productivity of surface waters reported for the two re-

gions. Similarly, sediments of the Catalan margin were char-

acterized by significantly higher food quantity and quality in

spring, when the phytoplankton bloom occurs in surface wa-

ters, than in summer and autumn. Differences in the benthic

trophic state of canyons against open slopes were more ev-

ident in the Portuguese than in the Catalan margin. In both

continental margins, bioavailable organic C concentrations

did not vary or increase with increasing water depth. Overall,

our findings suggest that the intensity of primary production

processes along with the lateral transfer of organic particles,

even amplified by episodic events, can have a role in con-

trolling the quantity and distribution of bioavailable organic

detritus and its nutritional value along these continental mar-

gin ecosystems.

1 Introduction

Continental margins play a key role in the carbon budget and

nutrient cycling on a global scale (Liu et al., 2010) and repre-

sent hot spots of biomass production and biodiversity (Rex et

al., 2006; Danovaro et al., 2010; De Leo et al., 2010; McClain

and Barry 2010). They can represent either a sink for partic-

ulate matter of autochthonous origin (i.e. derived from bio-

logical productivity of surface waters and/or exported from

the land), or a source of organic material fueling the deep

ocean’s interior by lateral transport (Buscail and Germain,

1997; Bauer and Druffel 1998; Canals et al., 2006; Sampéré

et al., 2008; Sanchez-Vidal et al., 2008; Masson et al., 2010;

Pusceddu et al., 2010). Nevertheless, the extent to which such

material is transported and distributed downslope is not con-

sistent along latitudinal or longitudinal gradients, nor con-

stant in time, mainly due to differences in hydrodynamic,

topographic, climatic and ecological conditions (Liu et al.,

2010). From the topography viewpoint, continental margins

are characterized by complex successions of open slopes,
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submarine canyons and landslide-affected areas (Weaver et

al., 2004), whose relative importance to key ecological pro-

cesses (e.g. biomass production and nutrient cycling) is, how-

ever, poorly known. Therefore, identifying factors influenc-

ing the benthic trophic state (in terms of food quantity and

quality) at different spatial and temporal scales is crucial for

a better understanding of the functioning of continental mar-

gin ecosystems.

There is a general consensus that the trophic state of deep-

sea ecosystems can greatly influence the abundance, biomass

and activity of benthic assemblages from micro- to mega-

fauna (Gooday, 2002; Smith et al., 2008; Danovaro et al.,

2008a; Bianchelli et al., 2010), with cascade effects on the

provisioning of ecosystem’s goods and services (Danovaro

et al., 2008b). However, assessing the trophic state of ben-

thic deep-sea ecosystems is a difficult task since organic de-

tritus is made of a complex array of compounds exhibiting

different levels of bioavailability, i.e. from highly labile to

refractory compounds (Mayer 1995; Middelburg et al., 1999;

Dell’Anno et al., 2000; Dell’Anno and Danovaro 2005; Mid-

delburg and Meysman 2007; Pusceddu et al., 2009). This

limits the use of total organic C and N pools as suitable

quantitative descriptors of food availability for consumers

(Dell’Anno et al., 2002; Pusceddu et al., 2009), especially

for sediments in continental margins receiving large inputs of

land-derived organic material, which is potentially more re-

calcitrant to biodegradation than organic compounds of ma-

rine origin (Wakeham and Canuel, 2006; Sanchez-Garcia et

al., 2009). To overcome this problem, some authors have

estimated the labile fraction of organic matter in deep-sea

sediments through the determination of the main biochem-

ical classes of organic compounds (i.e. total carbohydrates,

proteins and lipids), which are assumed to be easier to di-

gest and assimilate by benthic consumers (Tselepides et al.,

2000; Danovaro et al., 2003; Pusceddu et al., 2010). How-

ever, this approach has some limitations, as the analysis of

total carbohydrate, for instance, does not discriminate be-

tween highly refractory structural components and easily

degradable compounds (Buscail et al. 1995; Dell’Anno et

al., 2000; Pusceddu et al., 2003). An alternative approach,

based on an enzymatic hydrolysis of sediment samples car-

ried out in the laboratory (i.e. biomimetic approach, sensu

Mayer et al., 1995), has been proposed for mimicking or-

ganic matter degradation steps in deposit feeding (George,

1964; Mayer et al., 1995; Dauwe et al., 1999a). The enzy-

matically hydrolyzed organic matter pools represent a reli-

able estimate of the food availability for heterotrophic con-

sumers, thus providing insights on benthic trophodynam-

ics (Dauwe et al., 1999b; Dell’Anno et al. 2000; Pusceddu

et al., 2003; Grémare et al., 2005; Mayer et al., 2008;

Bourgeois et al., 2011).

Here, using a biomimetic approach, we investigated the

bioavailability of organic detritus and its nutritional value in

surface deep-sea sediments from open slopes and canyons

of the Catalan (NW Mediterranean) and Portuguese (NE At-

lantic) continental margins. Topographic differences within

the same area (slope vs. canyon) along with differences in

primary productivity and hydrodynamic characteristics of the

two continental margins are expected to influence the magni-

tude and distribution of particle supply to the deep-sea floor,

thus providing new insights on factors controlling food avail-

ability in benthic deep-sea ecosystems.

2 Materials and methods

2.1 Study areas and sampling strategy

Sediment samples were collected along the Catalan margin

in May 2004, October 2005 and August 2006 at ca. 1000 and

1900 m depth and along the Portuguese margin in September

2006 at depths of between ca. 400 and 4200 m (Fig. 1, Ta-

ble S1). At all stations triplicate sediment samples were re-

trieved from three independent deployments of a multicorer.

Each sediment core was sliced vertically and the top 1 cm

stored in Petri dishes at −20 ◦C until biochemical analyses.

Although the inventory can locally provide estimates of the

actual organic matter contents in the sediment that are dif-

ferent from estimates obtained solely from the top surface of

the sediment core, it has been demonstrated that the analysis

of the top 1 cm represents a proxy of the whole trophic state

of marine sediments (Pusceddu et al., 2009).

In the Catalan margin, sediments were collected at four

stations, two of which within Cap de Creus canyon and

the others in the adjacent open slope at similar depths. Cap

de Creus canyon is located in the westernmost part of the

Gulf of Lion, where the shelf narrows and where the wind

driven coastal circulation and the Liguro-Provençal or North-

ern Current converge (Millot, 1990). The head of Cap de

Creus canyon is 12 km from the coastline and the canyon

extends for 95 km basinwards till entering the deeper Sete

canyon at about 2150 m depth. Recent studies conducted on

the Catalan margin reported that Cap de Creus canyon rep-

resents a preferential pathway of particle transport for the

entire Gulf of Lion (Palanques et al., 2006) and that dense

shelf water cascading (DSWC) events occurring during win-

ter periods represent one of the main mechanisms of sed-

iment export towards deeper waters (Canals et al., 2006;

Sanchez-Vidal et al., 2008; Palanques et al., 2012). Two ma-

jor DSWC events occurred in winter/early spring 2005 and

2006, a few months before the sediment sampling in Octo-

ber 2005 and August 2006. These events, driven by excep-

tionally strong, dry northern winds, spread down to the Cata-

lan margin with maximum near-bottom current velocities of

ca. 1 m s−1 (Canals et al., 2006; Palanques et al., 2012) con-

veying large amounts of organic material into Cap de Creus

canyon and the adjacent southern open slope (Canals et al.,

2006; Sanchez-Vidal et al., 2008, 2009; Pasqual et al., 2010).

Primary production in the Gulf of Lion ranges between 78

and 142 g C m−2 yr−1 (Lefevre et al., 1997).
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Fig. 1. Study area and sampling locations in the Portuguese (A) and Catalan (B) margins, offshore west and east Iberia, respectively.

In the Portuguese margin, sediments were collected at eight

stations, four of which located within the Nazarè canyon and

four in the adjacent open slope area. The continental shelf

of the Portuguese margin is relatively narrow, with the off-

shore limit (corresponding to the isobath of 200 m) located

15–30 km from the coastline. The Nazarè canyon, located in

the middle part of this margin, is the largest canyon in the

area, and intersects the entire continental shelf. The upper

and middle canyon collect particles resuspended and trans-

ported from the upper shelf and adjacent slope (de Stigter et

al., 2007). Intermittent sediment gravity flows have been reg-

istered in the canyon which, coupled to the internal tide cir-

culation, produce a net downward canyon transport of partic-

ulate material (de Stigter et al., 2007). Although this canyon

is not connected to a river, it acts as a major sediment sink

(Arzola et al., 2008). The bulk of the organic matter in the

Nazarè sediments is mainly derived from terrestrial sources,

largely due to the alongshore transport of terrigenous mate-

rial rather than vertical deposition of material from the eu-

photic zone (Epping et al., 2002; Kiriakoulakis et al., 2011).

The total organic carbon inputs to deep-sea sediments of the

Nazarè canyon vary from ca. 5 to 41 gC m−2 yr−1 (at ca.

4300 and 340 m depth, respectively; Epping et al., 2002); and

two contrasting environments, based on the analyses of the

near-bottom particle dynamics, have been recently identified

in the the upper and middle section of the canyon (Martı̀n et

al., 2011). The upper section of the canyon at 1600 m depth

is characterized by high current speeds (with spring tides 20

up to 80 cm s−1) and high mass fluxes of particulate matter

(up to 265 g m−2 d−1), while the middle section at 3300 m

depth is characterized by mass fluxes below 10 g m−2 d−1.

Primary production values of surface waters in the Por-

tuguese margin vary between 154 and 556 g C m−2 yr−1

(Alvarez-Salgado et al., 2003). Such higher values of pri-

mary production compared to the Gulf of Lion are the re-

sult of the prevailing summer upwelling regime character-

izing the Portuguese margin (Vitorino et al., 2002). This

was also confirmed by values of net photosynthetic primary

production extracted from the ocean productivity database

(http://www.science.oregonstate.edu) for the same sediment

sampling locations and periods. Values of primary produc-

tivity of September 2006 in the Portuguese margin were,

indeed, ca. 2-fold higher than those of August 2006 in the

Catalan margin (on average 1632 ± 212 mg C m−2 d−1 vs.

743 ± 26 mg C m−2 d−1).
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2.2 Phytopigments and sediment organic

matter composition

Chloroplastic pigments (chlorophyll a and phaeopigments)

were analyzed fluorometrically according to Lorenzen and

Jeffrey (1980). Pigments were extracted with 90 % acetone

(12 h in the dark at 4 ◦C). After centrifugation, the super-

natant was used to determine the functional chlorophyll a and

acidified with 0.1 N HCl in order to estimate phaeopigments.

Total phytopigment concentrations (CPE) were defined as

the sum of chlorophyll a and phaeopigment concentrations

(Thiel, 1978).

Total protein (TPRT), carbohydrate (TCHO) and

lipid (TLIP) concentrations in the sediment were deter-

mined spectrophotometrically, as described in detail by

Danovaro (2010), and concentrations were expressed as

bovine serum albumin, glucose and tripalmitine equivalents,

respectively. For each biochemical assay, blanks were ob-

tained using pre-combusted sediments (450 ◦C for 4 h). For

all of the stations, all analyses were performed on triplicate

sediment subsamples (about 0.5–1 g). Carbohydrate, protein

and lipid sediment contents were converted into carbon

equivalents using the conversion factors of 0.40, 0.49 and

0.75 mg C mg−1, respectively, and their sum defined as the

biopolymeric organic carbon (sensu Fabiano et al., 1995).

2.3 Bioavailability and nutritional value of organic

matter in the sediments

A biomimetic approach, based on enzymatic hydrolysis of

organic matter, was used to determine the bioavailable frac-

tion of the total protein and carbohydrate pools in the sed-

iment. Proteins and carbohydrates were selected because

they represent the dominant biochemical classes of organic

compounds in benthic marine systems worldwide and thus

are expected to be the main potential food sources for het-

erothophic metabolism (Pusceddu et al., 2009). Enzymati-

cally hydrolysable protein and carbohydrate pools in the sed-

iment were determined according to Dell’Anno et al. (2000)

with slight modifications. For enzymatic digestion of sed-

imentary protein pools, frozen sediment samples were ho-

mogenized in TRIS-HCl 0,1 M, EDTA 0,1 M buffer (pH 7.5,

buffer : sediment ratio of 2.5 volume weight−1) and the re-

sulting slurry sonicated three times for 1 min (with intervals

of 30 s every minute). Triplicate subsamples of the slurry

(treated samples) were added to 100 µL of proteinase K

(1 mg mL−1) and 100 µL of protease (600 µg mL−1) solu-

tions. An equal volume of TRIS-HCl 0,1 M, EDTA 0,1 M

buffer solution without enzymes (control samples) was added

to another set of triplicate sediment subsamples. All sam-

ples were incubated for 2 h at room temperature under

gentle agitation. Incubation time was selected after check-

ing the highest amount of proteins released enzymatically

through time-course experiments carried out on additional

sediment subsamples. After incubation, samples were cen-

trifuged (10 000 × g for 10 min.) and the sediments rinsed

twice with 5 mL of MilliQ water to remove the digested pro-

teins and the enzymes. Sediment subsamples, pre-combusted

in a muffle furnace at 450 ◦C for 4 h and processed as de-

scribe above, were utilized as blanks. Protein analyses from

these samples were then carried out according to the pro-

cedure described by Danovaro (2010). Differences between

protein concentrations of control and treated samples were

assumed to account for the proteins actually hydrolyzed by

proteases (i.e. enzymatically digestible). Enzymatically hy-

drolyzed protein concentrations (HPRT) were normalized to

sediment dry weight.

For enzymatic digestion of sedimentary carbohydrate

pools, frozen sediment samples were homogenized with

0.1 M Na-Phosphate, 0.1 M EDTA (pH 6.9; sediment:buffer

ratio of 2.5 weight volume−1) and sonicated three times for

1 min (with intervals of 30 s). Replicates samples of the

slurry (n = 3, treated samples) were added to 100 µL of α-

amylase, 50 µL of β-glucosidase, 100 µL of proteinase-K

and 100 µL of lipase (stock solution of all enzymes was

1 mg mL−1). Another set of replicates treated adding 0.1 M

Na-Phosphate instead of enzyme solutions was utilized as

control. Samples were incubated for 2 h at room tempera-

ture (after checking the highest amount of carbohydrates re-

leased enzymatically through time-course experiments) un-

der gentle agitation. As for protein hydrolysis, sediment sub-

samples, pre-combusted at 450 ◦C for 4 h and processed as

describe above were utilized as blanks. After incubation,

all samples were centrifuged (at 10 000 × g for 10 min) and

an aliquot of the supernatant was utilized to determine car-

bohydrates released from the sediments. Soluble carbohy-

drates were determined from the supernatant of the control

sample. Carbohydrates from all supernatants and from in-

tact sediments were analyzed spectrophotometrically accord-

ing to Danovaro (2010). The actual fraction of hydrolyzed

carbohydrates was obtained by difference between the car-

bohydrate concentrations determined in the supernatant of

samples containing enzymes and the soluble fraction of the

control. Enzymatically hydrolysable carbohydrate concen-

trations (HCHO) were normalized to sediment dry weight.

Bioavailable organic carbon (BAOC, sensu Danovaro

et al., 2001a) was defined as the sum of the car-

bon equivalents of enzymatically hydrolysable protein

and carbohydrate pools.

The nutritional value of organic matter in the sediment

was defined on the basis of (i) the contribution of enzymat-

ically digestible proteins to the BAOC pools since proteins

contain essential elements (i.e. nitrogen) and compounds

(i.e. aminoacids) for heterotrophic metabolism (Mayer et. al.,

1995; Dell’Anno et al., 2000), and (ii) the relative importance

of enzymatically digestible organic matter fractions to their

total pools (Danovaro et al., 2001a).
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Fig. 2. Spatial distribution of (A) total phytopigment concentra-

tions, (B) enzymatically hydrolysable protein and (C) carbohydrate

pools in surface sediments of the Cap de Creus canyon and adjacent

open slope of the Catalan margin collected in the different sampling

periods. na= not available. Standard deviations are reported.

2.4 Statistical analyses

To test for differences in the quantity of bioavailable organic

matter (in terms of HPRT, HCHO and BAOC concentrations)

and its nutritional value (as the contribution of enzymatically

digestible proteins to the BAOC pools and the relative im-

portance of enzymatically digestible organic matter fractions

to their total pools) between canyon and open slope sedi-

ments of the Catalan margin in different years and at differ-

ent depths, univariate 3-way analyses of variance (ANOVA)

were carried out. The design included three factors: time (T ,

with 3 fixed levels: May 2004, October 2005, August 2006),

environment (2 fixed levels, canyon vs. open slope) and depth

(2 fixed levels, 1000 vs. 1900 m depth).

To test for differences between canyon and open slope sed-

iments in the Portuguese margin at different depths, univari-

ate 2-way analyses of variance (ANOVA) were carried out.

The design included two factors: environment (2 fixed lev-

els, canyon vs. open slope) and depth (4 fixed levels, 400,

960, 3200 and 4200 m).

To test for differences between open slopes and canyons

of the Catalan and Portuguese margins at similar depths (ca.

1000 m), a one-way ANOVA was carried out. To take into ac-

count the effect of sampling time, the analysis was restricted

only to sediment samples collected almost synoptically (Au-

gust 2006 and September 2006 in the Catalan and Portuguese

margins, respectively).

Before the ANOVAs, the homogeneity of variances was

checked using the Cochran’s test on appropriately trans-

formed data, whenever necessary. For those data sets that

the transformation did not allow for obtaining homo-

geneous variances, a more conservative level of signifi-

cance was considered (i.e. p < 0.01; Underwood, 1997).

When significant differences were encountered, a post hoc

comparison test (at α = 0.05) was also carried out. All

ANOVA and post hoc tests were carried out using the PER-

MANOVA routine included in the Primer 6+ software pack-

age (Anderson et al., 2008).

3 Results

3.1 Bioavailability of organic matter in sediments of the

Catalan margin

In surface sediments of the Catalan margin, total phytopig-

ment concentrations, here used as a proxy of the input of

primary organic matter, were characterized by significant

temporal changes, with values significantly lower in Octo-

ber 2005 than in August 2006 (up to 18.4 ± 0.6 µg g−1 at

1000 m depth in Cap de Creus canyon; Fig. 2a, Table S2).

Sediments collected in Cap de Creus canyon at 1000 m depth

displayed phytopigment contents significantly higher when

compared to those of the adjacent open slope at similar

depths. In the different sampling periods, total phytopigment

concentrations in surface sediments decreased significantly

with increasing water depth. Enzymatically hydrolysable

protein (HPRT) and carbohydrate (HCHO) concentrations

in surface sediments of the Catalan margin are shown in

Fig. 2b–c. HPRT concentrations ranged from 33 ± 1 to

268 ± 33 µg g−1 in open slope sediments, and from 74 ± 28

to 482 ± 158 µg g−1 in Cap de Creus canyon sediments. The

three-way ANOVA revealed a significant effect of the in-

teraction time × environment × depth on HPRT pools (Ta-

ble S2). Thus, the post hoc test revealed that HPRT concen-

trations were significantly higher in sediments collected in

May 2004 than in all other sampling periods, with the excep-

tion of samples collected within the canyon at 1000 m depth.

No significant differences in HPRT concentrations were gen-

erally observed between sediments of Cap de Creus canyon

and those in the adjacent open slope (Table S2).

HCHO concentrations in open slope sediments ranged

from 90 ± 10 to 361 ± 38 µg g−1 and from 148 ± 39 to

www.biogeosciences.net/10/2945/2013/ Biogeosciences, 10, 2945–2957, 2013
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Fig. 3. Spatial patterns of the contribution of (A) enzymatically hy-

drolysable proteins and (B) carbohydrates to their respective total

pools in surface sediments of the Cap de Creus canyon and adjacent

open slope of the Catalan margin collected in the different sampling

periods. Standard deviations are reported.

297 ± 39 µg g−1 in Cap de Creus canyon sediments. The

three-way ANOVA revealed a significant effect of the in-

teraction time × environment × depth (Table S2). In Oc-

tober 2005 HCHO concentrations in open slope sediments

were significantly higher at 1900 m depth than at 1000 m

depth, and vice versa in May 2004. No significant differ-

ences were observed between the two environments inves-

tigated, except in May 2004 at 1000 m depth, where HCHO

concentrations were significantly higher in open slope than

in canyon sediments (Table S2).

The contribution of enzymatically hydrolysable pro-

teins to the total protein pools varied from 3 ± 1 to

37 ± 10 %, whereas enzymatically hydrolysable carbohy-

drates accounted for 7 ± 0.2 to 42 ± 12 % of the total car-

bohydrate pools (Fig. 3a–b; data on total protein and car-

bohydrate concentrations are reported in Table S3 of the

supplementary material). The contribution of enzymatically

hydrolysable proteins to the total protein pools in the sedi-

ment collected in October 2005 at 1000 m depth were signif-

icantly higher than that in the other sampling periods at sim-

ilar depth. Such a contribution increased significantly with

increasing water depth in the sediments of open slope col-

lected in August 2006. Similar patterns were observed for

the enzymatically hydrolysable carbohydrates whose con-

tribution significantly increased with water depth in Au-

gust 2006 both in the open slope and canyon sediments.

The fraction of the two enzymatically hydrolysable pools

generally did not change significantly between canyon and

open slope sediments.

The concentrations of bioavailable C in surface sediments

(range: 94–345 µg g−1) were characterized by significant

spatial and temporal changes (Fig. 4a, Table S2). The post

hoc test revealed that bioavailable C content in the sediment

collected in May 2004 (at 1000 m depth in the open slope and

at 1900 m in the canyon) was significantly higher than in the

other sampling periods. Slope sediments collected in October

2005 and August 2006 were also characterized by values of

bioavailable C concentrations significantly higher at 1900 m

depth than at 1000 m depth. The contribution of bioavail-

able C to the total biopolymeric C pools (range: 6 ± 1–

29 ± 7 %) displayed significant temporal and spatial changes

with values significantly lower at 1000 m than at 1900 m

depth (Fig. 4b, Table S2; data on biopolymeric C are reported

in the supplementary material). In May 2004 the enzymati-

cally hydrolysable proteins in the sediments represented the

dominant component of the bioavailable C pools (on aver-

age 60 %), which, conversely, in August 2006 was mainly

composed by C associated with enzymatically hydrolysable

carbohydrates (on average 70 %; Fig. 4c). The contribution of

enzymatically proteins to bioavailable C pools was similar or

even significantly higher in the sediments collected at 1900 m

depth than in those collected at 1000 m depth (Table S2).

3.2 Bioavailability of organic matter in sediments of the

Portuguese margin

Total phytopigment concentrations in surface sediments

of the Portuguese margin ranged from 3.7 ± 0.1 to

46.9 ± 2.9 µg g−1 and were characterized by values signifi-

cantly higher in the Nazarè canyon than in the adjacent open

slope at all depths (Fig. 5a, Table S4). The post hoc com-

parison revealed a significant decrease of total phytopigment

concentrations with increasing water depth in the canyon

and a significant increase in the adjacent open slope (Ta-

ble S4). In slope sediments HPRT concentrations did not

change significantly with increasing water depth, whereas in

the canyon significant changes with water depth were ob-

served (Fig. 5b, Table S4). In particular, in the canyon the

lowest HPRT concentrations were determined in the sedi-

ment collected at 960 m depth (post hoc p < 0.01). Sedi-

ments collected within the canyon were also characterized

by HPRT concentrations significantly higher than those de-

termined in the adjacent open slope at similar depths. HCHO

concentrations were significantly higher in the sediments of

the upper part of the canyon and vice versa in the open slope

(Fig. 5c, Table S4). The enzymatically hydrolysable carbohy-

drate pools did not differ significantly between canyon and

open slope sediments, with the exception of samples col-

lected at 960 m depth.

Biogeosciences, 10, 2945–2957, 2013 www.biogeosciences.net/10/2945/2013/
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Fig. 4. Spatial distribution of (A) bioavailable C concentrations, (B)

contribution of bioavailable C to biopolymeric C pools and (C) con-

tribution of hydrolysable proteins (converted into C equivalents)

to bioavailable C pools in surface sediments of the Cap de Creus

canyon and adjacent open slope of the Catalan margin collected in

the different sampling periods. Standard deviations are reported.

In the sediments of the open slope of the Portuguese mar-

gin, the contribution of enzymatically hydrolysable proteins

to the total protein pools decreased significantly with increas-

ing water depth (Fig. 6a; data on TPRT concentrations are

reported in Table S5 of the supplementary material). Con-

versely, in the canyon such a contribution significantly in-

creased with increasing water depth. At shallower depths the

contribution of enzymatically hydrolysable proteins to the to-

tal protein pools were significantly higher in open slope than

in the canyon sediments and vice versa at greater depths. The

contribution of enzymatically hydrolysable carbohydrates to

the total carbohydrate pools decreased significantly with in-

creasing water depths both in the canyon and in the adja-

cent open slope (Fig. 6b; data on TCHO concentrations are

reported in Table S5 of the supplementary material). At all

Fig. 5. Spatial distribution of (A) total phytopigment concentra-

tions, (B) enzymatically hydrolysable protein and (C) carbohydrate

pools in surface sediments of the Nazarè canyon and adjacent open

slope of the Portuguese margin. Standard deviations are reported.

depths such a contribution was significantly higher in open

slope than in canyon sediments.

Bioavailable C concentrations in surface deep-sea sedi-

ments ranged from 218 ± 50 to 680 ± 272 µg g−1 (at shal-

lowest depths both in the open slope and the Nazarè canyon;

Fig. 7a). Bioavailable C concentrations did not vary sig-

nificantly with increasing water depth within the canyon,

whereas significant lower values in the adjacent open slope

were observed at the shallowest depth (Table S4). Canyon

sediments were characterized by bioavailable C concentra-

tions significantly higher than those determined in the open

slope sediments at similar depths.

The contribution of bioavailable C to the biopolymeric C

pools (data on BPC concentrations are reported in Table S5)

ranged from 14 ± 1 to 58 ± 6 % and displayed a significant

increase with increasing water depth in the canyon (Fig. 7b,

Table S4). Conversely, in the open slope such a contribu-

tion significantly decreased with increasing water depth. The
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Fig. 6. Spatial patterns of the contribution of (A) enzymatically hy-

drolysable proteins and (B) carbohydrates to their respective total

pools in surface sediments of the Nazarè canyon and adjacent open

slope of the Portuguese margin. Standard deviations are reported.

bioavailable C fraction was significantly higher in the open

slope sediments located at shallower depths than that of the

canyon sediments at similar depths and vice versa for the

deepest station.

The enzymatically hydrolysable proteins accounted, on

average, for 58 and 69 % of the bioavailable C pools in open

slope and Nazarè canyon sediments, respectively (Fig. 7c). In

the sediments of the Nazarè canyon, such a contribution sig-

nificantly increased with increasing water depths (up to 83 %

at the deepest station), which, conversely in the open slope

significantly decreased (down to 42 % at 3200 m depth; Ta-

ble S4).

4 Discussion

Primary production in ocean surface waters fuels the deep-

sea ecosystems through particle export from the euphotic

zone (Dunne et al., 2007). Mechanisms of particle transfer to

deep continental margins depend not only upon particle sed-

imentation from the upper ocean, but also upon a wide array

of processes, including down slope and down canyon trans-

port, rebound of re-suspended particles and episodic events

such as sediment laden flows and DSWC (Canals et al., 2006;

Heussner et al., 2006; de Stigter et al., 2007). Altogether,

these factors drive distribution and accumulation of organic

matter in surface sediments of continental margins.

Fig. 7. Spatial distribution of (A) bioavailable C concentrations, (B)

contribution of bioavailable C to biopolymeric C pools and (C) con-

tribution of hydrolysable proteins (converted into C equivalents) to

bioavailable C pools in surface sediments of the Nazarè canyon and

adjacent open slope of the Portuguese margin. Standard deviations

are reported.

In this study differences in primary productivity between

surface waters of the two continental margins (ca. 2-fold

higher in the Portuguese margin) were reflected by total phy-

topigment concentrations, which were significantly higher in

the sediments of the Nazarè canyon than in Cap the Creus

canyon despite samples were collected almost synoptically

at similar depth. Conversely, slope sediments of the Por-

tuguese margin were characterized by significantly lower

phytopigment concentrations than those of the Catalan mar-

gin. Such a spatial variability of photosynthetically-produced

organic matter deposited on surface sediments suggests that

the pelagic-benthic coupling mechanisms may be also con-

trolled by the geomorphological characteristics and hydro-

logical processes characterizing the two environments (i.e.,

canyon vs. open slope).
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Previous studies have inferred the amount of labile organic

matter in surface deep-sea sediments through the analysis

of chlorophyll a concentrations (van Oevelen et al., 2011,

2012). However, chlorophyll a is rapidly converted into

degradation products during particle sinking to the ocean

floor (Fabiano et al., 2001) and rapidly decays in the sed-

iments (Sun et al., 1991). Moreover, the pool size of la-

bile organic matter in the sediment estimated from chloro-

phyll a concentrations can vary depending on the con-

version factor applied, i.e. 30–100 µgC µg chlorophyll a−1

(Pusceddu et al., 2009).

In this study we estimated the bioavailability of organic

matter in sediments of the Portuguese and Catalan margins

through an enzymatic approach. Such an approach, despite

its intrinsic limitations, has been extensively used across a

wide range of benthic ecosystems to provide quantitative in-

formation on food availability for heterotrophic consumers

(Mayer et al., 1995, 2008; Dauwe et al., 1999a; Dell’Anno

et al., 2000; Danovaro et al., 2001a; Pusceddu et al., 2003;

Grémare et al., 2005; Bourgeois et al., 2011).

We found that the enzymatically hydrolyzed protein and

carbohydrate pools in the sediments of the Nazarè canyon

were 3–4 fold higher than those of Cap de Creus canyon

at similar depth. Also, slope sediments of the Portuguese

margin were characterized by significantly higher enzymat-

ically hydrolyzed organic matter concentrations when com-

pared to slope sediments of the Catalan margin. The com-

parison with available literature information indicates that

the sediments investigated in this study are characterized by

enzymatically hydrolyzed protein and carbohydrate concen-

trations similar to those determined in shallow benthic sys-

tems (Pusceddu et al., 2003; Mayer et al., 2008 and cita-

tions therein for a comparison with results based on different

approaches/protocols), but up to 2–3 fold higher than those

determined in abyssal sediments of the NE Atlantic Ocean

(Dell’Anno et al., 2000; Danovaro et al., 2001a). The lower

amount of enzymatically digestible organic matter pools in

abyssal sediments of the NE Atlantic Ocean is consistent

with the lower organic carbon inputs reaching the seafloor

(ca. 1 gC m−2 yr−1 at 4700 m depth; Lampitt et al., 2001).

Phytodetritus sinking from the water column represents

a major source of bioavailable organic matter to the deep-

sea floor (Fabiano et al., 2001; Dell’Anno and Danovaro,

2005). In this study we found a significant relationship be-

tween enzymatically hydrolyzed protein concentrations and

phytopigment contents in the sediments of the Portuguese

margin (n = 8, r = 0.723, p < 0.05), though this was not

the case for the Catalan margin. High concentrations of non-

algal bioavailable organic N compounds (in terms of enzy-

matically hydrolysable aminoacids) have been documented

in benthic systems influenced by major river outflows (Mayer

et al., 2008; Bourgeois et al., 2011), including sediments pre-

viously collected in the Gulf of Lion (Grémare et al., 2005;

Bourgeois et al., 2011). Previous findings, based on temporal

investigations carried out by mooring trap arrays deployed

at ca. 1000 m and 1900 m depth (in the same stations inves-

tigated in the present study), provided evidence that, during

the DSWC events occurring during winter/early spring 2005

and 2006, Cap de Creus canyon and the adjacent southern

open slope received high amounts of organic material (up to

ca. 75 % of the total annual organic matter fluxes; Sanchez-

Vidal et al., 2008, 2009; Pasqual et al., 2010). Such huge

inputs of organic material to the deep margin and basin are

represented not only by organic particles of marine origin

(due to the phytoplankton bloom occurring concomitantly

on the shelf), but also by large amounts of organic parti-

cles of terrestrial origin (i.e. mainly from the Rhone River)

resuspended on the shelf and transported down canyon and

down slope (Canals et al., 2006; Sanchez-Vidal et al., 2008,

2009; Pasqual et al., 2010). Moreover, stable isotope and bio-

chemical analyses revelead that this organic material settling

on the seafloor was relatively labile (Sanchez-Vidal et al.,

2008, 2009). Therefore, our results suggest that such episodic

events involving massive organic particle transport from the

shelf to the deep margin and basin can represent an important

mechanism which fuels the benthic systems of the Catatan

margin with bioavailable N-rich compounds.

Open slope sediments from the two continental margins

investigated here were characterized by a significant increase

of bioavailable organic C concentrations with increasing wa-

ter depth. Such depth-related patterns of bioavailable organic

matter are consistent with previous studies carried out in the

same areas, based on the use of other proxies of sediment

trophic state, i.e. total and/or enzymatically hydrolysable

aminoacids (Grèmare et al., 2005; Garcı́a and Thomsen,

2008). No significant differences in bioavailable C concen-

trations with increasing water depth were observed either in

the sediments of the Nazarè canyon or in those of Cap de

Creus canyon. These results suggest that the lateral transport

of organic particles from shallow to bathyal depths, even am-

plified by episodic events such as gravity flows in the Nazarè

canyon and DSWC in the Catalan margin (Heussner et al.,

2006; Canals et al., 2006; Palanques et al., 2006, 2012; de

Stigter et al., 2007; Arzola et al., 2008), may have important

implications on the quantity and distribution of bioavailable

C pools in the sediments.

In this study differences in the trophic state (as bioavail-

able C pools) between canyons and the adjacent open slopes

were more evident in the Portuguese than in the Catalan

margin. Bioavailable C concentrations in surface sediments

of the Nazarè canyon were, indeed, significantly higher

than those in the adjacent open slope (on average, 524 ± 26

vs. 292 ± 61 µg g−1), whereas no significant differences be-

tween environments were generally observed in the Cata-

lan margin. The sediments of the Nazarè canyon were also

characterized by a higher nutritional value of bioavailable

organic matter than those of the open slope, as revealed

by the higher contribution of enzymatically digestible pro-

teins to the BAOC pools. Such trophic characteristics al-

low us to hypothesize, according to the optimal foraging
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theory (McArthur and Pianka, 1966), that benthic detritus

feeders inhabiting the Nazarè canyon may have relevant en-

ergetic/metabolic advantages compared to those inhabiting

the open slopes. These findings provide additional support

to explain why higher meiofaunal and macrofaunal standing

stocks are reported in the Nazarè canyon compared with the

adjacent open slopes at similar depths (Ingels et al., 2009;

Cunha et al., 2011). Moreover, the enhanced nutritional value

of bioavailable organic detritus with increasing water depth

can contribute, along with other factors previously suggested

(e.g., level of physical disturbance and spatial heterogene-

ity), to justify the distribution patterns of macrofaunal abun-

dances, i.e. up to ca. 10-fold higher at 3200–3400 m than at

940–1000 m depth (Cunha et al., 2011; Paterson et al., 2011).

Despite the limited spatial differences observed compar-

ing canyon against open slope settings in the Catalan margin,

significant temporal changes were observed. Bioavailable or-

ganic C pools as well as their nutritional value (in terms

of the relative importance of enzymatically digested pro-

teins to the bioavailable C pools) were significantly higher

in May 2004 than in the other sampling periods in both

environments, Cap de Creus canyon and the adjacent open

slope. This difference, also observed in other canyons nearby

the Gulf of Lion (Lopez-Fernandez et al., 2013), may be

attributed to the phytoplankton spring bloom reported for

the NW Mediterranean (Estrada et al., 1996; Lefevre et al.,

1997). We can therefore infer that, according to the opti-

mal foraging theory (McArthur and Pianka, 1966), in spring

deep-sea detritus feeders would need to ingest less material

than in summer/early autumn to get the optimal quantity and

quality of labile food. Temporal differences in the nutritional

value of bioavailable organic matter pools were also evident

when comparing sediments collected at the same depths in

October 2005 and August 2006. In particular, bioavailable

organic C pools in the sediments collected in October 2005

were mainly represented by labile proteins (on average 55 %)

whose contribution significantly decreased in the sediments

collected in August 2006 (on average 30 %).

There is an increasing consensus that deep-sea ecosystems

are more dynamic than previously hypothesized (Smith and

Kaufmann, 1999; Danovaro et al., 2001b; Ruhl and Smith,

2004; Ruhl et al., 2008; Billett et al., 2010), and that impor-

tant changes in quantity and composition of bioavailable or-

ganic matter deposited on the ocean floor occur both at sea-

sonal and inter-annual time scales (Danovaro et al., 2001a;

Fabiano et al., 2001; Dell’Anno et al., 2005; Smith et al.,

2010). Our results from the Catalan margin reinforce this

view and suggest that DSWC events may amplify the tempo-

ral variability of the trophic state of benthic deep-sea ecosys-

tems related to changes in biological production of the photic

zone. Since DSWC events occur along continental margins

around the world oceans (Ivanov et al., 2004; Canals et

al., 2009), long-term and wide spatial-scale investigations of

bio–geosphere interactions are needed to better understand

the impact of these events on the bioavailability of organic

matter and related implications on benthic trophodynamics

and ecosystem functioning.

Supplementary material related to this article is

available online at: http://www.biogeosciences.net/10/

2945/2013/bg-10-2945-2013-supplement.pdf.
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