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Summary: We investigated the variability in the mesoscale distribution of the siphonophore Muggiaea atlantica and the
hydromedusa Aglaura hemistoma in relation to the rapid spatial oscillations of the shelf-slope front off the Catalan coast (NW
Mediterranean). Three extensive surveys were carried out in spring at ten-day intervals. High variability in the position of the
front resulted from the advection of low-salinity waters originating in the Gulf of Lions, mainly from the Rhone River runoff.
High spatial variability in the distribution of the two species was closely related to the shifting positions of the front. Both
species occurred on its inshore side in much higher abundances than on its offshore side, where they were scarce or absent.
The front acts as a barrier limiting offshore displacement of these two cnidarians. Statistical analyses showed that bottom
depth and salinity, as independent variables, were indicators of the signature and position of the front, explaining most of the
variance in the distribution and abundance of the two species.
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Alta heterogeneidad espacial de dos especies de cnidarios plancténicos en relacion a la variabilidad a corta escala
temporal de un frente plataforma-talud

Resumen: La variabilidad en la distribucion de meso-escala del sifonéforo Muggiaea atlantica y la hidromedusa Aglaura
hemistoma se investigd en relacion a las rapidas oscilaciones espaciales del frente plataforma-talud en la costa Catalana (Me-
diterraneo noroccidental). Durante la primavera, se realizaron tres campafias oceanograficas intensivas, distanciadas 10 dias
entre si. La alta variabilidad en la posicién del frente fue resultado de la adveccion de aguas de baja salinidad procedentes del
Golfo de Ledn, al norte del drea de estudio, debido principalmente a los aportes del rio Rédano. La alta variabilidad espacial
observada en la distribucién de las dos especies estuvo muy relacionada con la posicion cambiante del frente. Ambas fueron
mucho mds abundantes en el lado costero que en el lado ocednico del frente, donde éstas fueron muy escasas o incluso au-
sentes. El frente actiia como una barrera limitando el desplazamiento hacia mar abierto de estos dos cnidarios. Los analisis
estadisticos realizados mostraron que la profundidad y salinidad, como variables independientes, fueron indicadoras de la
sefial y la posicion del frente, explicando la mayor parte de la varianza de la distribucién y abundancia de ambas especies.

Palabras clave: Siphonophorae; Hydromedusae; Muggiaea atldntica; Aglaura hemistoma; meso-escala; Mediterraneo
noroccidental.
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INTRODUCTION 1997). Physical and biological coupling in these fron-
tal zones shows strong spatio-temporal variability as a

Shelf-slope fronts separating low-salinity coastal result of hydrographic complexity and the activity of
waters from high-salinity open-sea waters are common the organisms (Mackas et al. 1985, Sournia 1994). In
along continental shelves (Wang et al. 1988, Houghton general, shelf-slope fronts are highly productive due
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to the accumulation and active growth of microalgae
and zooplankters (Sabatés et al. 1989, Ferndndez et al.
1993, Mann and Lazier 2006). These phenomena deter-
mine the distributions and abundance of many groups
of zooplankton (e.g. Kahru et al. 1984, Nishikawa et al.
1995, Sabatés and Olivar 1996).

Gelatinous zooplankton are abundant in pelagic
communities, playing an important role in food-web
dynamics due to their great trophic impacts and rapid
population growth, which sometimes results in seasonal
blooms (Graham et al. 2001, Pages et al. 2001). Appro-
priately classified as plankton, gelatinous organisms
have limited horizontal mobility, so their abundance
and distribution patterns depend on hydrodynamic
features such as gyres, clines and fronts. However, ex-
plicit evidence for this bio-physical coupling is scarce
(e.g. Pages and Gili 1992, Graham et al. 2001, Pavez
et al. 2010).

Off the Catalan coast (NW Mediterranean), the
shelf-slope density front is a permanent structure de-
fined by strong salinity gradients, separating low-salin-
ity shelf waters from the more saline waters offshore
(Font et al. 1988, Alvarez et al. 1996). It is present in
the upper 300 to 400 m of the water column and usually
intersects the surface over the 1000 m isobath. Asso-
ciated with the front is the Northern Current flowing
southwestward following the continental slope at 20 to
30 cm s~ (Font et al. 1995). In spring, northern Catalan
coastal waters experience strong spatial and temporal
variability due to the large inputs of continental runoff,
mainly from the Rhoéne River in the northern Gulf of
Lions (Mas6 and Tintoré 1991, Sabatés et al. 2007).
These relatively low-salinity waters, advected by the
Northern Current along the shelf break, increase the
mesoscale activity at the shelf-slope front, generating
oscillations and eddies (Alvarez et al. 1996, Flexas et
al. 2002). The continental shelf in the study area (Fig.
1) is relatively narrow, with a submarine canyon whose
head is close to the coast.

Previous studies in the area have analysed the role
of the front and the associated current in primary and
secondary production (Estrada 1991, Estrada et al.
1999, Alcaraz et al. 2007), and in zooplankton and
ichthyoplankton distribution (Sabatés et al. 1989, Sa-
batés and Olivar 1996, Sabatés et al. 2004). Recently,
the importance of the front in the distributions of me-
dusan species forming blooms, such as Pelagia nocti-
luca (Forsskal, 1775), has been reported (Sabatés et al.
2010). However, little is known about the influence of
the shelf-slope front on the most abundant planktonic
cnidarians, especially at short timescales.

The planktonic cnidarian community along the
Catalan coast in spring is dominated by a few spe-
cies. Siphonophorae constitute the bulk of the com-
munity, and the calycophoran Muggiaea atlantica
Cunningham, 1892 is by far the most abundant and
representative species. Among Hydromedusae, Aglau-
ra hemistoma Péron and Lesueur, 1810, is the most
abundant and widespread. Both species are neritic
and epipelagic, accounting in the area for up to 95%
of the planktonic cnidarian community in spring (Gili
et al. 1987a, b, 1988). Although these two species are

present in the Mediterranean all year around (Bouillon
et al. 2004), the highest abundances of M. atlantica in
the northwestern basin have been recorded from April
to June (Gili et al. 1987b, 1988, Licandro et al. 2012),
and peaks of Aglaura hemistoma occur between June
and September (Gili et al. 1987b, 1988, Licandro and
Ibaiiez 2000). Both species are particularly abundant in
the first 50 m of the water column but can occur down
to 200 m (Gili et al. 1987a, b, Batisti¢ et al. 2004).
The value of knowing the abundance and distribution
patterns of planktonic cnidarians derives from their
predation on most other zooplankton (e.g. Biggs 1977,
Purcell 1997, Colin et al. 2005), affecting the structure
and dynamics of the whole planktonic community.
Our goal was to investigate how the variability of
hydrodynamic structures determines the mesoscale dis-
tributions of planktonic cnidarians. Our approach was
to study the coupling between short-term variability in
the location of the shelf-slope front and the distribu-
tions of M. atlantica and A. hemistoma. To achieve this
aim, we analysed the changes in abundance and spatial
distribution of both species during three cross-frontal
surveys carried out at approximately 10-day intervals.

MATERIALS AND METHODS

The study area is located off the northern Catalan
coast, NW Mediterranean (Fig. 1). Three oceano-
graphic cruises were carried out from mid-May to late
June 1992, at approximately 10-day intervals (13-21
May, 2-9 June and 18-25 June). On each survey, 43-44
stations were sampled for environmental and biologi-
cal parameters. Stations were located approximately
8.5 km apart, and distributed along seven transects
perpendicular to the shoreline, from near the coast to
beyond the shelf-slope front. An additional transect in
the northernmost part of the area (grey dots in Fig. 1)
was conducted for environmental measurements only.
Vertical profiles of basic hydrographic variables (tem-
perature, salinity and fluorescence) were obtained at
each station using a Mark-III Neil Brown CTD probe
equipped with a Sea Tech fluorometer. Maps of the
horizontal distribution of each environmental param-
eter (at 10 m depth) were generated by gvSIG (OADE-
2010) and ArcGIS 10.2 software, applying the spline
interpolations with a cell size of 200 m (see Fig. 2). The
Catalano-Balearic Sea bathymetric chart (2005) was
used to represent the bathymetry at 100 m intervals.

Zooplankton samples were collected using a bongo
net of 60 cm mouth diameter and 300 um mesh. Oblique
hauls were performed, integrating the water column
from a maximum depth of 200 m (or 5 m above the
bottom in stations shallower than 200 m) to the surface.
Samples were preserved immediately after collection
in a 5% solution of formaldehyde in seawater buffered
with borax. The volume of filtered water was estimated
by means of a flowmeter placed in the centre of the net
mouth.

In the laboratory, after the cruises took place, the
siphonophore M. atlantica (polygastric stage) and the
hydromedusa A. hemistoma were identified and count-
ed under a stereomicroscope. Counts were standard-
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Fig. 1. — Geographical location of the study area off the northern

Catalan coast (NW Mediterranean). Black dots represent the grid

of sampled stations (hydrographic and biological). Grey dots are

the additional northernmost transect of hydrographic stations. Grey
lines indicate bathymetry (every 100 m).

ized to number of individuals per 1000 m?>. Recently, to
complete the study with the rest of the cnidarian com-
munity, analysis of those same samples were carried
out, however we found that the morphological condi-
tions of the individuals had impoverished so much that
the taxonomical identifications were not possible. The
exceptional oceanographic conditions in which the
cruises were performed and the ecological importance
of these two species encouraged us to proceed with the
study presented here.

Statistical analysis

The potential explanatory relationships between
species abundance and the environmental variables:
surface (10 m depth) salinity, fluorescence and tem-
perature, and bottom depth were tested separately in
each surveyed situation by fitting generalized additive
models (GAMs), which account for non-linear changes
in abundance with the environmental variables by
applying other than Gaussian data distributions. The
models were fitted with an error distribution from
the negative binomial family and a log link function
(Zuur et al. 2009), using the “mgcv” package (Wood
2014). To eliminate bias due to varying sampling units
(volumes of seawater filtered by the net), we included
the log of filtered volume as an offset inside the model
(Penston et al. 2008, Zuur et al. 2009, Guerrero et al.
2013). Spatial autocorrelation of samples was checked
by plotting the residual of the models in a variogram
(Zuur et al. 2009); in all cases no spatial correlation
was suggested and spatial independence was assumed.

GAM analyses were performed in two steps (Zarauz
et al. 2007, Silva et al. 2014). First, GAMs were based
on single explanatory variables to study the influence
of each hydrographic parameter on the species abun-
dance. Later, GAMs of increasing complexity were ap-
plied, combining multiple explanatory variables. In the
first, we allowed information on collinear variables; in
the second, a more realistic situation was modelled in
which all the parameters interact as in the environment.
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The amount of smoothing was minimized (k=3 to 5)
to aid interpretation of the biological trends (Wood
2014). From among single variable-based GAMs, the
best-fitting ones were selected based on the un-biased
risk estimator (UBRE), the percentage of deviance ex-
plained, the smooth confidence region and the spread
of the residual in the model validation step (Wood and
Augustin 2002, Planque et al. 2007, Zuur et al. 2009,
Silva et al. 2014). For multiple variable-based GAMs,
collinearity between pairs of variables was evaluated
by pairwise scatterplots, Pearson’s correlation coef-
ficients (cut-off value |0.5)) and corroboration by the
variance inflation factor (Zuur et al. 2009). In early
June, salinity and fluorescence were collinear. Since
salinity was the variable best representing the front
(see Fig. 2), and was also the strongest predictor among
the single variable GAMs for that cruise, it was kept.
The variables for multivariable GAMs were chosen by
a backward-elimination process for the least significant
predictor based on the chi-square statistic. Best-fitting
combined GAMs where selected based on the UBRE
score (the lowest the best), the percentage of deviance
explained (the highest the best) and the spread of the
residuals in the model validation step (Zuur et al. 2009,
Silva et al. 2014).

Differences in species abundance between the two
sides of the front, when detected at the surface (in mid-
May and early June), were tested for significance in
order to know whether the front per se had an influence
on the species abundance distribution. To this end, an
analysis of variance was performed using generalized
linear models (GLM) with the “glm.nb” package (Ven-
ables and Ripley 2002), which fit a GLM with a nega-
tive binomial distribution. The model was applied with
a log link function and an offset for the log of filtered
volume in a way similar to that explained for GAMs.
To identify the stations located on each side of the front,
the geographical position of the front was defined from
the maximum difference in salinity between adjacent
stations on the same transect and between transects.

All analyses were performed using the free statis-
tical software R, version 3.0.2 (R Development Core
Team 2013).

RESULTS
Hydrographic conditions

In the first survey in mid-May, the salinity front was
over the slope approximately 50 km offshore, running
in a northeast to southwest direction. Maximum salinity
values (~38.2) were recorded at the most offshore sta-
tions. A band of relatively low salinity (37.6-37.7) was
observed between the shelf and the open sea, intensify-
ing the salinity and density gradients over the slope.
The highest fluorescence values (from 5 to 7 units)
were mainly detected offshore in the northeastern area.
The lowest temperatures (~14°C) were recorded in the
northwestern corner of the grid, and the highest (17°C)
were in the south (Fig. 2: A1-C1; Table 1).

In the second survey, ten days later in early June,
a completely different spatial layout was found. The
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Fig. 2. — Surface (10 m) salinity, fluorescence and temperature distributions in the mid-May (A1-C1), early June (A2-C2) and late June (A3-
C3) cruises off the northern coast of Catalonia (note the additional northernmost transect of hydrographic stations). Grey lines represent the
bathymetry (every 100 m).

front, running parallel to the coast, was over the shelf
at about 20 km from the coast, confining waters of low
salinity (37.2) inshore and thus causing an intense sa-
linity gradient. The highest fluorescence values (up to
13 units) were restricted to the inshore side of the front,
associated with the low-salinity waters, while very low
fluorescence values (<2) were measured on the off-
shore side. Temperature was higher than on the May

cruise, showing a gradient from near the coast (17.5°C)
towards the open sea (~19°C) (Fig. 2: A2-C2; Table 1).

In the third survey, in late June, no frontal struc-
ture was detected in the upper layers, and the salinity
distribution was complex, with patches of low values
covering the whole area (Fig. 2: A3). Fluorescence
decreased offshore, and the highest values (from 3 to
7 units) appeared to be associated with areas of low

Table 1. — Values of the environmental parameters measured off the northern Catalan coast during the three research cruises. Values include
those from the additional northernmost transect of hydrographic stations (see Figs 1 and 2). T, temperature; S, salinity; Fl, fluorescence; Depth,
bottom depth; Min., minimum value, Max., maximum value; Mean+SD, mean and standard deviation.

Mid-May Early June Late June
Min. Max. Mean+SD Min. Max. Mean+SD Min. Max. Mean+SD
T (°C) 14.36 17.07 15.32+0.64 17.25 19.37 18.10+0.51 17.25 19.63 18.35+0.51
S 37.24 38.29 37.79+0.28 37.02 38.10 37.67+0.37 36.59 37.99 37.49+0.24
Fl 0.001 7.44 2.88+1.71 0.001 13.22 2.41£2.66 0.001 7.78 2.22+1.34
Depth (m) 30 2107 803+732 28 2187 850+712 34 2000 785+673
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Table 2. — Mean abundance (Ind. 1000 m~), range (minimum and maximum abundance values) and % Occurrence (percentage of samples in
which the species occur) for Muggiaea atlantica and Aglaura hemistoma during the three research cruises.

M. atlantica

A. hemistoma

Mean+SD Range % Occurrence Mean+SD Range % Occurrence
Mid-May 8640+11580 0-51809 98% 1759+3434 0- 17480 82%
Early June 9378+18818 0-77607 86% 128+286 0-1381 52%
Late June 4008+3794 0- 13870 98% 478+845 3-4013 100%

M. atlantica

A. hemistoma
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Fig. 3. — Distribution of Muggiaea atlantica and Aglaura hemistoma overlaid on surface (10 m) salinity in mid-May (A1-B1), early June
(A2-B2) and late June (A3-B3). Grey lines represent the bathymetry (every 100 m).

salinity. During this survey, high temperatures were
detected in coastal waters and offshore (~19.5°C) (Fig.
2: A3-C3, Table 1).

Spatio-temporal distribution of Muggiaea atlantica
and Aglaura hemistoma

On all three cruises the mean abundance of M.
atlantica was higher than that of A. hemistoma

(Table 2). Abundance values for M. atlantica were
high during the first two cruises (8640+11580 and
9378+18818 ind. 1000 m=, respectively) but lower
during the last cruise (4008+3794 ind. 1000 m™3).
Aglaura hemistoma was relatively abundant on the
first cruise (1759+343 ind. 1000 m~3) but markedly
lower on the two June cruises (128+286 and 478+845
ind. 1000 m=3, respectively). For both species, the
lowest frequency of occurrence was observed on the
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Table 3. — Results of the single variable-based GAMs computed for Muggiaea atlantica and Aglaura hemistoma abundances and each

environmental variable [bottom depth (Depth), salinity (S), fluorescence (Fl) and temperature (T)] for the three research cruises. For each

single variable model, the degrees of freedom selected (k), the effective degrees of freedom (edf) generated by the model, the UBRE score, the

percentage of deviance explained (% Dev.) and P-values, when significant, are given; n.s., not significant. The best predictor for each species
on each cruise is in bold font.

M. atlantica

A. hemistoma

Variables k edf UBRE % Dev. P-value k edf UBRE % Dev. P-value
s(Depth) 4 1.0 0.61 47.1 <0.001 4 29 2.15 36.1 <0.001
Mid-May s(S) 4 2.8 0.87 40.8 <0.001 4 2.8 1.15 574 <0.001
s(F1) 5 3.8 1.66 14.7 <0.001 4 2.9 2.85 21.2 <0.001
s(T) 3 1.8 1.78 7.57 <0.01 3 1.9 3.55 53 <0.001
s(Depth) 4 1.6 3.71 25.9 <0.001 4 2.8 2.11 33.0 <0.001
s(S) 4 29 1.15 68.4 <0.001 5 3.9 1.54 47.1 <0.001
Early June s(Fl) 4 24 1.91 55.6 <0.001 4 26 2.11 32.8 <0.001
s(T) 5 3.9 3.84 25.6 <0.001 4 29 1.96 36.4 <0.001
s(Depth) 3 19 0.62 374 <0.001 4 1.0 0.74 31.2 <0.001
s(S) 3 1.9 1.05 19.2 <0.001 3 1.9 1.07 19.3 <0.001
Late June s(F1) 3 0.6 0.63 36.9 <0.001 4 2.4 0.99 23.4 <0.001
s(T) 3 - - - n.s. 4 1.0 1.25 10.0 <0.001

second cruise (86% and 52% for M. atlantica and A.
hemistoma, respectively; Table 2).

High spatial variability in species abundance and
distribution was observed over a short time scale (10
days), and in general both species displayed a similar
onshore-offshore distribution pattern closely related to
the variable location of the shelf-slope front (Fig. 3). In
mid-May, M. atlantica and A. hemistoma were widely
distributed over the whole study area, the location of
the salinity front setting a clear limit for their distribu-
tions. Very low densities of M. atlantica were detected
on the oceanic side of the front, and A. hemistoma was
practically absent (Fig. 3: Al, B1). Higher densities
of both species were observed at stations located over
the edges of the submarine canyon than at those over
the canyon axis (Fig. 3: A1, B1). Single variable-based
GAMs revealed bottom depth as the strongest predictor

for the spatial distribution of M. atlantica, explaining
47% of its variability, with a linear negative effect
(Fig. 4: A1, Table 3). Depth was the second predictor
for A. hemistoma (36%), with a negative effect from
500 m outwards (Fig. 5: A1, Table 3). Salinity was the
second strongest predictor (41%) for M. atlantica and
the first for A. hemistoma (57%, Table 3), and both
species followed the same trend, positive up to ~37.9
(Fig. 4: B1) and ~37.8 (Fig. 5: B1), respectively, and
decreasing above those values. Fluorescence was the
third predictor for both species, whereas temperature
was the least explanatory variable (Figs 4: C1-D1 and
5: C1-Dl1, Table 3).

In early June the spatial distribution of both species
was restricted to a narrow belt over the shelf, limited
offshore by the position of the front (Fig. 3: A2, B2).
The abundance of M. atlantica was high close to the
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Fig. 4. — Results of single variable-based GAMs for Muggiaea atlantica, showing the abundance trends of the siphonophore for each variable

in each surveyed period (A1-D1, mid-May; A2-D2, early June; A3-D3, late June). Solid lines display the smoothing function according to

the GAMs. The area between the dotted lines represents the 95% confidence interval. Short vertical lines on the x-axis indicate the values at
which observations were made.

SCI. MAR. 80(4), December 2016, 487-497. ISSN-L 0214-8358 doi: http://dx.doi.org/10.3989/scimar.04452.03A



=2 1Y
O

- - .
>

~ 1=

\
T A
1

=, Bl

8 5 e t T — t t
£ 0 500 1000 1500 2000 374 376 37.8 380 382
- N

=

.
=2

“ -

=

(=N
ol -

2
A 0 500 1000 1500 2000 370 374 37.8

o | Tal Pt .

.

gl

[

-

o Ny

[ TR T

1
1500 2000 372
Bottom depth

0 500 1000
Salinity

374 376 378 380

Spatial heterogeneity of two planktonic cnidarians * 493

Aglaura hemistoma
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Fig. 5. — Results of single variable-based GAMs for Aglaura hemistoma showing the abundance trends of the hydromedusa for each variable

in each surveyed period (A1-D1, mid-May; A2-D2, early June; A3-D3, late June). Solid lines display the smoothing function according to

the GAMs. The area between the dotted lines represents the 95% confidence interval. Short vertical lines on the x-axis indicate the values at
which observations were made.

coast and very low on the open-ocean side of the front.
Aglaura hemistoma showed the highest densities near
to and inside the front, being almost absent on the
offshore side of the front. Results of the single vari-
able-based GAMs revealed salinity as the strongest
explanatory variable for both the siphonophore (68%)
and the hydromedusa (47%), with a marked decrease in
abundance above ~37.3 for the former and a generally
decreasing trend at higher salinity for the latter. As an
exception, an increase was observed at ~37.6, corre-
sponding to one of the isolines delimiting the salinity
front (Figs 4: B2 and 5: B2; Table 3). Fluorescence was
the second most important explanatory factor (56%) for
M. atlantica, showing a positive effect up to ~7 with a
plateau at higher values (Fig. 4: C2; Table 3). Tem-
perature was the second most important variable for A.
hemistoma (36%), with a negative trend in warmer wa-
ters (Fig. 5: D2; Table 3). The least significant variables
during this period were bottom depth and temperature
for M. atlantica (25.9% and 25.6%, respectively; Table
3) and bottom depth and fluorescence for A. hemistoma
(33.0% and 32.8%, respectively; Table 3).

In late June, during the third cruise, as during the
first cruise, the distributions of both species again
covered a broad area, extending well beyond the shelf
break, and higher densities of both species were record-
ed over the canyon flanks than at stations located over
the canyon axis (Fig. 3: A3, B3). The GAMs showed
bottom depth as the strongest explanatory variable for
both species, explaining 37.4% for the siphonophore,
with a negative effect from ~600 m outward (Fig. 4:
A3, Table 3), and 31% for the hydromedusa with a lin-
ear negative effect (Fig. 5: A3, Table 3). Fluorescence
was the second strongest predictor both for M. atlan-

tica (36.9%), showing a positive effect up to ~3 (Fig.
4: C3, Table 3) and slightly negative above that, and
for A. hemistoma (23%), showing a positive effect up
to ~2.5 and slightly negative one at higher values (Fig.
5: A3, Table 3). Salinity was the third factor for both
species, while temperature was not significant for the
siphonophore and the least explanatory factor for the
hydromedusa (Figs 4: B3, C3 and 5: B3, C3, Table 3).

The analyses conducted with the multiple variable-
based GAMs revealed an improvement of up to twice
the variability explained in comparison with those
based on a single variable. Results showed that not
all variables included in the analyses significantly
contributed to the overall combined models, and the
relative importance of the different explanatory vari-
ables varied in comparison with the single variable—
based analysis, although displaying the same trends.
The most significant variable was always coincident
with the strongest one obtained with single GAMs (Ta-
bles 3 and 4). In mid-May, the best fitting combined
model for M. atlantica explained 53% of deviance
and included two significant variables: bottom depth
and temperature. The best fitting combined model for
A. hemistoma explained 71% of the distribution and
included three significant variables: salinity, bottom
depth and fluorescence. In early June, both species
shared the same best model: salinity and (marginally
significant) bottom depth explaining 70% and 50% for
M. atlantica and A. hemistoma, respectively. In late
June, bottom depth and fluorescence explained 68% of
deviance of M. atlantica and for A. hemistoma the best
model included all variables: bottom depth, salinity,
fluorescence and temperature explaining 63% of devi-
ance (Table 4).
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Table 4. — Results of the multiple variable-based GAMs computed for Muggiaea atlantica and Aglaura hemistoma abundances and the

environmental variables [bottom depth (Depth), salinity (S), fluorescence (Fl) and temperature (T)] for the three studied cruises. For each

combined model, effective degrees of freedom (edf) generated by the model for each variable, P-values, when significant, for each variable,

the UBRE score and the percentage of deviance explained (% Dev.) are given; n.s., not significant; collinear, when that predictor was not taken

into account for the model due to collinearity with another included predictor; asterisk (*) indicates a parameter that was marginally significant
(p=0.06), but its inclusion considerably improved the model (Zuur et al. 2009).

M. atlantica

A. hemistoma

Variables edf P-value UBRE % Dev. edf P-value UBRE % Deyv.
s(Depth) 1.0 <0.001 2.6 <0.001
Mid-May e - ns. 0.51 53.2 To ool 0.77 70.9
s(T) 1.8 <0.01 - n.s.
s(Depth) 1.0 0.06%* 2.5 0.06*
s(S) 29 <0.001 3.6 <0.001
Early June S(Fl) . collinear 1.11 69.7 _ collinear 1.53 49.8
s(T) - n.s. - n.s.
s(Depth) 1.7 <0.001 1.3 <0.001
s(S) - n.s. 1.9 <0.01
Late June s(FI) 1.9 <0.001 -0.04 68.2 1.2 <0.05 0.18 62.7
s(T) - n.s. 1.0 <0.05
8 changes. The shifting position of the front is charac-
o 5 teristic of the spring period off the northern Catalan
o A / coast, and results from the advection of low-salinit
o . attantica y
o | waters by the Northern Current (Alvarez et al. 1996,
8 © Masé et al. 1998, Sabatés et al. 2007). The low-salinity
_g 8 8 waters originating in the Gulf of Lions, mainly due to
g O e the River Rhone outflow, help strengthen the gradient
B ?I‘ E of the shelf-slope density front. The temporal scale at
< B - which the frontal system oscillates has been reported
to exert a decisive influence on processes affecting the
g concentration and dispersal of zooplankton and fish
O — larvae (Sabatés and Olivar 1996, Masé et al. 1998,
é ! Sabatés et al. 2004). The gelatinous zooplankton fol-
B A. hemistoma lowed a similar trend, varying in their spatial distribu-
51 8 o tions at short time scales. The two cnidarian species
2 O 8 studied are epipelagic, mainly occurring in the surface
—8 0 _| layer between 0 and 50 m (Gili et al. 1987a, b), and
g holoplanktonic, making them particularly susceptible
O O o to surface-water dynamics (Mackie et al. 1987, Black-
< 8 — — ett et al. 2014).
o~ : The abundance values recorded for both species are
. 1 o) in accordance with previous reports in the area during
O : T the same season (Gili 1986, Gili et al. 1987b, Sabatés et
al. 2010). The higher mean abundance of M. atlantica,
Inshore Offshore

Fig. 6. — Boxplot comparing abundances (Ind. /1000 m?) of Mug-

giaea atlantica (A) and Aglaura hemistoma (B) on the inshore and

offshore sides of the shelf-slope front when it was observed in the

upper layers of the water column (mid-May and early June). In

graph B, the two highest values (17480 and 12079 Ind. /1000 m?)
were extracted to obtain a better graphical display.

The GLM results showed significantly higher abun-
dances for both M. atlantica and A. hemistoma on the
inshore side of the front than on the offshore side (M.
atlantica: z-value =—10.67, p<0.001, A. hemistoma: z-
value =-9.410, p-value<0.001) (Fig. 6).

DISCUSSION

The temporal scale of the sampling allowed us to
identify the short-term spatial variability of the shelf-
slope density front and the responses of M. atlantica
and A. hemistoma species to associated environmental

compared with A. hemistoma, is usual in the NW Medi-
terranecan (Gili et al. 1988, Licandro and Ibafiez 2000,
Sabatés et al. 2010), and it has been observed since
M. atlantica replaced the formerly dominant, conge-
neric species Muggiaea kochii (Will, 1844) (KrSini¢
and Njire 2001, Batisti¢ et al. 2007, Licandro et al.
2012). However, the hydromedusa can display peaks
of greater abundance at some periods of the year (Gili
et al. 1987b, Licandro and Ibafiez 2000). Both species
varied considerably in their mean abundance between
surveys. For M. atlantica the temporal abundance se-
quence agrees with the seasonal trend previously ob-
served in the NW Mediterranean. The highest values
are generally recorded from April to June, significantly
decreasing at the end of June and in July (Gili et al.
1987b, 1988, Licandro and Ibafiez 2000). The highest
abundance of A. hemistoma was observed in May, and
it decreased markedly in June. That pattern contrasts
with previous observations of the highest seasonal den-
sities for it in June and July, after much lower values
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in May (Gili et al. 1987b, 1988, Licandro and Ibafiez
2000). The inflow of low-salinity waters detected in
early June inshore of the front could have negatively
affected the abundance of A. hemistoma (Fig. 3: B2,
Table 2). However, as this species has been observed
inhabiting areas of similar and lower salinity (e.g.: Gili
et al. 1988, Nagata et al. 2014), factors other than salin-
ity per se probably affected its abundance.

Muggiaea atlantica and A. hemistoma displayed
high spatio-temporal variability in the brief study pe-
riod, apparently driven by the rapid onshore-offshore
displacements of the shelf-slope front. Both species
occurred predominantly inshore of the front, with sig-
nificantly higher abundances there than on the offshore
side (Figs 3 and 4). Previous studies in the region have
also reported the highest concentration of M. atlantica
and A. hemistoma on the inshore side of the front (Sa-
batés et al. 2010). The front acts as a natural barrier,
limiting the distribution seaward of both species; this
phenomenon has also been documented for larvae of
coastal fish in the study area, with the front preventing
their displacement to the open sea (Sabatés and Olivar
1996, Sabatés et al. 2004). In the case of the jellyfish,
in addition to the barrier effect of the density front, we
must consider that since they are mainly water with the
same ionic concentration as the surrounding seawater,
they tend to remain in waters of similar salinity (Gra-
ham et al. 2001). The accumulation over the shelf, very
strong for M. atlantica when the front was close to the
coast, could lead to high predation pressure on their
planktonic prey; this species is known to be an effec-
tive predator, particularly on copepods (Purcell 1982),
and when siphonophores are very abundant they can
significantly affect planktonic populations (Purcell
1981, Purcell and Kremer 1983). Other dominant jel-
lyfish species in the area, the siphonophores Lensia
subtilis (Chun, 1886) and Chelophyes appendiculata
(Eschscholtz, 1829) and the hydromedusae Rhopalone-
ma velatum Gegenbaur, 1857 and Solmundella biten-
taculata (Quoy and Gaimard, 1833), have also been
reported to display similar patterns, with maximum
abundances on the coastal side of the density front (Sa-
batés et al. 2010). However, oceanic species such as the
siphonophore Lensia conoidea (Keferstein and Ehlers,
1860) and the scyphomedusa Pelagia notiluca were
more abundant in the frontal area and offshore (Sabatés
et al. 2010). Thus, the front seems to exert a barrier ef-
fect for both neritic and oceanic species, limiting their
offshore and inshore displacement, respectively.

Studies conducted in other geographical areas have
also shown the role of fronts shaping the distributions
of gelatinous zooplankton. Analogies are found, for
instance, in the salinity-driven mesoscale front in the
Southern California Bight, where most gelatinous zoo-
plankton organisms were located on the inshore side
of the front (Luo et al. 2014). Pavez et al. (2010) also
found the highest abundance of gelatinous zooplankton
(hydromedusae, siphonophores and ctenophores) at the
neritic inshore stations of a density front off central
Chile. However, M. atlantica, evenly distributed over
the shelf and slope, did not prove to be influenced by
the position of the front. By contrast, the seasonal ther-

Spatial heterogeneity of two planktonic cnidarians * 495

mohaline front in the southern Benguela Region delim-
ited the distribution of most species to the offshore side
of the front (Pages and Gili 1992). High abundances
of A. hemistoma and M. atlantica were detected over
the edge of the continental shelf, offshore of the front,
in relation to the intrusion of Agulhas water, whose
input increases the gelatinous zooplankton density
and diversity. In general, the different hydrodynamic
variability associated with each frontal system is a key
factor explaining the spatial heterogeneity of plankton
distribution (Le Fevre 1986).

The measured environmental parameters ap-
peared to have important effects on the distributions
and abundance of the two species. Bottom depth and
salinity were the variables most closely related to the
distribution patterns (Tables 3 and 4). When the front
was located away from the coast, M. atlantica and A.
hemistoma abundances gradually decreased with bot-
tom depth. This trend has already been documented by
other studies on the area (Gili et al. 1987a, b, 1988) and
is in agreement with the neritic character of both spe-
cies. Abundances also declined at the higher salinity
values (see Figs 3, 4 and 5) characterizing waters on
the seaward side of the front. In particular, when the
front occurred over the shelf in early June, salinity was
the variable most strongly related to the spatial distri-
butions of both species (Tables 3 and 4). Salinity has
previously been reported as a determinant factor for the
distributions and abundance of gelatinous zooplankton
at various locations in the NW Mediterranean (Gili et
al. 1988, Licandro et al. 2012) and the North Atlantic
(Blackett et al. 2014, Greer et al. 2015).

High fluorescence values were clearly associated
with the presence of low-salinity waters. These waters
come from the Rhone River runoff, advected by the
Northern Current along the Catalan coast, and are high-
ly productive at surface; the offshore location of these
low-salinity waters is variable due to the horizontal os-
cillation of the shelf-slope front (Sabatés et al. 2007).
Abundance of both species in relation to fluorescence
showed different trends (almost opposite) in mid-May
to those of the two June cruises (Figs 4 and 5). In mid-
May high fluorescence values were located offshore,
coinciding with low abundance values for M. atlantica
and A. hemistoma. In June high fluorescence values
were detected on the inshore side of the front at stations
where the two species were particularly abundant (Figs
2 and 3). This suggests that productive waters per se
had no direct effect on the abundance of either species,
depth being in fact the responsible variable.

No clear trend in the distribution of the species
was detected regarding temperature. Although both
species showed lower abundance in warmer waters,
the narrow temperature variability within each survey
and the short seasonal period we covered prevent any
temperature pattern or preference from being detected.
Overall, our results show the key role of the position
of the front, rather than values of the measured en-
vironmental parameters per se, as an explanation for
the abundance and distributions of M. atlantica and
A. hemistoma. In addition, the topography of the area,
with the presence of a submarine canyon, seems to
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have affected the observed distribution patterns. The
presence of the Palamés submarine canyon has been
reported to modify the circulation in the area, induc-
ing a shelfward deflection on the upstream side of the
canyon and an offshore flow on the downstream side
(Alvarez et al. 1996, Jordi et al. 2005). In relation to
these shelf-slope exchanges, high abundances of both
species were observed on the canyon edges, particu-
larly when the shelf-slope front intersected the canyon
mouth (mid-May and late June surveys).

In summary, the shelf-slope front was the main
factor controlling the abundance and distribution of
the two most abundant and representative species of
planktonic cnidarians in the NW Mediterranean, the
siphonophore M. atlantica and the hydromedusa, A.
hemistoma. A high degree of coupling was observed
between the short timescale variability of the front’s
location and the spatio-temporal distributions of the
species. The front seemed to act as a barrier prevent-
ing their offshore displacement, as was reflected by
the fact that the bottom depth and salinity among the
analysed variables best explained the distributions and
abundances. The strong hydrographic variability as-
sociated with shelf-slope fronts largely determines the
seasonal and interannual variability of gelatinous zoo-
plankton and their predation impacts on the planktonic
community in this region.

ACKNOWLEDGEMENTS

The authors wish to thank our friend Dr. Francesc
Pages, who passed away on 5 May 2007, for his teach-
ing. This study began with Francesc and the authors
have finished it as a tribute to him. Special thanks go
to Dr. A. Canepa and S. Soto for their inestimable
help with the statistics and GIS, respectively, and to
Charlie Miller for the English revision. This study
was partially supported by the EU Project VECTORS
(FP7 OCEAN-2010, 266445) and the Spanish project
FISHJELLY (MAR-CTM2010-18875). This study is
a contribution of the Marine Biodiversity Conserva-
tion Group (MEDRECOVER) 2014SGR-1297 and the
Ecology of Marine Communities Group (2014SGR-
1364) at the Institut de Ciencies del Mar-CSIC.

REFERENCES

Alcaraz M., Calbet A., Estrada M., et al. 2007. Physical control of
zooplankton communities in the Catalan Sea. Prog. Oceanogr.
74:294-312.
http://dx.doi.org/10.1016/j.pocean.2007.04.003

Alvarez A., Tintoré J., Sabatés A. 1996. Flow modification and
shelf-slope exchange induced by a submarine canyon off the
northeast Spanish coast. J. Geophys. Res. 101: 12043-12055.
http://dx.doi.org/10.1029/95JC03554

Batisti¢ M., Krsini¢ F., Jasprica N., et al. 2004. Gelatinous inverte-
brate zooplankton of the South Adriatic: species composition
and vertical distribution. J. Plankton Res. 26: 459-474.
http://dx.doi.org/10.1093/plankt/fbh043

Batisti¢ M., Jasprica N., Caric M., et al. 2007. Annual cycle of the
gelatinous invertebrate zooplankton of the eastern South Adri-
atic coast (NE Mediterranean). J. Plankton Res. 29: 671-686.
http://dx.doi.org/10.1093/plankt/fbm048

Biggs D.C. 1977. Field studies of fishing, feeding, and digestion in
siphonophores. Mar. Behav. Physiol. 4: 261-274.
http://dx.doi.org/10.1080/10236247709386958

Blackett M., Licandro P., Coombs S.H., et al. 2014. Long-term vari-
ability of the siphonophores Muggiaea atlantica and M. kochi in
the Western English Channel. Prog. Oceanogr. 128: 1-14.
http://dx.doi.org/10.1016/j.pocean.2014.07.004

Bouillon J., Medel M.D., Pages F., et al. 2004. Fauna of the Medi-
terranean Hydrozoa. Sci. Mar. 68(Suppl. 2): 5-438.
http://dx.doi.org/10.3989/scimar.2004.68s25

Catalano-Balearic Sea - Bathymetric chart. 2005. Available at:
http://gma.icm.csic.es/sites/default/files/geowebs/MCB/CBS-
bats.htm

Colin S.P., Costello J.H., Graham W.M., et al. 2005. Omnivory by
the small cosmopolitan hydromedusa Aglaura hemistoma. Lim-
nol. Oceanogr. 50: 1264-1268.
http://dx.doi.org/10.4319/10.2005.50.4.1264

Estrada M. 1991. Phytoplankton assemblages across a NW Mediter-
ranean front: changes from winter mixing to spring stratifica-
tion. In: Ros J.D., Prat N. (eds), Homage to Ramon Margalef; or
Why There Is Such Pleasure in Studying Nature, Oecol. Aquat.
10: 157-185.

Estrada M., Varela R.A., Salat J., et al. 1999. Spatio-temporal vari-
ability of the winter phytoplankton distribution across the Cata-
lan and North Balearic fronts (NW Mediterranean). J. Plankton
Res. 21: 1-20.
http://dx.doi.org/10.1093/plankt/21.1.1

Fernandez E., Cabal J., Acufia J.L., et al. 1993. Plankton distribu-
tion across a slope current-induced front in the southern Bay of
Biscay. J. Plankton Res. 15: 619-641.
http://dx.doi.org/10.1093/plankt/15.6.619

Flexas M., Durrieu de Madron X., Garcia M., et al. 2002. Flow vari-
ability in the Gulf of Lions during the MATER HFF experiment
(March-May 1997). J. Mar. Syst. 33: 197-214.
http://dx.doi.org/10.1016/S0924-7963(02)00059-3

Font J., Salat J., Tintoré J. 1988. Permanent features of the circula-
tion in the Catalan Sea. Oceanol. Acta 9: 51-57.

Font J., Garcia-Ladona E., Gorriz E.G. 1995. The seasonality
of mesoscale motion in the Northern Current of the western
Mediterranean: several years of evidence. Oceanol. Acta 18:
207-219.

Gili J.M. 1986. Estudio sistemdtico y faunistico de los cnidarios de
la Costa Catalana. Ph.D. thesis. Univ. Auténoma Barcelona,
634 pp.

Gili J.M., Pages F., Riera T. 1987a. Distribucién de las especies
mas frecuentes de sifonéforos calicéforos en la zona norte del
Mediterrdneo occidental. Inv. Pesq. 51: 323-338.

Gili J.M., Pages F., Vives F. 1987b. Distribution and ecology of a popu-
lation of planktonic cnidarians in the western Mediterranean. In:
Bouillon J., Boero F., Cicogna F., et al. (eds), Modern Trends in the
Systematics, Ecology, and Evolution of Hydroids and Hydromedu-
sae, Oxford University Press, Oxford, UK; pp. 157-170.

Gili J.M., Pages F., Sabatés A., et al. 1988. Small-scale distribu-
tion of a cnidarian population in the western Mediterranean. J.
Plankton Res. 10: 385-401.
http://dx.doi.org/10.1093/plankt/10.3.385

Graham W.M., Pages F., Hamner W.M. 2001. A physical context
for gelatinous zooplankton aggregations: a review. Hydrobio-
logia 451: 199-212.
http://dx.doi.org/10.1023/A:1011844208119

Greer A.T., Cowen R.K., Guigand C.M., et al. 2015. Fine-scale
planktonic habitat partitioning at a shelf-slope front revealed by
a high-resolution imaging system. J. Mar. Syst. 142: 111-125.
http://dx.doi.org/10.1016/j.jmarsys.2014.10.008

Guerrero E., Gili J.M., Rodriguez C.S., et al. 2013. Biodiversity
and distribution patterns of planktonic cnidarians in San Matias
Gulf, Patagonia, Argentina. Mar. Ecol. 34: 71-82.
http://dx.doi.org/10.1111/maec.12027

Houghton R.W. 1997. Lagrangian flow at the foot of a shelfbreak
front using a dye tracer injected into the bottom boundary layer.
Geophys. Res. Lett. 24: 2035.
http://dx.doi.org/10.1029/97GL02000

Jordi A., Orfila A., Basterretxea G., et al. 2005. Shelf-slope ex-
changes by frontal variability in a steep submarine canyon.
Prog. Oceanogr. 66: 120-141.
http://dx.doi.org/10.1016/j.pocean.2004.07.009

Kahru M., Elkenl J., Kotta I., et al. 1984. Plankton distributions and
processes across a front in the open Baltic Sea. Mar. Ecol. Prog.
Ser. 20: 101-111.
http://dx.doi.org/10.3354/meps020101

Krsini¢ F., Njire J. 2001. An invasion by Muggiaea atlantica Cun-
ningham 1892 in the northern Adriatic Sea in the summer of
1997 and the fate of small copepods. Acta Adriatica 42: 49-59.

SCI. MAR. 80(4), December 2016, 487-497. ISSN-L 0214-8358 doi: http://dx.doi.org/10.3989/scimar.04452.03A


http://dx.doi.org/10.1016/j.pocean.2007.04.003
http://dx.doi.org/10.1029/95JC03554
http://dx.doi.org/10.1093/plankt/fbh043
http://dx.doi.org/10.1093/plankt/fbm048
http://dx.doi.org/10.1080/10236247709386958
http://dx.doi.org/10.1016/j.pocean.2014.07.004
http://dx.doi.org/10.3989/scimar.2004.68s25
http://gma.icm.csic.es/sites/default/files/geowebs/MCB/CBSbats.htm
http://gma.icm.csic.es/sites/default/files/geowebs/MCB/CBSbats.htm
http://dx.doi.org/10.4319/lo.2005.50.4.1264
http://dx.doi.org/10.1093/plankt/21.1.1
http://dx.doi.org/10.1093/plankt/15.6.619
http://dx.doi.org/10.1016/S0924-7963%2802%2900059-3
http://dx.doi.org/10.1093/plankt/10.3.385
http://dx.doi.org/10.1023/A:1011844208119
http://dx.doi.org/10.1016/j.jmarsys.2014.10.008
http://dx.doi.org/10.1111/maec.12027
http://dx.doi.org/10.1029/97GL02000
http://dx.doi.org/10.1016/j.pocean.2004.07.009

Le Fevre J. 1986. Aspects of the biology of frontal systems. Adv.
Mar. Biol. 23: 163-299.
http://dx.doi.org/10.1016/S0065-2881(08)60109-1

Licandro P., Ibafiez F. 2000. Changes of zooplankton communities
in the Gulf of Tigullio (Ligurian Sea, Western Mediterranean)
from 1985 to 1995. Influence of hydroclimatic factors. J. Plank-
ton Res. 22: 2225-2253.
http://dx.doi.org/10.1093/plankt/22.12.2225

Licandro P., Souissi S., Ibafiez F., et al. 2012. Long-term variability
and environmental preferences of calycophoran siphonophores
in the Bay of Villefranche (north-western Mediterranean). Prog.
Oceanogr. 97-100: 152-163.
http://dx.doi.org/10.1016/j.pocean.2011.11.004

Luo J.Y., Grassian B., Tang D., et al. 2014. Environmental drivers
of the fine-scale distribution of a gelatinous zooplankton com-
munity across a mesoscale front. Mar. Ecol. Prog. Ser. 510:
129-149.
http://dx.doi.org/10.3354/meps10908

Mackas D.L., Denman K.L., Abbott M.R. 1985. Plankton patchi-
ness: biology in the physical vernacular. Bull. Mar. Sci. 37:
652-674.

Mackie G.O., Pugh P.R., Purcell J.E. 1987. Siphonophore Biology.
Adv. Mar. Biol. 24: 97-262.
http://dx.doi.org/10.1016/S0065-2881(08)60074-7

Mann K.H., Lazier J.R.N. 2006. Dynamics of marine ecosystems:
Biological-physical interactions in the oceans. Blackwell Pub-
lishing, Boston, 496 pp.

Masé M., Tintoré J. 1991. Variability of the shelf water off the
northeast Spanish coast. J. Mar. Syst. 1: 441-450.
http://dx.doi.org/10.1016/0924-7963(91)90008-1

Masé M., Sabatés A., Olivar M.P. 1998. Short-term physical and
biological variability in the shelf-slope region of the NW Medi-
terranean during the spring transition period. Cont. Shelf Res.
18: 661-675.
http://dx.doi.org/10.1016/S0278-4343(98)00011-9

Nagata R.M., Nogueira Jinior M., Brandini F.P., et al. 2014. Spatial
and temporal variation of planktonic cnidarian density in sub-
tropical waters of the Southern Brazilian Bight. J. Mar. Biol.
Assoc. UK 94: 1387-1400.
http://dx.doi.org/10.1017/S0025315414000617

Nishikawa J., Tsuda A., Ishigaki T., et al. 1995. Distribution of
euphausiids in the Kuroshio front and warm water tongue
with special reference to the surface aggregation of Euphausia
pacifica. J. Plankton Res. 17: 611-629.
http://dx.doi.org/10.1093/plankt/17.3.611

Pages F., Gili J.M. 1992. Influence of Agulhas waters on the popula-
tion structure of planktonic Cnidarians in the southern Benguela
Region. Sci. Mar. 56: 109-123.

Pages F., Gonzdlez H.E., Ramén M., et al. 2001. Gelatinous
zooplankton assemblages associated with water masses in the
Humboldt Current System, and potential predatory impact by
Bassia bassensis (Siphonophora: Calycophorae). Mar. Ecol.
Prog. Ser. 210: 13-24.
http://dx.doi.org/10.3354/meps210013

Pavez M.A., Landaeta M.F., Castro L.R., et al. 2010. Distribution
of carnivorous gelatinous zooplankton in the upwelling zone
off central Chile (austral spring 2001). J. Plankton Res. 32:
1051-1065.
http://dx.doi.org/10.1093/plankt/fbq029

Penston M.J., Millar C.P., Zuur A.F., et al. 2008. Spatial and tem-
poral distribution of Lepeophtheirus salmonis (Krgyer) larvae
in a sea loch containing Atlantic salmon, Salmo salar L., farms
on the north-west coast of Scotland. J. Fish Dis. 31: 361-371.
http://dx.doi.org/10.1111/j.1365-2761.2008.00915.x

Planque B., Bellier E., Lazure P. 2007. Modelling potential spawn-
ing habitat of sardine (Sardina pilchardus) and anchovy (En-
graulis encrasicolus) in the Bay of Biscay. Fish. Oceanogr. 16:
16-30.

Spatial heterogeneity of two planktonic cnidarians 497

http://dx.doi.org/10.1111/j.1365-2419.2006.00411.x

Purcell J.E. 1981. Feeding ecology of Rhizophysa eysenhardti, a
siphonophore predator of fish larvae. Limnol. Oceanogr. 26:
424-432.
http://dx.doi.org/10.4319/10.1981.26.3.0424

Purcell J.E. 1982. Feeding and growth of the siphonophore Mug-
giaea atlantica (Cunningham 1893). J. Exp. Mar. Bio. Ecol. 62:
http://dx.doi.org/10.1016/0022-0981(82)90215-5

Purcell J.E. 1997. Pelagic cnidarians and ctenophores as predators:
selective predation, feeding rates, and effects on prey popula-
tions. Ann. Inst. Oceanogr. Paris. 73: 125-137.

Purcell J.E, Kremer P. 1983. Feeding and metabolism of the sipho-
nophore Sphaeronectes gracilis. J. Plankton Res. 5: 95-106.
http://dx.doi.org/10.1093/plankt/5.1.95

R Development Core Team. 2013. R: A Language and Environment
for Statistical Computing. R Foundation for Statistical Comput-
ing. Vienna, Austria. Available at: http://www.r-project.org/

Sabatés A., Olivar M.P. 1996. Variation of larval fish distributions
associated with variability in the location of a shelf-slope front.
Mar. Ecol. Prog. Ser. 135: 11-20.
http://dx.doi.org/10.3354/meps 135011

Sabatés A., Gili J.M., Pages F. 1989. Relationship between
zooplankton distribution, geographic characteristics and hydro-
graphic patterns of the Catalan coast. Mar. Biol. 103: 153-159.
http://dx.doi.org/10.1007/BF00543342

Sabatés A., Salat J., Masé M. 2004. Spatial heterogeneity of fish
larvae across a meandering current in the northwestern Mediter-
ranean. Deep-Sea Res Pt I. 51: 545-557.
http://dx.doi.org/10.1016/j.dsr.2003.11.003

Sabatés A., Salat J., Palomera ., et al. 2007. Advection of anchovy
(Engraulis encrasicolus) larvae along the Catalan continental
slope (NW Mediterranean). Fish. Oceanogr. 16: 130-141.
http://dx.doi.org/10.1111/j.1365-2419.2006.00416.x

Sabatés A., Pages F., Atienza D., et al. 2010. Planktonic cnidarian
distribution and feeding of Pelagia noctiluca in the NW Medi-
terranean Sea. Hydrobiologia 645: 153-165.
http://dx.doi.org/10.1007/s10750-010-0221-z

Silva T., Gislason A., Licandro P., et al. 2014. Long-term changes
of euphausiids in shelf and oceanic habitats southwest, south
and southeast of Iceland. J. Plankton Res. 36: 1262-1278.
http://dx.doi.org/10.1093/plankt/fbu050

Sournia A. 1994. Pelagic biogeography and fronts. Prog. Oceanogr.
34: 109-120.
http://dx.doi.org/10.1016/0079-6611(94)90004-3

Venables W.N., Ripley B.D. 2002. Modern Applied Statistics with
S. Springer, New York, 498 pp.
http://dx.doi.org/10.1007/978-0-387-21706-2

Wang D., Vieira M.E.C., Salat J., et al. 1988. A shelf/slope fron-
tal filament off the northeast Spanish Coast. J. Mar. Res. 46:
321-332.
http://dx.doi.org/10.1357/002224088785113586

Wood S.N. 2014. mgev: Mixed GAM Computation Vehicle with
GCV/AIC/REML smoothness estimation. R package version
1.8-3.
https://cran.r-project.org/web/packages/mgcv/index.html

Wood S.N, Augustin N.H. 2002. GAMs with integrated model se-
lection using penalized regression splines and applications to
environmental modelling. Ecol. Model. 157: 157-177.
http://dx.doi.org/10.1016/S0304-3800(02)00193-X

Zarauz L., Irigoien X., Urtizberea A., et al. 2007. Mapping plank-
ton distribution in the Bay of Biscay during three consecutive
spring surveys. Mar. Ecol. Prog. Ser. 345: 27-39.
http://dx.doi.org/10.3354/meps06970

Zuur A.F., Ieno E.N., Walker N.J., et al. 2009. Mixed effects models
and extension in ecology with R. Springer-Verlag, New York,
574 pp.
http://dx.doi.org/10.1007/978-0-387-87458-6

SCI. MAR. 80(4), December 2016, 487-497. ISSN-L 0214-8358 doi: http://dx.doi.org/10.3989/scimar.04452.03A


http://dx.doi.org/10.1016/S0065-2881%2808%2960109-1
http://dx.doi.org/10.1093/plankt/22.12.2225
http://dx.doi.org/10.1016/j.pocean.2011.11.004
http://dx.doi.org/10.3354/meps10908
http://dx.doi.org/10.1016/S0065-2881%2808%2960074-7
http://dx.doi.org/10.1016/0924-7963%2891%2990008-I
http://dx.doi.org/10.1016/S0278-4343(98)00011-9 
http://dx.doi.org/10.1017/S0025315414000617
http://dx.doi.org/10.1093/plankt/17.3.611
http://dx.doi.org/10.3354/meps210013
http://dx.doi.org/10.1093/plankt/fbq029
http://dx.doi.org/10.1111/j.1365-2761.2008.00915.x
http://dx.doi.org/10.1111/j.1365-2419.2006.00411.x
http://dx.doi.org/10.4319/lo.1981.26.3.0424
http://dx.doi.org/10.1016/0022-0981%2882%2990215-5
http://dx.doi.org/10.1093/plankt/5.1.95
http://www.r-project.org/
http://dx.doi.org/10.3354/meps135011
http://dx.doi.org/10.1007/BF00543342
http://dx.doi.org/10.1016/j.dsr.2003.11.003
http://dx.doi.org/10.1111/j.1365-2419.2006.00416.x
http://dx.doi.org/10.1007/s10750-010-0221-z
http://dx.doi.org/10.1093/plankt/fbu050
http://dx.doi.org/10.1016/0079-6611%2894%2990004-3
http://dx.doi.org/10.1007/978-0-387-21706-2
http://dx.doi.org/10.1357/002224088785113586
http://dx.doi.org/10.1016/S0304-3800%2802%2900193-X
http://dx.doi.org/10.3354/meps06970
http://dx.doi.org/10.1007/978-0-387-87458-6

