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A B S T R A C T

Particle fluxes have been widely studied in canyons located in continental margins; conversely, particle fluxes in
canyons in sediment starved margins incising small island margins have received very little attention and remain
poorly understood. The Menorca Canyon is the largest canyon system in the Balearic Archipelago. Despite the
high oligotrophic conditions of the Balearic Archipelago the canyon and surrounding areas host diverse com-
munities dominated by benthic suspension feeders. Understanding the magnitude and variability of environ-
mental factors influencing these communities thus remain crucial. In order to characterize the temporal varia-
bility of particle fluxes, analyze its geochemical and macroscopic composition and identify the main processes
that modulate particle fluxes in the Menorca Canyon, one instrumented line with a sediment trap and a current
meter was deployed at 430m water depth from September 2010 to October 2012. Particle fluxes ranged between
190 and 2300mgm2 d−1 being one of the lowest ever registered in a Mediterranean submarine canyon’s head.
The CaCO3 fraction was the major constituent contrasting with the general trend observed in other
Mediterranean canyons. Macroscopic constituents (fecal pellets, Posidonia oceanica detritus and pelagic and
benthic foraminifera) presented a wide variability throughout the sampling period and were not significantly
correlated with the total mass flux. The low magnitude of the registered fluxes and the lack of correlation with
the observed environmental variables (e.g., currents, winds, wave height, chlorophyll-a biomass) suggest that
there is no evident controlling mechanism. However, we could infer that resuspension processes and the pre-
sence of different hydrodynamic features (e.g., eddies, interchange of water masses) condition the magnitude
and composition of particle fluxes.

1. Introduction

Continental and insular margins receive particulate matter derived
from fluvial discharges (Syvitski and Morehead, 1999; Kineke et al.,
2000) that can result in high sediment accumulation (Sanchez-Cabeza
et al., 1999). Most of these margins are incised by submarine canyons
(Harris and Whiteway, 2011) that act as conduits of sediments and
organic matter from the continental shelf to deeper environments
(Mullenbach et al., 2004; Lopez-Fernandez et al., 2013a). In this regard,
particle fluxes within submarine canyons can be orders of magnitude
larger than those registered over adjacent continental slopes (Martín
et al., 2006; Zúñiga et al., 2009; Pasqual et al., 2013). The magnitude,
composition and temporal variability of particle fluxes in submarine
canyons are influenced by a wide range of environmental and biological
factors (e.g. Lopez-Fernandez et al., 2013a; Puig et al., 2014). Hydro-
dynamic and meteorological mechanisms, such us river flooding,
storms, or cascading events can punctually increase particle fluxes in
submarine canyons through resuspension and gravity-driven processes

over short periods of time (e.g. Puig et al., 2004, 2014; Ross et al., 2009;
Heussner et al., 2006). Oceanographic processes such us eddies, tidal
currents, or internal waves have also been associated with increments
in downward particle fluxes as they alter bottom currents causing se-
diment resuspension (e.g. Quaresma et al., 2007; Ross et al., 2009;
Schmidt et al., 2014).

Downward particle fluxes and the main mechanisms controlling
them have been widely studied in submarine canyons associated to
continental landmasses (e.g. Shepard et al., 1974; Xu et al., 2002;
Khripounoff et al., 2003) and large islands with high mountain ranges
(≥2000m) and permanent rivers systems that provide large terrestrial
inputs (e.g. Kineke et al., 2000; Liu et al., 2002). However, particle
fluxes in canyons located in sediment starved margins incising small
island margins still remain widely unknown.

In the Mediterranean, this situation is rather surprising due to the
elevated number of islands found in this basin (∼200), many of which
incised by submarine canyons (e.g. Acosta et al., 2002; FavalliM et al.,
2005; Hasiotis et al., 2007; Romagnoli et al., 2009; Sakellariou et al.,
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2015; Casalbore et al., 2016). Despite the relative abundance of Med-
iterranean insular canyons, most studies concerning downward particle
fluxes in this basin have been conducted in less than 25 canyons located
in the European margin. Moreover, most of these canyons incise river-
dominated shelves (e.g. Bonnin et al., 2008) with higher productivity
relative to the Mediterranean average (Bosc et al., 2004). The Baleric
Archipelago is one of the most oligotrophic environments in the Wes-
tern Mediterranean Sea (Bosc et al., 2004). In this archipelago the
Menorca Canyon is the largest canyon and is located in the southern
slope of Menorca Island (Fig. 1). Despite the high oligotrophy of the
Balearic Archipelago, the Menorca Canyon and adjacent shelf edges and
slopes hosts dense and highly diverse megabenthic assemblages char-
acterized by a wide diversity of suspension feeders (Grinyó, 2016). To
characterize the seasonal trends and magnitude of particle fluxes and
environmental variables influencing megabenthic communities in the
shelf edge and upper slope of the Menorca Canyon a mooring array was
maintained for two years in the Menorca Canyon's head.

In this sense, the aims of this study were to characterize (1) the
temporal (interannual) variability of downward particle fluxes ana-
lysing its geochemical and (2) macroscopic composition, (3) identify
the main processes that modulate particle fluxes in the Menorca
Canyon, and (4) set the present results within a Mediterranean context.

2. Regional setting

The Menorca Canyon is well incised in the continental shelf and
slope in the southwestern margin of Menorca Island (Fig. 1) and is the
largest submarine canyon system in the Balearic Archipelago.

The canyon's head is at approximately 80m water depth and is less
than 5 km offMenorca’s coastline (Acosta et al., 1991). The flanks at the
canyon's head are characterized by vertical walls and steep escarpments
up to 20m height (Lo Iacono et al., 2014). The continental shelf sur-
rounding the canyon is relatively narrow and it only extends few
kilometers (3–6 km) (Alonso et al., 1988). In the Menorca Canyon's
head sediment creeping and cone-shaped “sediment collectors” with
feeder channels have been observed with side scan sonar, demon-
strating that sediment transfer from the inner shelf to the deep basins is
an active process (Acosta et al., 2002). In this regard the Menorca
canyon is the only canyon system in the archipelago that transports
sediment to the deep basin in a confined manner (Acosta et al., 2002).

The canyon's axis presents several changes in direction. Between 80
and 1000m depth the canyon axis presents a NNE–SSW orientation;
between 1000 and 1200m depth it presents a N-S orientation; from
1200 to 1400m it is orientated NW–SE (Acosta et al., 2002). Finally,
the canyon axis turns N-S at about 2400m depth, where it turns into a
channel with a U section (Acosta et al., 2002), which ends at the Me-
norca Fan a deep-sea depocenter derived from the canyon's sediment
draining (Acosta et al., 2001).

The southern flank of Menorca Island is characterized by Neogene
sedimentary rocks with high carbonate contents (Obrador et al., 1992).
Sediment composition in the canyon and the adjacent shelves is char-
acterized by biogenic sands with carbonate contents higher than 65%
(Alonso et al., 1988). The lack of permanent river systems in the
southern flank of Menorca, that deliver sediments in the adjacent coast
and shelf, allow characterizing the southern margin of Menorca as a
sediment starved margin (Lo Iacono et al., 2014).

The Balearic archipelago separates the Balearic-subbasin in the
north from the Algerian-subbasin in the south (Amores and Monserrat,
2014) in such a way that different hydrodynamic processes and water
masses influence the northern and southern slopes of the archipelago
(Balbín et al., 2014). The northern slope is influenced by the Balearic
current (Balbín et al., 2012; Amores et al., 2014) and is mostly char-
acterized by the presence of resident Atlantic water (AW) (Salinity >
37.5) (Balbín et al., 2014). Conversely, the southern slope is influenced
by the sporadic arrivals of mesoscale structures detached from the Al-
gerian current and from the instability of the Almería-Oran front
(Millot, 1987), which is characterized by the presence of recent AW
(Salinity < 37.5) (Balbín et al., 2014). During spring and summer,
when western intermediate water (WIW) is present in the Ibiza and
Mallorca channel, a density front that separates the resident AW from
the recent AW develops south of the archipelago (Balbín et al., 2014).
Under these conditions anticyclonic gyres have been detected in the
southern slope of the Menorca Island (García et al., 2005; Balbín et al.,
2014). Waters surrounding the archipelago are considered oligotrophic
(Fernández de Puelles et al., 2007) as they receive little quantities of
nutrients from land runoff due to low precipitation and the absence of
rivers (Estrada, 1996). In some areas of the archipelago these conditions
are enhanced by the intrusion of nutrient-poor recent AW including the
southern slope of Menorca Island (García et al., 2005).

3. Material and methods

3.1. Field work and instrumentation

One mooring array was maintained for two consecutive years in the
Menorca canyon's head (39°50.6601′N, 004°01.2600′E) at approxi-
mately 430m water depth. The mooring array was equipped with one
cylindrical sediment trap Technicap PPS3 and a Aanderaa current
meter RCM9, tethered 30m above the seabed and 25m above the
seabed, respectively. The sediment trap was set with 24 sequential
collecting cups filled with a buffered 5% formaldehyde solution. The
first sampling period (T1) continuously operated for 412 days (09/15/
2010–10/11/2011). Sediment trap cups sampled during sequential in-
tervals of 17 days except the last cup that sampled for 21 days. The
second sampling period (T2) continuously operated for 365 days (11/
03/2011–11/02/2012) and the sediment trap cups sampled for 15 days
intervals except for the last five cups that sampled for 16 days intervals.
Forty-seven samples were obtained from mid-September 2010 (9/15/
2010) to mid October 2012 (10/17/12). The 24th sampling cup of T1
(October 2011) was lost during the recovery process. The current meter
was equipped with oxygen, turbidity and temperature sensors and it
acquired measurements every 10 min.

3.2. Processing of sediment trap samples

Refrigerated (4 °C) sediment trap samples were processed in the

Fig. 1. Bathymetry of the southern slope of Menorca and its position in the western
Mediterranean Sea, red dot indicates the location of the mooring array (Lo Iacono et al.,
2014). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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laboratory according to the methodology described in Heussner et al.
(1990) to produce aliquot sub-samples. Sub-samples were sieved with
0.4 µm-filtered seawater through a 1mm nylon mesh. All “swimmers”
(organisms that swam actively into the trap and died) were removed with
forceps from the mesh. Sieved material was poured into a 2000ml flask
and filled up with 0.4 µm-filtered seawater. The flask was placed in a
shaking table to generate homogenized aliquots separated with a robot-
ized peristaltic pump. Aliquots were filtered onto pre-weighted 0.45 µm
mesh nitro-cellulose white HAWP Millipore filters and onto pre-weighted
Whatman GF/F filters both kinds, 47mm diameter. Total mass was cal-
culated as the dry mass weight of the filtered subsamples multiplied by the
fraction of the aliquot. The total mass flux (TMF) expressed as, mg m−2

d−1, was calculated from the total mass weight divided by the trap col-
lecting area (0.5m2) and the sampling period in days.

3.3. Geochemical analyses

Total and organic carbon and total nitrogen were measured with a
True Spec Carbon Nitrogen analyser LECO. Organic carbon (OC) was
measured in samples pre-treated in a 1M HCl vapour-bath for 24 h.
Inorganic carbon was calculated as the difference between total and
organic carbon. The inorganic carbon value was multiplied by 8.3331
to determine the calcium carbonate (CaCO3) concentration. Carbon
related analyses were performed with samples filtered onto Whatman
GF/F filters. Biogenic opal content was obtained by sequential alkaline
extraction following the Mortlock and Froelich (1989) method modified
by DeMaster (1981). Biogenic opal analyses were performed on samples
filtered onto nitro-cellulose white HAWP Millipore filters. Lithogenic
content equals the difference between the total mass and the sum of the
main biogenic components: biogenic opal, CaCO3 and OM content (2×
the OC content). Total concentrations of each geochemical component
was calculated as the concentration of each subsamples multiplied by
the fraction of the aliquot.

3.4. Macroscopic components

Fecal pellet (Fig. 3g), Posidonia oceanica detritus (Fig. 3e and f) and
foraminifera abundance were counted in aliquots using a Wild, Heerbrugg,
(Switzerland) stereomicroscope (10×). Fecal pellets and P. oceanica det-
ritus were measured with an eyepiece micrometer (±10 μm). Fecal pellet
volume was calculated with the formulas for cylindrical, ellipsoidal and
spherical bodies, =V πr4

3
3, =V πr h2 and =V πr r ra b c

4
3 (where V is vo-

lume, r is radius and h is height, assuming that ra and rb had the same
length in the case of ellipsoidal shapes), respectively. The volume of P.
oceanica detritus was calculated with the formula of cylindrical bodies.
Foraminifera tests were counted as single units regardless of their in-
dividual size. Pelagic (Fig. 3a and b) and benthic foraminifera
(Fig. 3c and d) were differentiated based on the existing taxonomic works
on Mediterranean foraminifera (Colom, 1974).

Additionally, images of selected samples were obtained with a
Scanning Electron Microscope (SEM) HITACHI S-3500N at 5.0 kV.

3.5. Wind and precipitation

The Spanish Meteorological Agency (AEMET) provided hourly data
on precipitation, wind velocity and heading, obtained from the Maó
Airport meteorological station (39°51′50.04″N, 004°13′26.04E, 91m
above the sea level) located ∼17 km from the Menorca canyon’s head.
For each sampling cup interval we calculated: total precipitation,
heading percentages (based on individual observations over the total)
and maximum wind velocity values. Additionally, for each sampling
interval, hourly wind velocity percentages were grouped from 0 to
60 km h−1 into 10 km h−1 intervals.

3.6. Wave height

Data on significant wave height events (Hs) were obtained from two
oceanographic buoys of the “Puertos del Estado” (Spanish Ports
Authority), the Capdepera (39°39′00″N, 003°29′2″E) and the Mahón
buoys (39°25′04″N, 004°25′19″), located 50 km and 32 km from the
canyon's head, respectively.

3.7. Chlorophyll-a concentration and sea surface salinity

Daily superficial chlorophyll a (Chl-a) concentration of the southern
coast of Menorca Island and monthly average Chl-a concentration maps
of the southern part of the Balearic subbasin and most of the Algerian
subbasin were obtained from the satellite database of the Ocean Color
Climate Change Initiative project (oceancolor.gsfc.nasa.gov/cms/).
Daily satellite-derived Sea Surface Salinity (SSS) maps from the Marine
Copernicus Environmental Monitoring Services (http://marine.
copernicus.eu/web/69-interactive-catalogue.php) were revised in
order to identify fronts or eddies in the study area.

3.8. Statistical analyses

Distance-based permutational multivariate analysis of variance
(PERMANOVA) (Anderson, 2001) was used to test the null hypothesis of
no significant differences between T1 and T2 fluxes. Each term of the
analysis was tested using 9999 permutations. Previous to the analysis data
were standardized respect to their mean absolute deviation ( =MAD n

1 .
∑ −

=
x x[ ]j

n
ij i1 where xi is the value of the i variable observed in the n co-

lonies) (García Pérez, 2005). The PERMANOVA was performed with the
PaST software (Hammer et al., 2001). In order to explore the relationship
among the TMF magnitude and the fluxes of its geochemical (CaCO3, the
lithogenic fraction, OC and biogenic opal) and macroscopic components
(fecal pellet, P. oceanica detritus and foraminifera) simple linear regression
analyses were performed using the lm function (Chambers, 1992) of the R
software platform (R Development Core Team, 2014); T1 and T2 data
were considered separately.

4. Results

4.1. Total mass flux and geochemical components

The average TMF in T1 was of 1023 ± 388mgm−2 d−1 (SD),
maximum TMF occurred during early summer (July 2011,
2063mgm−2 d−1) and smallest during early winter (January 2011,
478mgm−2 d−1). Two other TMF peaks (> 1400mgm−2 d−1) were
observed, one during mid autumn 2010, and the other during late
summer 2011 (Fig. 2). The average TMF in T2 was
1078 ± 453mgm−2 d−1 (SD), the highest TMF occurred in mid au-
tumn 2012 (November 2012, 2304.8 mgm−2 d−1), and the lowest in
mid autumn 2011 (November 2011, 191.1 mgm−2 d−1) (Fig. 2). Three
other peaks (> 1400mgm−2 d−1) were observed (Fig. 2). The first two
peaks occurred during early and mid spring (March and April 2012),
and the third peak occurred during late summer 2012 (August 2012)
(Fig. 2). In T1 and T2, the major geochemical components followed the
same pattern as the TMF with the exception of biogenic opal (Fig. 2).
The average biogenic opal flux in T1 was of 19 ± 6.7mgm−2 d−1

(SD), maximum fluxes were found in mid autumn and late spring
(October 2010 and June 2011, 30 and 34mgm−2 d−1, respectively),
lowest fluxes were found in winter (January 2011, 8.9mgm−2 d−1)
(Fig. 2). In T2, the average biogenic opal flux was
21 ± 11.1 mgm−2 d−1 (SD), maximum fluxes were registered in early
summer (June 2012, 40mgm−2 d−1), and the lowest flux were regis-
tered in winter (January 2012, 4.2 mgm−2 d−1) (Fig. 2). Average TMF
and geochemical component fluxes for T1 and T2 are depicted in
Table 1.
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Fluxes of CaCO3 and the lithogenic fraction were significantly corre-
lated with TMF (p < .01 in both T1 and T2) (linear correlation results in
Supplementary material 1). OC fluxes were also significantly correlated
with TMF (p < .01 both T1 and T2); however, correlations were weaker
during T1 (R2=0.678) than during T2 (R2=0.922) (Supplementary
material 1). During both T1 and T2, CaCO3 fluxes were the largest fraction
of the TMF contributing 44–70%, the lithogenic fraction was the second
most abundant component of the TMF ranging between 22% and 45%. OC
contributed between 2% and 3% of the TMF. Biogenic opal fluxes con-
tributed between 0.7% and 4% to the TMF.

No significant differences were found between T1 and T2 when

comparing the magnitude of the TMF and the fluxes of the geochemical
components (Table 1).

4.2. Macroscopic characterization

The average fecal pellet (Fig. 3 g) flux in T1 was of 10.1 105 ± 8.05
105 μm3m−2 d−1 (SD), the maximum fecal pellet flux occurred during
mid-summer (August 2011, 33.2 105 μm3m−2 d−1) and the smallest
was found in late winter (March 2011, 0.15 105 μm3m−2 d−1). In T2,
the average fecal pellet flux was 17.9 106 ± 41 106 μm3m−2 d−1 (SD);
maximum fecal pellet fluxes occurred during mid autumn (October

Fig. 2. Time series of daily surface Chl-a concentration, total mass, and the major geochemical constituent fluxes. Gray bands indicate the period with highest surface Chl-a concentration.
Connected black crosses represent each constituent percentage and the black crosses represent the OC/N (mol) values. The different bar colours indicate the sampling season (au-
tumn=orange, blue=winter, green= spring, summer= red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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2012, 162.5 106 ± 41 106 μm3m−2 d−1), and the lowest flux was re-
gistered during late spring (June 2012, 0.5 106 μm3m−2 d−1) (Fig. 4).
Fecal pellet fluxes registered in T2 were one order of magnitude larger
than those collected during T1 (Fig. 4).

In T1, the average flux of P. oceanica detritus (Fig. 3e and f) was of
10.7 105 ± 6.5 105 μm3m−2 d−1 (SD), the maximum flux occurred in
mid autumn (October 2010, 30 105 μm3m−2 d−1), and the lowest was
found in early autumn (September 2010, 0.7 105 μm3m−2 d−1) (Fig. 4).
In T2, the average flux of P. oceanica detritus was of 27.6 105 ± 26.5
105 μm3m−2 d−1, maximum values were registered during winter
(December 2011 and February 2012, 102.6 105 and 92

Fig. 3. Scanning electron microscope images of
pelagic foraminifera of the genus (a), (b)
Globigerina; benthic foraminifera of the genus (c)
Cibicides, and (d) Bulimina, (e), (f) P. oceanica
detritus, (g) fecal pellet and (h) microplastic fiber.

Table 1
Total mass and geochemical component mean fluxes for T1 and T2 and PERMANOVA
analysis. SD= Standard deviation, Litho.= lithogenic, Bio. opal= biogenic opal.

Fluxes (mgm−2 d−1) T1 T2 PERMANOVA

Mean SD Mean SD Pseudo-F p value

TMF 1023 388 1078 453 0.179 .680
CaCO3 585.6 216.6 586 235 0.406 .535
Litho. 362 166 370 185 0.022 .887
OC 26 10 27 13 0.018 .898
Bio. opal 19 6.7 21 11.1 0.385 .534
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105 μm3m−2 d−1), and minimum values in mid autumn (October 2011,
2.6 105 μm3m−2 d−1) (Fig. 4).

In T1, average fluxes of pelagic (Fig. 3a and b) and benthic for-
aminifera (Fig. 3c and d) were 1666 ± 1602 ind. m−2 d−1 (SD) and
725 ± 620 ind. m−2 d−1 (SD), respectively. Maximum pelagic and
benthic foraminifera fluxes occurred in spring (April 2011, 5900 ind.
m−2 d−1 for pelagic foraminifera and May 2011, 2500 ind. m−2 d−1

for benthic foraminifera), while the lowest fluxes were found in late
autumn (early December 2010, 75 ind. m−2 d−1 for pelagic and 180
ind. m−2 d−1 for benthic foraminifera) (Fig. 4). In T2, average pelagic
and benthic foraminifera fluxes were 613 ± 657 ind. m−2 d−1 (SD)
and 968 ± 1160 ind. m−2 d−1 (SD), respectively (Fig. 4). Maximum
pelagic and benthic foraminifera fluxes were registered during winter
(December 2011, 2040 ind. m−2 d−1 for pelagic foraminifera and
February 2012, 1920 ind. m−2 d−1 for benthic foraminifera), while
lowest fluxes were found during summer (August 2012, 54 ind. m−2

d−1 for pelagic and 36 ind. m−2 d−1 for benthic foraminifera) (Fig. 4).
Average fecal pellets and P. oceanica detritus volumes were sig-

nificantly larger in T2 (Table 2). Conversely, the average fluxes of pe-
lagic foraminifera were significantly larger during T1 (Table 2). No
significant differences were found among benthic foraminifera fluxes
and sampling periods (Table 2).

None of the macroscopic components fluxes were significantly
correlated with TMF (linear correlation results in Supplementary ma-
terial 2). Microplastic fibers were found in all sampling cups for both T1
and T2 (Fig. 3 h). However, due to their irregular shape and small di-
mensions they were not quantified.

4.3. Environmental factors

4.3.1. Currents, turbidity and oxygen content
During both sampling periods water current mainly followed a

north–south direction (Fig. 5). Average current velocity during T1 and
T2 were 3.5 cm s−1 and 4.4 cm s−1, respectively. During both sampling
periods, current velocity rarely exceeded 20 cm s−1. During most of T1,
turbidity values were low (< 0.27 NTU); however, after mid spring
values increased and remained above 0.28 NTU for most of the re-
maining sampling period. Simultaneously to this turbidity increment a
substantial reduction in dissolved oxygen was observed. During most of
T2 turbidity remained very low except for two punctual increments,
one in mid–summer (July 2012) and a second in early winter (No-
vember 2012) (Fig. 5).

Fig. 4. Time series of fecal pellet, P. oceanica detritus and pelagic and benthic foraminifera fluxes. Gray bands indicate the period with highest surface Chl-a concentration.
detr= detritus, Pel. Foram.= pelagic foraminifera, Ben. Foram.=benthic foraminifera. The different bar colours indicate the sampling season (fall= orange, blue=winter,
green= spring, summer= red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Mean fluxes of the macroscopic components for T1 and T2 and PERMANOVA analysis.
SD= Standard deviation, detr.= detritus.

Fluxes
μm3m−2 d−1/
ind. m−2 d−1*

T1 T2 PERMANOVA

Mean SD Mean SD Pseudo-F p value

Fecal pellets 10.1 105 8 105 17.9 106 41 106 3.54 .011
P. oceanica detr. 10.7 105 6.5 105 27.6 105 26.5 105 8.52 .001
Pel. Foram.* 1666 1602 613 657 5.95 .016
Bent Foram.* 725 620 968.5 1160 6.75 .010
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4.3.2. Wind and precipitation
During T1, the highest precipitation rates were registered during

mid-September 2010 to mid-November 2010 ranging from 818ml/m3

to 2430ml/m3. During T2, the highest precipitation rates were regis-
tered during November 2011 and 2012 and February 2012 with values
around 912ml/m3, 3112ml/m3 and 1090ml/m3, respectively.
Northerly winds were dominant during both sampling periods re-
presenting 47.9% and 45.9% of total hourly wind registers for T1 and
T2, respectively. Windiest episodes were registered during January and
February for both T1 and T2. During this period the percentage of the
hourly winds exceeding 30 km/h ranged between 10% and 14% in T1
and between 7% and 46% in T2.

4.3.3. Wave height
Waves between 1 and 2m high were the most frequent size class

representing 88% and 72% of registered waves in the Capdepera and
Mahón buoys, respectively. Significant wave height events (3.5–5m
height) mostly occurred during winter, were generally associated to
high wind speeds (> 40 km h−1) (Table 3) and mainly presented a N
and NNE orientation. Few of the significant wave height events oc-
curred during periods of heavy precipitations (Table 3). Only two out of
36 significant wave height events registered during this study coincided
with TMF peaks (Table 3).

Fig. 5. Times series plots of turbidity, dissolved oxygen and current direction and velocity during T1 and T2 sampling intervals. The numbers within turbidity and dissolved oxygen charts
indicate average values.
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4.3.4. Chlorophyll-a concentration and sea surface salinity
During T1 and T2, Chl-a superficial concentration progressively

increased from mid-October to early February when it reached its
maximum values of ∼0.7mgm−3 and ∼0.4 mgm−3 for T1 and T2,
respectively (Fig. 2). In both T1 and T2, lowest Chl-a concentrations
ranging between ∼0.2 mgm−3 and ∼0.1 mgm−3, were registered
from early April to early October (Figs. 2, 6 and 7).

Sea surface salinity maps revealed that from September 2010 until
February 2011 resident AW (salinities > 37.5) occupied the southern
slope of Balearic archipelago (Fig. 8). However, from March 2011 until
August 2011 fresher recent AW (salinities < 37.5) progressively
moved northward from the Algerian sub-basin and reached the
southern slope of the archipelago (Fig. 8). Moreover, an eddy was
present in the southern slope of Menorca from June to August 2011
remaining in this area for approximately 75 days (Fig. 8).

During the T2, sea surface salinity was comparatively stable and no
major intrusions of fresher recent AW were observed in the southern
slope of the archipelago (Fig. 9).

5. Discussion

5.1. Total mass flux in the Menorca canyon head in the Mediterranean
context

TMF in the Menorca canyon were smaller than those registered in
other western Mediterranean submarine canyon heads (Table 4). TMF
in the present study were also smaller than TMF in other Mediterranean
canyon axes and adjacent slopes regardless of depth, indicating that this
insular canyon is among those with the most sediment-starved condi-
tions in the Western Mediterranean (Table 4). The TMF range in the
Menorca canyon was comparable to those observed in the deep con-
tinental margin of the Alboran Sea (Sanchez-Vidal et al., 2005) and the
open slope of the southern Adriatic Sea (Miserocchi et al., 1999).

However, TMF in the Menorca canyon did exceed those collected in
the southern and northern Balearic slopes (Table 4; Danovaro et al.,
1999). Based on this comparison, the present results corroborate pre-
vious observations that indicated that the Menorca canyon acts as a
sediment conduit from the continental shelf to deeper environments
(Acosta et al., 2002), also in agreement with the general pattern ob-
served in most Mediterranean canyons (e.g. Monaco et al., 1990; Martín
et al., 2006).

In Mediterranean submarine canyons related to fluvial systems and

Table 3
Significant wave height events during both sampling intervals. Max. WH=maximum wave height. Gray rows indicate those events that coincided
with total mass flux peaks. Max. WS=maximum wind speed.
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affected by intense across slope current events (Table 4) the largest
annual TMF fluxes mainly occur during winter (e.g. Martín et al., 2006;
Lopez-Fernandez et al., 2013b), which can account for more than 40%
of the yearly TMF (e.g. Durrieu de Madron et al., 1999; Pasqual et al.,
2010). They can be triggered by intense short term meteorological
events, such as winter precipitation that causes river flooding
(Palanques et al., 2005; Zúñiga et al., 2009; Lopez-Fernandez et al.,
2013b), wave height events associated with storms (Durrieu de Madron
et al., 1999; Martín et al., 2006; López-Fernandez et al., 2013b), and
North winds that may induce cascading processes (Pasqual et al., 2010).
Conversely, in the Menorca canyon winter TMF were the smallest ac-
counting for 17% and 19% of the bulk TMF for T1 and T2, respectively.
Moreover, during winter more than twenty wave height events were

registered in the study area (Table 3) and none of them was associated
with a TMF peak. Episodic river systems can also trigger hyperpycnal
flows delivering large amounts of sediment over brief periods of time
(Katz et al., 2015). Approximately thirty small episodic river systems
arrive to Menorca’s southern shore. In spite of this, TMF remained low
and no increments in turbidity were observed during winter months
when very high precipitation rates occurred during both T1 and T2.
Thus, the contribution of episodic river systems to the TMF appears to
be negligible in this area. Therefore, we conclude that the influence of
meteorological events on TMF in the Menorca canyon head is not as
significant as in most Western Mediterranean canyons, and we suggest
that this trend is accentuated by the absence of permanent river systems
that provide terrestrial material to Menorca’s southern margin.

Fig. 6. Horizontal distribution of monthly averaged Chl-a surface concentration during T1.
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A relationship between the width of the continental shelf and par-
ticle fluxes has been observed in river-dominated continental shelves
with high sediment supplies and sediment deposits (Walsh and
Nittrouer, 2009). The width of the continental shelf modulates the
amount of sediment reaching the shelf edge and upper slope (Walsh and
Nittrouer, 2009). In narrow continental shelves sediment can be rapidly
mobilized to deeper areas under the influence of storms and river
flooding (Walsh and Nitrouer, 2003; Puig et al., 2004). However, in our
results the lack of a clear relationship between storms, precipitation and
other meteorological events and sediment fluxes suggests that in sedi-
ment starved margins such as the one considered in this study it seems
unlikely that the width of the continental shelf (between 3 and 6 km)
may play a key role modulating downward particle fluxes.

5.2. Total mass flux peak driving mechanisms

In the Menorca canyon only few particle flux peaks coincided with
meteorological or hydrodynamic events, which could resuspend and
transport particulate material. The peaks observed during mid autumn
2010 (October 2010) and mid spring 2012 (April 2012) (Fig. 2) coin-
cided with significant wave height events (Hs =>3.5m) (Table 3),
which are potential inner shelf bottom sediment resuspension drivers
(Guillén et al., 2006; Ulses et al., 2008). These peaks were characterized

by a slight increment in turbidity and the lithogenic fraction (Figs. 2
and 5), providing further support to this hypothesis, also in agreement
with previous observations in other submarine canyons in the western
Mediterranean (Martín et al., 2006).

During July 2011 a peak in TMF occurred (Fig. 2). Coinciding, with
this peak an anticyclonic eddy developed over the southern slope of
Menorca (Fig. 8). In the Mediterranean Sea eddies have been reported
to extend to great depth (> 2000m) and occasionally reaching the sea
floor (Durrieu de Madron et al., 2017). In these cases, eddies alter the
direction and velocity of bottom currents causing sediment resuspen-
sion (O'Brien et al., 2013; Amores et al., 2013, 2014). Although it is
unclear whether the effects of this eddy reached the mooring site (it was
not clearly detected in the current meter), this TMF peak was associated
with a slight increment in turbidity (Fig. 5) and the lithogenic fraction,
suggesting that it was caused by sediment resuspension. The positive
effect of this water bodies on the increase in TMF, turbidity and the
lithogenic fraction has also been observed in other sediment starved
environments such as the northern Balearic margin (Amores et al.,
2013; Pasqual et al., 2014).

TMF peaks occurring during late summer 2011 (September 2011),
and late summer and mid autumn 2012 (Fig. 2, August and October
2012) were associated with slight increments in the lithogenic fraction
and turbidity, indicating a possible association with resuspension

Fig. 7. Horizontal distribution of monthly averaged Chl-a surface concentration during T2.
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processes too (Martín et al., 2006). However, the mechanisms that
could have triggered such processes remain unclear since no con-
comitant strong bottom currents, meteorological or hydrodynamic
events were observed (Figs. 5, 8, 9 and Table 3).

In other areas of the Balearic Archipelago, internal waves have been
associated with high TMF (Pasqual et al., 2015). The interaction of
internal waves with the seafloor may cause current acceleration, tur-
bulent flows, and sediment resuspension (Pasqual et al., 2015; Ribó

Fig. 8. Sea surface salinity maps of the 15th day of every month during T1. Salinity values were extracted at 1.47m depth.
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et al., 2016). However, it is unlikely that the aforementioned peaks
were triggered by internal waves as no increments in current velocity
were observed (Pasqual et al., 2015). The influence of internal waves on
TMF would be more evident on environments were a substantial source
of fine sediment is readily available for resuspension (Quaresma et al.,
2007), which it seems not to be the case in the present study. Bottom
trawling has also been related to increments in TMF without any evi-
dent relationship with natural forcing mechanisms (Martín et al., 2006;
Palanques et al., 2006). Trawling can cause abrupt sediment re-
suspension enhancing turbidity and particle fluxes (Martín et al., 2006;
Palanques et al., 2006). However, it is unlikely that the observed par-
ticle flux peaks derive from this fishing practice given that, in the study
area, trawling is mostly conducted below 500m (Moranta et al., 2014;
Grinyó, 2016).

In other areas of the Mediterranean, spring and summer TMF peaks
have been associated with primary production blooms (Sanchez-Vidal

et al., 2005; Stavrakakis et al., 2013) characterized by material with
relatively high organic carbon and opal concentrations (Sanchez-Vidal
et al., 2005) derived from exports of the euphotic zone (Rigual-
Hernández et al., 2013). In our study, only the peak in March 2012
coincided with the winter-spring bloom and showed high organic
carbon content; although, low opal percentages (Fig. 2), which would
suggest that non-siliceous phytoplankton dominated the bloom. How-
ever, the high OC/N ratio (9.5 M OC/N) registered during this peak
(Fig. 2) indicates that the collected organic matter was degraded, and
most likely derived from resuspension processes (Martín et al., 2011).
This would imply that the input of resuspended material during this
spring peak to the TMF was greater than the one derived from pelagic
production, in contrast with the spring trend observed in other Medi-
terranean canyons and open sea environments (e.g. Sanchez-Vidal
et al., 2005; Stavrakakis et al., 2013).

Fig. 9. Sea surface salinity maps of the 15th day of every month during T2. Salinity values were extracted at 1.47m depth.
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5.3. Geochemical components

During T1 and T2, CaCO3 represented the most abundant fraction
(58 ± 4% and 59 ± 2% (SD) respectively). This contrasts with the
general trend observed in other Mediterranean canyons, slopes and
open sea environments, where lithogenic material constitutes more
than 50% of all collected material (Table 4, Fabrés et al., 2002;
Stavrakakis et al., 2013). Conversely, the lithogenic fraction in the
Menorca canyon barely represents 35% of all collected material. This
high CaCO3 content likely derive from the dense calcareous algae as-
semblages located in the adjacent continental shelf (maërl and rhodo-
lites) that are characterized by high carbonate production (Canals and
Ballesteros, 1997), and also because most inland sources are char-
acterized by carbonated rocks (Obrador et al., 1992). In this sense,
surface sediments in the adjacent shelf and slope present similar CaCO3

contents (Alonso et al., 1988) to those found in T1 and T2. This simi-
litude suggests that most CaCO3 collected during both sampling periods
derived from resuspended matter in adjacent environments that was
transported along the canyon; agreeing with previous hypotheses on
CaCO3 flows in the area (Canals and Ballesteros, 1997).

Moreover, during mid January 2011 there was a sharp increment in
the CaCO3 concentration (70%) coinciding with the Chl-a concentration
maximum (Fig. 2). Although coccolithophore blooms may trigger rapid
increments in CaCO3 and OC (Malinverno et al., 2009), and have been
identified as one of the most representative groups during the early
stages of the phytoplankton bloom in the Balearic Sea (Valencia-Vila
et al., 2015), the observed CaCO3 peak was not associated with an in-
crement in the OC fraction. Furthermore, during this CaCO3 increment,
the OC/N ratio (8) (Fig. 2) was too high to derive from a phytoplankton
bloom (Middelburg and Nieuwenhuize, 1998). Thus, it would appear
that the CaCO3 registered during January 2011 likely derived from
resuspension processes also.

During T1 and T2, the OC and biogenic opal fractions were the
smallest ones (Fig. 2). Both fractions presented smaller values than
those reported in the southern and northern slopes of the Balearic Ar-
chipelago where pelagic inputs are the major contributors to the TMF
(Pasqual et al., 2015). This suggests that the pelagic inputs in the study
area are comparatively lower. However, they can also be diluted by
continental shelf and slope resuspension inputs that are funnelled into
the Menorca canyon. This would agree with patterns observed in other
Mediterranean canyons where particle fluxes within the canyon showed
smaller OC and opal fractions than those collected in the adjacent slope
(Puig and Palanques, 1998; Lopez-Fernandez et al., 2013b). The OC and
biogenic opal in the present study showed similar percentages to those
observed in other Mediterranean submarine canyons under higher pe-
lagic production regimes (Table 4; Bonnin et al., 2008; Pasqual et al.,
2013) providing further support to this hypothesis.

During mid spring and summer of 2011 and 2012, we observed a
reduction in the OC fraction (Fig. 2). In this period the water column in
the Balearic Archipelago starts stratifying (Fernández de Puelles et al.,
2007), as in most areas of the western Mediterranean (Estrada, 1996).
This stratification leads to a nutrient depletion in the euphotic zone
(Estrada, 1996) causing a reduction in primary production (Marty et al.,
2002) and pelagic OC fluxes that characterize the Mediterranean sea-
sonal rhythm in trophic activities (Coma et al., 2000). However, despite
this reduction in the OC fraction most spring and summer samples
presented low OC/N ratios (5–6.5) (Fig. 2), suggesting that poor OC
pelagic particle inputs were higher than those from resuspension. This
would agree with the fact that during this period very few significant
wave height events were registered (Table 3).

The highest opal percentages detected during spring and early
summer did not coincide with the surface Chl-a maximum (Fig. 2). This
is in contrast with previous studies in Mediterranean submarine can-
yons (Martín et al., 2006; Pasqual et al., 2010) and slopes (Sanchez-
Vidal et al., 2005; Stavrakakis et al., 2013) which have reported si-
multaneous increments in OC and opal associated with the

winter–spring phytoplankton bloom. Thus, the low opal concentrations
registered in the present study during the winter surface Chl-a max-
imum (Fig. 2) suggest that other phytoplankton groups may have
overshadowed siliceous phytoplankton. This would agree with Estrada
et al. (1999) who observed that during the winter spring bloom, phy-
toplankton biomass was not associated with diatom dominance in the
Balearic Sea. The weak relationship between surface Chl-a concentra-
tions and late spring and early summer opal maximums (Fig. 2) may be
explained by the development of a deep chlorophyll maximum
(∼60m) closely related to the nutricline (Crombet et al., 2011). In
other oligotrophic areas of the Mediterranean Sea it has been reported
that under high-stratified conditions, diatoms can dominate the deep
chlorophyll maximum (Crombet et al., 2011). The low OC/N ratio
(5–6.5) observed in late spring and early summer also suggests that the
opal maximums derived from a deep chlorophyll maximum (Fig. 2).

Maximum opal percentages registered during early May to late June
2011 were 47% lower than opal percentages registered during early
May to late June 2012 (Fig. 2). During spring and early summer 2011
the study area was influenced by recent AW (Fig. 8), which is con-
sidered highly oligotrophic (García et al., 2005). Conversely, during
spring and summer 2012 the study area was influenced by resident AW
(Fig. 9), which has a higher H4SiO4 content than recent AW (Crombet
et al., 2011). These higher H4SiO4 concentrations in resident AW likely
derive from more frequent river discharges than in recent AW, which
has less residence time in the Mediterranean (Ludwig et al., 2009). In
this regard, we hypothesize that higher opal fluxes observed during T2
could result from higher H4SiO4 availability, which could trigger the
deep chlorophyll maximums and support larger siliceous phytoplankton
populations.

5.4. Macroscopic components

Throughout both sampling intervals fecal pellet fluxes (Fig. 3 g)
presented several peaks, but only one peak coincided with the winter
spring bloom (February 2011) (Fig. 5). This temporal pattern contrasts
with zooplankton dynamics in the Balearic archipelago (Cartes et al.,
2008) and long–term fecal pellet patterns in other areas of the western
Mediterranean that showed a clear relationship between the winter–-
spring phytoplankton bloom and fecal pellet maximums (Fowler et al.,
1991). During T2, when resident AW strongly influenced the southern
slope of the archipelago (Fig. 9), fecal pellet fluxes were one order of
magnitude higher than during T1 (Fig. 4). In the Balearic Archipelago,
higher zooplankton abundances have been observed under the influ-
ence of resident AW (Fernández de Puelles et al., 2007). It has been
suggested that resident AW may be able to sustain high zooplankton
abundances since it facilitates higher “fertility” conditions than recent
AW (López-Jurado, 2002). Furthermore, fecal pellets may induce rapid
vertical transports enhancing biogenic component fluxes (Monaco
et al., 1990; Stone and Steinberg, 2016). However, this does not seem to
be the case in the Menorca canyon, since fecal pellet fluxes were not
significantly correlated to any biogenic component (CaCO3, p= .51
and p= .34 T1 and T2, respectively; OC, p= .32 and p= .34 T1 and
T2, respectively; and opal fluxes p= .06 and p= .07 T1 and T2, re-
spectively) suggesting that fecal pellets represented a low contribution
to biogenic fluxes.

The fluxes of P. oceanica fragments (Fig. 4e and f) presented high
variability throughout both sampling periods and were not significantly
correlated with TMF (Figs. 5 and 6). During the T1 fluxes of P. oceanica,
detritus remained quite stable and could not be related to any en-
vironmental pattern. Conversely, during T2, fluxes were more variable
and there seemed to be a relationship between relatively high P.
oceanica detritus fluxes and significant wave high events (Fig. 5 and
Table 3). Indeed, inner shelf resuspension processes have been identi-
fied as a major source of macrophyte and sea grass detritus in deeper
environments (Britton-Simmons et al., 2012). In North Pacific canyons,
macrophyte and seagrass detritus have shown to be a major carbon
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source, accounting for 20–83% of the particulate organic carbon
(Harrold et al., 1998). However, P. oceanica detritus did not sig-
nificantly correlated to the bulk OC flux during neither of the study
periods T1 or T2 (p= .33 and p= .35, respectively). Despite this lack
of correlation, P. oceanica detritus cannot be ruled out as a major
carbon sink in deep Mediterranean environments due to its refractory
nature (Danovaro et al., 1994) and high carbon contents (Romero et al.,
1992). In this regard, peaks in P. oceanica detritus registered during mid
December 2011 and early February 2012 coincided with high OC/N
ratio (9–9.5) (Figs. 5 and 2). However, it should be mentioned that very
small, reworked fragments represented the P. oceanica detritus fraction
and this material should behave as a particle lighter than CaCO3 or
lithogenic sediment of the same size. This implies a more complicated
relationship between transport mechanisms related to the coincidence
of P. oceanica fragments at the beach and shallow coastal areas, and
resuspension and downslope transport mechanisms. In any case, the
presence of this component cannot be explained with the data avail-
able.

Benthic and pelagic foraminifera presented similar trends during
both sampling periods, with poor correlation with the TMF pattern
(Fig. 5 and Supplementary Material 2). During early spring to late
summer 2011 there was a substantial increment in the fluxes of both
foraminifera groups (Fig. 5). Coinciding with this increment, we ob-
served an increase in turbidity, suggesting that these peaks in for-
aminifera fluxes derive from resuspension processes (Figs. 5 and 7).
This mechanism seems feasible since pelagic foraminifera reaches its
maximum concentrations in the water column during the winter
months (Pujol and Grazzini, 1995).

In T2, the highest pelagic and benthic foraminifera fluxes were si-
multaneously registered during winter. Pujol and Grazzini (1995) re-
ported that the highest densities of pelagic foraminifera in the Medi-
terranean Sea occurred during winter, which seem to be also observed
in our sediment trap collections. Benthic foraminifera fluxes coincided
with P. oceanica detritus peaks and significant wave height events
suggesting that they most likely derive from resuspension processes
(Table 3).

The lack of correlation between benthic and pelagic foraminifera
and CaCO3 fluxes (p < .05 both pelagic and benthic) suggests that the
contribution of foraminifera to the CaCO3 fluxes is so small that is di-
luted by other CaCO3 sources (e.g. sediment). During both sampling
periods, microplastic fibers (Fig. 3 h) were found in all samples. Future
research should quantify the amount of carbon that these artificial
polymers introduce into the carbon flux and how they possibly bias the
budget of naturally produced OC carbon.

6. Conclusions

Particle fluxes collected in the Menorca canyon head were com-
paratively low in the Mediterranean context, reflecting the sediment
starved and oligotrophic nature of the study area. Significant inter-
annual differences in the TMF and the main geochemical components
were not found. There was not a clear parameter controlling the tem-
poral variation and composition of the TMF; however, physical pro-
cesses e.g., resuspension, seemed to be more important than biological
production in the control of the magnitude and composition of the TMF
in this insular canyon. The presence of resident AW seems to have a
positive effect on the fecal pellet fluxes. In spite of the small TMF and its
main constituents, it seems that local benthic communities find enough
biogenic material to thrive on the Menorca canyon's head and adjacent
continental shelf and slope.
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