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Abstract: The Cape of Gata region (southeast Spain) allocates the thermo-haline Almeria–Oran front
(AOF), which separates two biogeographical zones, with a very irregular bathymetry, consisting
of two canyons and seamounts in an area of 100 × 100 km. An interdisciplinary oceanographic
sampling strategy allowed us to solve mesoscale processes including current–bathymetry interactions.
Subsurface fertilizing processes and elevated chlorophyll a concentrations were found at the front,
seamount, and submarine canyons, turning an apparently oligotrophic area into a rich one. According
to a horizontal tracking simulation, the deep chlorophyll maximum (DCM) at the front is located
above the pycnocline and travels fast offshore, transporting productivity from the fertilization process
quickly from the region. The DCM at the seamount, in contrast, develops below the pycnocline
and remains for almost three weeks in this area. In spite of the coastal marine protected areas
(MPAs), a high surface nitrate concentration plume with its origin in a small coastal area without
any protection was detected. Local circulation patterns and bathymetry–current interactions provide
elevated productivity in surface water which is vertically connected to deep-sea fauna via the daily
vertical migration of zooplankton, suggesting elevated biodiversity on the seamount and canyons of
the area studied. Based on these results, and considering the presence of coastal MPAs and a Coastal
Area Management Program, future studies on benthic fauna, an enlargement of coastal MPAs, and a
transboundary land–deep-sea management program are suggested.

Keywords: seamount; fronts; fertilization; coastal water effluents; vertical connection; marine
protected area; coastal management

1. Introduction

The Mediterranean Sea supports many endangered and endemic species, and it is an important
hotspot for targeted conservation [1,2]. As an enclosed sea with low exchange rate, increasing intensity
of human threats, unregulated development, and overexploitation, biodiversity along its coast is
affected at all levels [2,3]. In order to protect the Mediterranean’s biodiversity, the identification
of sites to construct an ecologically representative network of marine protected areas (MPAs) in
the Mediterranean is imperative and the objective of the United Nations Environment Program’s
Mediterranean Action Plan [4]. While benthic georeferenced diversity is generally used for MPA
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identification, low interest is given to the pelagic ecosystem, the biggest marine ecosystem, which
connects all the others and provides the primary production that feeds the whole marine food web.
Structures such as fronts [5,6], canyons [7–10], and seamounts [11] are described as sites of local
fertilization due to the hydrodynamic processes that induce mixing of nutrient-rich water into the
upper photic zone. The resulting increase in productivity attracts marine vertebrates such as turtles [12],
tuna [13], marine mammals [14,15], and sharks [16]. According to Wingfield et al. [17], productive
hotspots are linked to physical and geomorphological interactions that lead to the aggregation of
primary and secondary producers, which in turn attract and ensure the persistence of top predators in
the area [18,19]. In fact, fronts are described as indicators of pelagic diversity [20], channelling nutrients
through multiple trophic levels including commercially important fish and marine mammals [21].
Top predators are usually K-strategic and endangered species, either because they are target species of
fishing activities (tuna, swordfish) or due to accidental by-catch (marine mammals, turtles, and sharks).
The aggregation of top predators, attracted by or growing on the local elevated productivity, is the
main driving force for the protection of seamounts [22] and submarine canyons [23]. Additionally,
vertical coupling between pelagic and deep-sea benthic ecosystems occurs on short time scales
(several days down to 1400 m depth [9,24]), and shallow seamounts and ridges provide a direct
link between the photic and deep-sea habitats positively affecting diversity, density, and behavior
of benthic and pelagic organisms [25–27]. On the other hand, fronts, such as mobile features, are
not usually protected, although fronts are the main migration routes of marine vertebrates and are
suggested as priority conservation areas [28]. Generally, fronts [6,29], canyons [30], and seamounts [31]
are studied separately, either due to the spatial distance between them (seamounts and canyons), or
due to difficulties when studying a geographic referenced site (bathymetric feature) and a moving
feature (front) at the same time. In order to simultaneously study and evaluate frontal-, canyon-, and
seamount-linked fertilizing processes, a mesoscale resolving sampling was carried out in the waters
around the Cape of Gata (southeast Spain, Figure 1). Under the quasi-persistent physical regime
characterizing the Alboran Sea circulation [32,33], the sampled area provides an elevated probability
to locate an intense thermo-haline front, the Almeria–Oran front (AOF [33–35]) which is described as
the eastern limit of the marine ecoregion “Alboran Sea” [35] and as a barrier of gene flow for some fish
species [36]. Its most frequent position on the Spanish coast is around 2◦ west [37]. The importance
of the Garrucha Canyon for local pelagic productivity and its connection to deep-sea fauna was also
described [9].

The present work focuses on the importance of seamounts and the AOF on local productivity and
the need to protect such pelagic structures. The study area frequently comprises spatial and temporal
features of conservation interest, such as persistence hydrographic structures, canyons, and seamounts,
which enhance local productivity, and should be protected either by spatial or dynamic protected
areas [38]. Based on the presence of coastal MPAs and a Coastal Area Management Program (CAMP)
in the area, an MPA enlargement and a transboundary (from land to the deep sea) pilot program for
sustainable management is proposed.

2. Materials and Methods

2.1. Area of Study

The study area is located on the south-eastern Mediterranean coast of Spain and comprises a
cape (the Cape of Gata), two submarine canyons (the Cape of Gata Canyon and Garrucha Canyon), a
submarine ridge (Abubacer High), and frequently, the thermo-haline front Almeria–Oran front (AOF)
is located there (Figure 1). Atlantic modified water (salinity < 37.5) is usually found to the west of
the AOF and very modified Atlantic water (salinity > 37.5) to the east of the AOF. In the vertical
dimension, the Atlantic–Mediterranean Interface separates the surface Atlantic water and the deeper
Mediterranean water.
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2.2. Sampling

In order to sample the different water masses, circulation patterns, and physical–biological
coupling in the area, a grid of 65 sampling stations covering two canyons (the Cape of Gata Canyon
and Garrucha Canyon) and a seamount (Abubacer High) was sampled between 23 May 2011 and
30 May 2011 on board of the research vessel “Garcia del Cid” (Figure 1.) At each sampling station, a
conductivity/temperature/depth device (CTD; Sea-Bird SBE 9, calibrated 11.02.2011) and carousel
water sampler cast (12 Niskin bottles of 12 L) were deployed. Discrete samples were taken at depths of
0, 10, 20, 30, 50, 75, 100, 200, and 300 m and at the depth of the fluorescence maximum for nutrient and
chlorophyll a analyses.
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Figure 1. (a) Sea surface temperature (SST; weekly, composed 23–30 May 2011). North-western
Alboran upwelling (NWAU), western (A1) and eastern (A2) anticyclonic gyre, and mean position of
the isohaline 37.5 [39], indicating the haline signal of the Almeria–Oran front (AOF), the most probable
geostrophic current profiles [32,37] showing strong currents from Almeria to Oran associated with the
AOF, site of community importance (SIC) Sur Almeria, and the proposed enlargement of the marine
protected area (MPA). (b) Sampling area, sampling station, and main bathymetric features (Cape
of Gata Canyon, Garrucha Canyon, and Abubacer High) SIC Sur Almeria coastal MPA in law and
proposed enlargement of the MPA. (c) Wind velocity and direction during the sampling period [40].
The coordinate system of all maps in the present work is the World Geographical System (WGS) 1984
Web Mercator (auxiliary sphere).

2.3. Water Sample Analysis

2.3.1. Nutrient Analysis

Water samples for nutrient analyses were kept in polyethylene vials rinsed with 5% HCl and
immediately frozen (−20 ◦C). Nitrate, phosphate, silicate, and nitrite concentrations were later
analyzed in the laboratory with an autoanalyzer Brann-Leube AA3 following the method detailed in
Reference [41].

2.3.2. Chlorophyll a Analysis

Samples for estimating total chlorophyll a (Chl a; 500 mL) were filtered on board through Whatman
grade GF/F glass microfiber filters (0.7 µm pore size). The filters were frozen at −20 ◦C and stored
in the dark prior to the Chl a analysis by fluorometry [42] using a Turner Design-10 fluorometer.
Linear regression between Chl a concentration (µg·L−1) measured at the discrete sampling depth and
fluorescence (F, in arbitrary units (a.u.)) of the CTD was used to convert fluorescence into Chlorophyll
a (Chl a) profiles (Chl a (mg·m−3) = 0.0174 + (0.688 × F(a.u.)); r = 0.802, n = 395, p < 0.001).

2.4. Temperature, Salinity, and Current Fields

Temperature, salinity (measured using the practical salinity scale), and potential density fields
from the CTD were interpolated into a three-dimensional grid. Data were interpolated using an
optimal statistical interpolation (OSI) method following the methods detailed in References [43–47].
Geostrophic currents were estimated from the density field using 200 dbar as the reference level.
Vertical velocities were estimated using the Omega equation [48,49].
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2.5. Currents

Current profiles were measured with a vessel-mounted acoustic Doppler current profiler (VADCP)
of 75 kHz installed on board. The VADCP was configured to measure the currents at 71 discrete depths
(number of bins) with a bin width of 10 m, reaching a maximum depth of 700 m. The mean ensemble
frequency was 1 min based on direct measurements (pings) every second. The software used to
pre-process (convert to engineering units and earth coordinates) and check VADCP data were the
WINADCP and RDI tools. After the data files were downloaded and pre-processed, they were filtered
and post-processed to get better-quality profiles and then interpolated with functions programmed in
MATLAB language. Firstly, ensembles with a percent good less than 100% were removed, as well as
those with an error velocity (the difference between vertical velocities computed using beam pairs)
greater than a threshold. Secondly, the bottom signal was detected and removed from the affected
transects (less than 700 m). Then, the velocity data were checked in order to remove velocities with a
value lower than the root mean square (RMS). Finally, they were interpolated on a regular (41 rows ×
37 columns) grid. The interpolation of the ADCP current data was carried out by means of the same
optimal or statistical interpolation technique used for CTD data interpolation.

2.6. Particle Tracking

As described in Reference [9], the interpolated ADCP currents for horizontal particle tracking
were imported into Arcmap and converted to a 3109 m × 3109 m cell size raster for velocity and
direction (angle) file. Then, tracking was performed using a particle track tool with 25-m step
length until it reached the limit of the current field. The particle-tracking algorithm used employs a
predictor–corrector scheme of predicting the future location of a particle based on the local velocity
field, as interpolated from the nearest raster cell centers [50]. The comparison of tracks with track
intervals of 25, 250, and 2500 m (Annex 2 in Reference [9]) proved that the successive locations of the
particles were not tied to the interval step.

2.7. Plankton Density Patterns (ADCP Backscatter Strength)

In order to obtain a high-resolution spatial and temporal pattern of plankton distribution and
daily vertical migration, the relative backscattering strength of the Doppler signal was estimated
according to the active sonar equation in the working version [51]. This model is used to relate the
intensity of an ADCP echo to the scatters in the water and to solve the backscatter coefficient (Sv) or
backscattering strength in dB.

Sv = C + 10 log10(TX + 273.16)R2)− LDBM − PDBW + 2αR + Kc(E− Er). (1)

The constant C (dB) depends on the characteristics of the acoustic system employed, and Kc
(dB·count−1) is the received signal strength indicator (RSSI) scale factor; both constants are determined
by linear regression between backscatter intensity from the RDI ADCP and sediment concentrations
measured simultaneously with optical backscatter sensors (OBS) [52]. LDBM is the 10log10 (transmit
pulse length, meters), PDBW is the 10log10 (transmit power, Watts), TX is the real-time temperature of
the transducer (◦C), R is the range of the ensonified volume to the scatters in meters, α is the sound
absorption coefficient (dB/m) and depends on salinity temperature and pressure variables, which are
acquired with the CTD. E (echo intensity; count) is the ADCP output for each cell along each beam,
commonly called RSSI in RDI literature, Er is simply the RSSI value when there is no signal present,
10 log10(TX + 273.16)R2) is the term for transmission loss due to beam spreading, and 2αR is the term
for loss due to absorption.

This method is a mix-up between qualitative and quantitative estimations, where stronger (less
negative) Sv indicates a higher concentration of suspended materials in the water column, among
them, zooplankton. Zooplankton migration behavior in the region was described [9] in the Garrucha
canyon, based on Longhurst-Hardy Plankton Recorder (LHPR) data. However, LHPR sampling is
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not possible at mesoscale resolution; therefore, in the present work, we used the backscatter signal as
a proxy for zooplankton migration behavior at mesoscale, using surface oblique zooplankton hauls
in the first 100 m for verification of elevated zooplankton concentration in surface water when less
negative dB values were measured. As the backscatter diminishes with depth, a comparison of Sv has
to be carried out horizontally.

2.8. Zooplankton Biovolume

At each second sampling station of the sampling grid, oblique zooplankton hauls were carried out
between 100 m and the surface, with an Aquatic Biotechnology Bongo 40 frame provided with a 100-
and 250-µm mesh, and General Oceanics flowmeters. Samples were fixed with buffered formaldehyde
(4% f.c.), until analysis in the laboratory. Zooplankton biovolume of the 250-µm mesh was measured
volumetrically by measuring water displacement in a graduated (250 and 25 mL) cylinder following
the methods of References [53,54].

2.9. Bathymetry Data and Remote-Sensing Images

Bathymetry data were downloaded from the National Oceanic and Atmospheric Administration
(NOAA, [55]). The weekly composite sea surface temperature (SST) image was downloaded from the
German Aerospace Center (DLR) [56].

3. Results

3.1. Horizontal Patterns

The weekly composed SST shows the north-western Alboran upwelling area characterized by
cold water (Figure 1a). The western and eastern gyres (A1 and A2) of the Alboran sea are developed
and characterized by warmer water in their inner parts. The study area (black square) was located at
the north-eastern limit of the Alboran Sea. The SST gradient (20–21 ◦C) indicates the thermal signal of
the AOF during the sampling period. The mean positon of the isohaline 37.5 shows the most probable
position of the AOF, which is close to the weak thermal gradient shown in the satellite image in May
(Figure 1a). The approximation to the study area (Figure 1b) shows that the position of the front is
located between the Cape of Gata Canyon and Abubacer High (white line). The coldest water in
the study area (deep-blue fringe east of the Cape of Gata shown in the black square Figure 1a) was
observed along the western coast of the Cape of Gata. Wind speed during the sampling period was
between 0 and 8 m·s−1 and very variable (Figure 1c), although a general pattern with increasing
velocities from the beginning (<4 m·s−1, 21–24 May) to the end of the sampling period (6–8 m·s–1,
29–31 May) was observed. Wind direction changed from westerly (21–24 May) to easterly (24–27 May),
a cycle which was repeated (westerly 27–29 May and easterly 29–31 May).

Direct measurements of temperature at surface water (7 m) corroborated the increase in sea
surface temperature from southwest (SW) to northeast (NE) and colder water on the coast (Figure 2a).
Surface salinity (Figure 2b) also increased from SW to NE. Lowest salinity values (36.54) were observed
in the Bay of Almeria (westward of the Cape of Gata) which turns into saltier water (37.57) at San José.
Nitrate concentrations were generally low, except for two stations (Stn 51 and Stn 52) in front of Las
Negras, with values reaching up to 11.7 µM (Figure 2c). This unusually high nitrate concentration
was observed at several depths in the upper layer (0–30 m, see Section 3.2). Horizontal currents were
strongest in front of the Cape of Gata (0.43 m·s−1) changing their direction from east to south (Figure 2c).
Cyclonic and anticycyclonic gyres were observed at the Abubacer High and the Garrucha Canyon,
respectively. Chl a concentration was very low (<0.18 mg·m−3), but higher Chl a concentration was
observed westward of the Cape of Gata, specially in coastal waters between San José and Carboneras
and to the north of the Garrucha canyon (Figure 2d). According to horizontal tracking, water crosses
the sampling area from north (Stn 52) to south (Stn 67) in 57 h (Figure 2d).
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Figure 2. Spatial patterns at 7-m depth of (a) temperature (◦C), (b) salinity, (c) nitrate concentration
(µM) and horizontal currents (m·s−1), and (d) chlorophyll a concentration (mg·m−3) and horizontal
particle track from longitude 1.942 W and latitude 36.722 N (Station (Stn) 52) at 7-m depth.

At 50-m depth, warmer water (19 ◦C) was observed southwest of the Cape of Gata and close
to the coast between San José and Las Negras (Figure 3a). In front of the Cape of Gata, the salinity
shows a strong gradient from low salinity (36.88) to high salinity (38.05, Figure 3b). This is the haline
signal of the AOF. Nitrate concentrations were generally low, except for two offshore sampling stations
located at the edge of the sampling grid (Figure 3c). It is remarkable that Stations 51 and 52 with
very high nitrate concentrations at 7-m depth (Figure 2c) do not show elevated nitrate concentrations
at 50-m depth (Figure 3c). Horizontal currents were highest at the AOF following the shape of the
salinity gradient (Figure 3b,c). Again, cyclone and anticyclone gyres were observed at Abubacer
High and Garrucha Canyon, respectively. Chl a concentration was almost one order of magnitude
higher (1.5 mg·m−3) than in surface waters (0.18 mg·m−3), showing the highest Chl a concentrations
associated with the AOF. According to horizontal tracking, a particle following the AOF passes through
the sampling area in two days (Figure 3c).
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(µM) and horizontal currents (m·s−1), and (d) chlorophyll a concentration (mg·m−3) and horizontal
particle track from longitude 2.367 W and latitude 36.655 N (between Stn 12 and Stn 13) at 50-m depth.
Note that scales in Figures 2 and 3 are different; temperature decreases, salinity increases, and notably,
chlorophyll a concentration increases one order of magnitude.

At 75-m depth, warm water (16 ◦C) was limited to the south-western part of the sampling grid
(Figure 4a). The haline front was located farther to the west (Figure 4b). Nitrate concentrations were
low, except for two sampling stations at the edge of the grid. Horizontal currents showed a similar
pattern to the one at 50-m depth, but velocities decreased. Lowest horizontal currents were located just
above Abubacer High. Chl a concentrations were higher in the south-western (associated with the AOF)
and north-eastern (northward of the Garrucha Canyon) corners of the sampling grid. Additionally, an
elevated Chl a concentration (1.0 mg·m−3) was observed at Abubacer High. According to horizontal
tracking at 75-m depth, this deep chlorophyll maximum (DCM) remained at Abubacer High for 23 days
(Figure 4d).
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Figure 4. Spatial patterns at 75-m depth of (a) temperature (◦C), (b) salinity, (c) nitrate concentration
(µM) and horizontal currents (m·s−1), and (d) chlorophyll a (mg·m−3) concentrations and horizontal
particle track from longitude 1.616 W and latitude 36.851 N (Stn 65) at 75-m depth. Red and dark-red
lines in Figure 4d indicate the offshore and coastal transect shown in Figures 5 and 6, respectively. The
offshore transect is divided into two legs. Leg 1 is from Stn 14 to Stn 88 and leg 2 is from Stn 88 to
Stn 80. Note that scales in Figures 3 and 4 are different; temperature decreases, salinity increases, and
chlorophyll a concentration remains one order of magnitude higher than at surface (Figure 2).

3.2. Vertical Patterns

In order to show the underlying processes that can explain the described horizontal distribution
patterns, two vertical transects showing temperature, salinity, nitrate concentration, and Chl a
concentration were chosen: (i) a coastal transect following the sampling stations next to the coast
(dark-red line, Figure 4d) and (ii) an offshore transect (light-red line, Figure 4d) crossing the AOF from
west to east (leg 1, Stn 14–88) and the Abubacer High from south to north (leg 2, Stn 88–80).
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The offshore transect shows a deepening thermocline (following the isotherm of 18 ◦C, from 50 m
to 75 m) from east to west (Stn 88 to Stn 14, Figure 5a), while, in the north–south direction (Stn 80 to
Stn 88), the thermocline was located at 50-m depth. The most intense DCM was observed at leg 1 with
2.1 mg·m−3 associated with the thermocline. At leg 2, the highest Chl a concentration was 1.2 mg·m−3,
and, in contrast to leg 1, the DCM was located below the thermocline. Vertical salinity and nitrate
transects (Figure 5b) show the haline gradient of the AOF at Stn 54, and the Atlantic–Mediterranean
interface (AMI; salinity 37.0–37.5) can be observed. The AMI reaches the surface at Stn 54, and deepens
from 50–75 m westward. At leg 2 (Stn 88 to Stn 80), the AMI water reaches the surface. At Stn 85,
more haline (>37.5) surface waters appear, corresponding to very modified Atlantic waters of the
Gulf of Vera. Under these conditions, the DCM was encountered just below the thermocline. It is
worth noting that, just above the Abubacer High (Stn 85), the DCM is deeper (95 m) than elsewhere,
and doming isotherms and isohalines (Figure 5a,b) suggest upward motion and fertilizing processes.
In fact, increasing and shoaling nitrate concentrations were observed above the Abubacer High
(Figure 5b, Stn 85).

Along the coastal transect, the thermocline remained at a depth of 50 m (Figure 6a). The DCM
was associated with the thermocline throughout the transect, reaching its highest value (1 mg·m−3)
eastward of the spur of the Cape of Gata, where isotherms indicate the position of the AOF, which is
confirmed by the haline gradient encountered at Stn 31 located just above the spur of the Cape of Gata
(Figure 7b). Nitrate concentrations were low in the first 20 m (<0.54 µM) except for station 51 where
nitrate concentrations between 11.9–13.6 µM were observed in the upper 20 m. Also, Stn 71 showed
elevated nitrate concentrations (1.6–5.9 µM) in the sea surface. The singular coastal nitrate maximum
observed at Stn 52 was also observed at Stn 51 (Figure 2c). These surface nitrate concentrations were
higher than those found in the first 200 m.

The vertical sigma-t, Chl a concentration, and nutrient profile at Stn 51 and Stn 52 (Figure 7a,b)
show low nutrient concentrations and a DCM of 0.6–0.7 mg·m−3 below the pycnocline (50–75 m);
nutrient concentration increased with depth. However, the highest nitrate concentration was
observed in surface water (0–20 m), just above an intense pycnocline. Furthermore, surface
nutrient concentrations (specially nitrate) were the highest concentrations observed in the first 200 m.
The Temperature–salinity (TS) diagrams of both sampling stations (Figure 7c,d) show that the elevated
nitrate concentrations were associated with less haline (<37.53) and warmer water (>19 ◦C) of the
TS profile. In particular, Stn 52 shows decreasing salinity at the surface. Thus, the elevated nitrate
concentrations were associated with less haline and warmer water with lower density located in the
first 20 m. The fact that these high nitrate concentrations are separated from deeper waters by a strong
pycnocline at a depth of 50 m and are associated with a second density minimum at a depth of 20 m
(Figure 7a,b) suggests that the nutrient-rich water does not come from vertical mixing, but is associated
with advection of warmer, less haline, and nutrient-rich water of an unknown origin.
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Figure 5. Offshore transect crossing the AOF (leg 1, Stn 14 to Stn 88) and the Abubacer High (leg 2,
Stn 88 to Stn 80). (a) Temperature (◦C, black labelled lines) and chlorophyll a concentration (mg·m−3,
greyscale); (b) salinity (black labelled lines) and nitrate concentration (µM, greyscale).
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Figure 6. Coastal transect (Stn 11 to Stn 70). (a) Temperature (◦C, black labelled lines) and chlorophyll
a concentration (mg·m−3, greyscale); (b) salinity (black labelled lines) and nitrate concentration
(µM, greyscale).
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Figure 7. Vertical profile of density (sigma-t), and Chl a and nutrient concentrations (a) at Stn 52, and
(b) at Stn 51. Temperature–salinity (TS) diagrams (c) at Stn 52, and (d) at Stn 51.
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3.3. Zooplankton Distribution and Vertical Connection

Zooplankton biovolume in the first 100 m (bottom to surface at shallower stations) was the highest
in the Bay of Almeria (76 mL per 1000 m3, at 12:00 p.m. Greenwich Mean Time (GMT)), and in coastal
water at the head of the submarine canyon of San José during the night (62 mL per 1000 m3, 12:27 a.m.
GMT). Both values were located to the west of or at the AOF, indicated by the salinity gradient at the
DCM (Figure 8a). To the east of the AOF, the highest zooplankton biovolume in the first 100 m was
observed during the night (23 mL per 1000 m3, at 8:20 p.m. GMT; 35 mL per 1000 m3, at 11:30 p.m.
GMT) next to the Abubacer High. During the day, the highest biovolume concentration was found
at a coastal station (20 mL per 1000 m3, at 10:15 a.m. GMT) and again at Abubacer High (18 mL per
1000 m3, at 12:13 p.m. GMT). Thus, we can observe that zooplankton biovolume is higher in Almeria
Bay, in coastal water, and at Abubacer High, especially during the night. The backscatter strength of
the Doppler signal between sampling stations 55 and 90 (Figure 9b) shows a complete diurnal cycle,
crossing next to the Abubacer High. Elevated zooplankton biovolume at Abubacer High during the
night coincides with higher backscatter signals in the first 100 m (Figure 8a,b). The backscatter signal
suggests a daily cycle where higher backscatter signals down to 400 m were observed at 6:00 p.m.
and 5:00 a.m. GMT. The more intense backscatter signal than in the surrounding water observed
down to 400 m indicates the presence of zooplankton, which was finally observed at midnight in
the zooplankton sampling of the first 100 m. Thus, we suggest a daily vertical migration (DVM)
cycle connecting the DCM located in the upper 100 m with deeper water in the area, as schematically
indicated by the white discontinuous arrow in Figure 8b.
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Figure 8. (a) Spatial distribution of zooplankton biovolume concentration (mL per 1000 m3) in the
first 100 m of the water column. The white dotted line indicates the transect of the vertical backscatter
transect shown in (b). (b) The vertical backscatter signal between Stn 55 and 90 indicates the daily
vertical migration (DVM) of zooplankton. Stronger (less negative) backscatter (dB) indicates higher
plankton concentration [52]. The white dotted line schematically indicates the zooplankton migration
behavior along the backscatter transect shown in Figure 8a.
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4. Discussion

4.1. Pelagic Patterns of Local Fertilization

The importance of the AOF offshore was described in terms of Chl a [57], zooplankton
concentration [58], and particle subduction [59]. The present study shows the importance of the AOF in
terms of Chl a concentration in coastal waters of the area studied. Apart from the Garrucha Canyon [10]
and the AOF [60], the present work shows a third Chl-a-rich area where fertilizing processes take place:
the Abubacer High. Fertilizing processes linked to topography–current interactions were described
for seamounts [11] and submarine canyons [7–10], while fertilizing processes at fronts [29,61,62] are
related to ageostrophic vertical circulation associated with the frontal structure.

The DCMs at the AOF and above the Abubacer High are not only different in the underlying
fertilizing processes but also in their fate. While the DCM at the front drifts away in 2–3 days, the
DCM at the Abubacer High remains in the area for 2–3 weeks. The Chl a concentration at the DCM
(1–2 mg·m−3) in the area studied is similar to that observed in the Gulf of Cadiz [63] and the Alboran
Sea [6]. Also, the depth-averaged Chl a concentration (0.47 mg·m−3, 0–100 m) is similar to other
recognized fertile areas such as the Gulf of Cadiz [63,64], and about half of those at the northwest
(NW) Alboran upwelling (1 mg·m−3 in the spring and summer [6]). As productive areas, the front, the
Abubacer High, and the Garrucha Canyon are important for fisheries [13,26,65,66]. Furthermore, in
the Mediterranean, fronts with salinity values between 36.9 and 37.7 are preferred spawning areas
of Bluefin tuna [65], a description that fits with the characteristics of the AOF. In contrast to a front,
the fertilizing processes related to topography–current interactions are less variable, while Chl a
concentration around the Cape of Gata might be less variable in space and time than in other places,
such as the wind-driven upwelling in the North Alboran sea, which could be a reason for this area
being known as a feeding ground for larvae and young tuna (Thunnus thynnus and Sarda sarda [67]).

Taylor columns above seamounts [68], and hydrodynamics in the canyons allow zooplankton
and larvae to remain in the fertile, nutrient-rich area. Through DVM, zooplankton remain during the
day in low-moving water and graze at midnight at the DCM acting as a conveyer belt between surface
primary productivity and deep-sea fauna [10,69,70], providing optimal conditions for abundant and
diverse deep-sea fauna, as well as the presence of top predators [26,38].

Thus, the presence of a haline front, seamount, and two submarine canyons in a small area of
about 100 × 100 km is an exceptional feature in the Mediterranean Sea. Each of these features is worth
protection on its own: seamounts [22,27,71], submarine canyons [23,72,73], and fronts [20,28].
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4.2. Local Economy and Megafauna

Fishery is an important factor for local economy of the studied area. Red shrimp (Arsiteus antennatus)
is a species of fishery interest [74] and makes up to 71% of the economic value of fish catch [75] in the
region. While multispecific fishing grounds are closer to the coast, trawling on Aristeus antennatus is
carried out at depths between 500–800 m and located farther offshore [76], comprising the canyons and
the Abubacer High (Figure 9a). In spite of the proximity of coastal MPAs and the importance of fishery
for the area, little scientific knowledge exists about benthic invertebrates of the canyons. Deep-sea
trawling affects deep-sea fauna either directly by retrieving organisms [77] or indirectly due to sediment
suspension [78]. A recent study [79] revealed some insight of invertebrates at the top of Abubacer High,
where Gorgonian gardens, black corals, and the recently described mollusk, Neopycnodonte zibrowii [80],
were detailed. Even though lost fishnets were observed on top of Abubacer High, and scientific
knowledge about the pelagic community around Abubacer High is still unknown [81], analyzing five
submarine canyons [30] found the highest species richness of megafauna between 400–700 m, and
Reference [82] describes differences in deep-sea fish assemblage on seamounts at scales of several km.
Accordingly benthic fauna and deep-sea fish in the study area should be studied in the future in order to
prevent potential diversity loss and loss of unknown endemism or undescribed species. Furthermore,
productivity hotspots like fronts, canyons, and seamounts persistently attract top predators such
as sharks, tuna, and cetacean [17,70,83–85], which feature a K-stratagem, whereby most of them
are endangered.

The combination of high depth and productivity associated with the canyons is the motive for
the presence of cetacean in that sampling area. The Cuvier’s beaked whale (Ziphius cavirostris) is
a predominantly oceanic species often associated with habitats of steep slopes and with marked
preference for submarine canyons and cliffs [86,87]. In the Alboran Sea, these whales are distributed in
waters of more than 600-m depth and slopes over 4%, and are especially frequent on the isobath of
1000 m in an area of submarine canyons next to Almeria [14]. Apart from Cuvier’s beaked whales,
sperm whales (Physeter macrocephalus) were also observed at the head of the Cape of Gata, and
especially along the axis of the Garrucha Canyon (Figure 9b). The use of these canyons as a habitat for
the cetacean enters in conflict with the use of the area for naval military submarine exercises (Figure 9b).
In addition, with 35,000 ships per year, the Cape of Gata is third in Spanish marine traffic (after the
Strait of Gibraltar and Finisterre), which is regulated with a special device at 17–21 nautical miles off
the Spanish coast. In 2001, almost 210–800 million tons of petrol were transported through the Alboran
Sea [88]. The fact that several ship routes come together in front of the Cape of Gata bears an elevated
possibility of a naval accident.
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 Figure 9. (a) Depth-averaged (0–100 m) chlorophyll a concentration (mg·m−3), sites of human

and industrial effluents [89], and fishing grounds [76,90]. (b) Coastal Area Management Program
Levante Almeriense (CAMP-LA), existing Marine Protected Areas (MPAs), and proposed enlargement
of the MPA. Presence of cetacean species (Balaenoptera acutorostrata (minke whale), Balaenoptera
physalus (fin whale), Physeter microcephalus (sperm whale), Ziphius cavirostris (Cuvier’s beaked whale),
Globicephala melas (long-finned pilot whale), Grampus griseus (Risso’s dolphin), Tursiops truncatus
(common bottlenose dolphin), Stenella coeruleoalba (striped dolphin), Delphinus delphis (short-beaked
common dolphin), and Pseudorca crassidens (false killer whale) [91].
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4.3. Coastal Waters and Effluents

Due to the high temperature at the surface, the high nitrate concentration and low salinity surface
waters at Stn 51 and 52 are not explicable by the upwelling of nutrient-rich water. Additionally, the
strong pycnocline observed at those stations and the higher nitrate concentrations than those observed
in the first 200 m suggest that the high nitrate concentration might be a sign of coastal effluents. Lots of
human wastewater effluents are located along the coast (Figure 9a) and some industrial wastewater
effluents (thermal power station and desalination plant, among others) are located at Carboneras, the
unique coastal site without marine protection along the coast covered by the coastal MPAs (Figure 9b).
The thermal power station and desalination plant effluents are mixed and released with a salinity
similar to the mean salinity encountered at the releasing point (0.9–1.1 of the mean salinity found in the
area [92]). Nitrate concentrations are about 700 µg·L−1 (11.3 µM) [90]. These nitrate concentrations are
in the range of the very high nitrate concentrations observed in surface waters at 25 km (Stn 51) and
38 km (Stn 52) to the south of Carboneras (Figures 2 and 7a,b). According to Reference [93], currents
and coastal sediment transport to the east of the Cape of Gata flow southeastward. Main circulation
patterns offshore also flow southeastward until meeting the AOF [10,37]. Thus, the origin of the
less dense and nitrate-rich water observed at Stn 51 and Stn 52 might be the signal of the mixed
desalination plant and thermal power station effluents, causing eutrophication of oligotrophic surface
waters. The environmental effect of wastewater plumes, in terms of extension, duration, and effect on
the pelagic community, is of increasing concern and requires multidisciplinary studies [94]. In order
to confirm our observations and evaluate the potential impact of wastewater plumes in the area,
remote-sensing detection of wastewater plumes [95] should be carried out in the area in the future.

4.4. MPA Enlargement and Transboundary Management Program

The Cape of Gata area is a recognized limit between two biogeographical zones [38,96]. Its elevated
diversity along the coast was the driving force for establishing the terrestrial–marine protected area,
the Cape of Gata [97,98], and later on the adjacent special area of conservation (SAC), Fondos Marinos
Levante Almeriense [99]. Additionally, an open-water MPA (site of community importance, SIC)
was recently established to the west of the Cape of Gata (Seco de los Olivos Sur de Almeria [100]).
This MPA just reaches the limit of the Alboran Sea, the AOF, and the head of the Cape of Gata Canyon.
The ecoregion of the Gulf of Vera, east of the AOF, lacks an offshore MPA [35], although the prominent
Garrucha Canyon is located there. Additionally, References [10,37] show the horizontal and vertical
connectivity in that area and its importance for marine spatial planning. Recently, Reference [101]
showed the importance of connectivity for MPA design and preservation of small-ranged species
at the Mediterranean scale, and identified the Cape of Gata area as a priority MPA, especially if
larval dispersal was considered. Furthermore, the present study shows the importance of vertical
connectivity in the region, particularly at Abubacer High. In the final report of the Coastal Area
Management Program Levante Almeriense (CAMP-LA), the extension of the CAMP-LA offshore, more
scientific information about submarine canyons and seamounts, where important local fishery takes
place, is claimed [102].

The described current bathymetry interaction increases local productivity attracting top predators
and deep-sea fauna close to the coast. Deep-sea fauna is less known and has lower resilience against
human impacts. We urgently encourage the study of deep-sea fauna in the area in order to fill
the gap of scientific knowledge. Nevertheless, according to the principle of precaution, we already
propose the enlargement of the SIC Sur de Almeria/Seco de los Olivos to the east, in order to cover
the AOF, Cape of Gata Canyon, Abubacer High, and Garrucha Canyon (Figure 9b). Each of these
features is worth protection in itself. Seamounts, especially shallow ones, support rich diverse endemic
fauna with a high degree of endemism and K-strategic fish assemblages [103–105]. To globally
protect biodiversity, seamounts should count with a protective regime and be declared as fishery
no-take zones [104]. In order to facilitate the selection of seamounts being considered in an MPA
network, a global seamount classification based on abiotic environmental variables was proposed [106].
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Submarine canyons provide rich faunal communities, spawning and nursery areas, and refugees, while
attracting megafauna; they provide ecosystem services (provisioning, regulation, and cultural) and are
treated by human activities such as fishing and oil gas exploitation, and are sinks for litter and marine
pollution [73]. The Convention on Biological Diversity suggested that submarine canyons could be
classified as priority areas for conservation [73,102]. Finally, both habitat and species associated with
submarine canyons and seamounts are considered in the Dark Habitat Action Plan [4].

The fact that the coast of the area studied is already protected facilitates the enlargement of the
offshore MPA covering seamounts and canyons. Possible conflicts with local fisheries at Abubacer High
could be resolved. The 25-year-long experience of fishery reserves of the Alboran Island, with licenses
for red shrimp exploitation, demonstrate positive feedback for both MPAs and fishery activity [107].
Further conflicts could be marine traffic and military use (Figure 9b). Marine traffic routes were
changed in 2006 [108] in order to protect the Cape of Gata area and cetaceans. Similar changes could
be made in the future if necessary. The main interference with cetaceans, especially Cuvier’s beaked
whale and sperm whale, would be military submarine exercises (Figure 9b). It is worth mentioning
that Cuvier’s beaked whale is considered in Annex 2 of the protocol for specially protected areas of
Mediterranean importance (SPAMI) declaration, and the whole Gulf of Vera was recently declared
as an important marine mammal area [109]. The proposed enlargement of the existing SIC Sur de
Almeria/Seco de los Olivos could be a priority area for protecting whales in the Gulf of Vera. In order
to resolve military and conservation conflicts, the extent of the military area should be moved to other
regions or be reduced considerably. Additionally, dynamic ocean management [110] could be applied,
looking for the most suitable time window for military exercises, minimizing the harmful effect on the
cetacean population.

Management and benefits of land–sea conservation planning were shown by Álvarez-
Romero et al. [111], and, from an economical point of view, the final document of the CAMP-LA [102]
project claims to extend the CAMP area to open ocean waters because important resources (red shrimp,
Aristeus antennatus) for local economy are located there. The proposed enlargement would protect
singular marine ecosystems in front of the CAMP-LA area. The CAMP-LA and the SIC Sur de
Almeria/Seco de los Olivos require their management plans. If MPA enlargement is accepted, a joint
management program could be achieved and the CAMP can be converted into the first integrated
coastal area deep-ocean management program (ICADOMP), considering horizontal, vertical, land,
coastal, and deep-sea connectivity [10].

The combination of MPA and management programs provides a suitable framework to assess
zonation and potential uses of the extended MPA. The management plan of the SIC Almeria/Seco de
los Olivos which was declared in 2014 [100], and which we propose to be extended, is currently
being elaborated in the framework of the European Union (EU) INTERMARES project [112].
The management plan of the extended area should be elaborated considering the revenue of main
fishery activity (red shrimp fishery, first sale at Garrucha fish market in 2017 was 1.6 million € without
subtracting fishery costs [113]) and potential new activities such as whale watching, which, for example,
at Tarifa (Strait of Gibraltar) in 2016 moved 107,900 passengers and obtained a total net benefit of
2.6 million € [114]. Moreover, it should be taken into account that the coastal area is already an MPA
which facilitates the establishment of the enlargement, due to the fact that coastal conflicts and benefits
of MPA are already resolved. The existing tourism associated with protected areas provides a large
number of potential whale watchers, or customers interested in other leisure activities. Furthermore,
the recovery of target species [115] and a 10% increase of fisheries will benefit from the waters near the
potentially closed areas by spill-over of bigger target species [116] which could improve fishery activity
in the long term. The examples exposed above show that the MPA enlargement could be of economic
benefit for the region, where conversion of fishery activity into the whale-watching industry could
provide protection, education, and economic benefits. Apart from the suggestions in the present work,
an exhaustive local socioeconomic study should be carried out in order to elaborate the management
plan, including local boats and fishermen involved in the future whale-watching industry.



Water 2018, 10, 1403 21 of 28

Considering a terrestrial area of 3376.3 km2 (CAMP-LA area) and a marine area of 10,618.4 km2

(marine part of SACs the Cape of Gata = 188.1 km2, Fondos Levante Almeriense = 167.8 km2, SIC Sur
de Almeria/Seco de los Olivos = 4408.2 km2, and the proposed enlargement = 5854.3 km2), it would be
an ambitious pilot project, achieving, for the first time, a sustainable and ecosystem-based management
from land to deep-sea ecosystems. Although the Marine Strategy Framework Directive [117], Marine
Spatial Planning Directive [118], Water Framework Directive [119]. and Blue Growth Strategy [120,121]
determine the framework of future sustainable development, to our knowledge, it requires a
transboundary pilot project from land to deep-sea, which is lacking at the moment. Joining the
CAMP-LA area with existing MPAs and the enlargement proposed provide an optimal framework for
conservation and sustainable development from land to deep sea, covering canyons, seamounts, and
fronts. The particular bathymetry, oceanography, and already declared CAMP and MPAs provide a
suitable framework for establishing a unique and necessary pilot project on transboundary sustainable
management at an EU level.

5. Conclusions

The irregular bathymetry, presence of the AOF, and associated currents provide the area
around the Cape of Gata with phytoplanktonic biomass higher than that observed at surface waters.
The presence of three fertilizing sites (front, canyons, and seamounts) in an area of 100 × 100 km is
exceptional in the Mediterranean Sea and provides enhanced primary production throughout the year
attracting top predators. Phytoplankton biomass remains at the seamount, feeding local zooplankton
and benthic organisms. The economic importance of local fishery (Arsiteus antennatus), the benthic
biodiversity at hotspots (canyons and seamounts), the presence of coastal MPAs and a management
program, as well as the unique oceanographic and bathymetric features of this region, suggest the
enlargement of existing MPAs based on a precautionary principle. Benthic studies should be carried out
soon in the canyons and on the seamount. The presence of a coastal management program (CAMP-LA)
and adjacent MPAs provides a suitable framework for establishing a transboundary management
program from land to deep-sea waters.
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