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ABSTRACT

An intrusion of saline water with relatively high concentrations of nitrite was detected
at the Cantabrian shelf-break. Four differentiated particle size distributions (PSD)
were recognized in relation to the saline and the adjacent water masses. Small particles
dominate in the saline nucleus, with small flagellates as the most abundant cells. Large
particles prevailed in both oceanic and coastal waters where a spring bloom of diatoms
occurred. Protein to carbohydrate ratio indicated active growth in all water masses,
whereas low chlorophyll to protein ratio (CLA:PROT) and primary production
characterized the saline water, and was associated with an important heterotrophic
component of the microplankton. Size of particles, concentrations of nitrite and the
values of the CLA : PROT ratio suggest active regenerative processes inside the saline
water mass, in contrast with seston of coastal and oceanic waters where productive
processes prevailed.

Oceanologica Acta, 1990. 13, 2, 219-228.

RESUME

Répartition et composition de la matiére particulaire en suspension
associée a une intrusion d’eau saline prés du talus continental de la mer
Cantabrique (Golfe de Gascogne)

Une intrusion d’eau saline avec des concentrations en nitrite relativement é€levées a
été trouvée pres du talus continental de la mer Cantabrique. Quatre types de réparti-
tions de taille des particules (PSD) sont associés a la masse d’eau saline et aux masses
d’eaux adjacentes. Les petites particules dominent dans le noyau salin et correspondent
a une abondance de petits flagellés. Les grandes particules sont plus fréquentes dans
les eaux océaniques et cotiéres en raison du développement d’un « bloom » printanier
de diatomées. Le rapport trouvé entre les protéines et les hydrates de carbone indique
une croissance active dans toutes les masses d’eau. Les valeurs de la production
primaire et du rapport entre la chlorophylle et les protéines (CLA :PROT) pour la
masse d’eau saline sont plus basses que celles des eaux adjacentes et elles sont associées
a une importante composante microplanctonique hétérotrophe. La taille des particules,
les concentrations en nitrite et les valeurs du rapport CLA : PROT suggérent I’existence
de processus régénérateurs dans la masse d’cau saline. Dans les eaux coéticres et
océaniques les spectres de particules caracterisent des processus productifs.

Oceanologica Acta, 1990. 13, 2, 219-228.
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INTRODUCTION

Different conceptual bases have been used to under-
stand the processes controlling the distribution and
composition of particles in the water column, such as
the trophic level concept, cyclic flow of carbon, species
diversity and several others, with the aim of reducing
the original information derived from field studies to
a more comprehensible and manageable level. Since
the observations by Sheldon et al. (1972; 1973), Particle
size distribution (PSD) has become an important way
to discover regularities in the structure of marine ecosy-
stems. Moreover, the theoretical background developed
by Platt and Denman (1977; 1978) permits an approach
to size-dependent physiological processes. In addition,
the Suspended Particulate Matter (SPM) in euphotic
layers is a complex chemical matrix, primarily of bio-
logical origin, and the relationship between the bio-
chemical components and the biomass of phytoplank-
ton should reflect its nutritional state (Healey, 1973;
Barlow, 1982; Pick, 1987). In this study, both PSD
and chemical compositon were used to characterize the
SPM in the water masses at the shelf-break in the
Cantabrian Sea.

Surface waters of the Bay of Biscay, during the mixing
period, are usually considered as a homogeneous water
mass with differential characteristics from the oceanic
North Atlantic Central Water (Treguer er al., 1979;
Fraga et al., 1982; Rios et al., 1987). However, diverse
eddies observed in the surface circulations (Pingree,
1979; Dickson & Hughes, 1981) could isolate portions
of water for some time, with consequent changes in
its physical, chemical and biological properties. High
salinity “pockets™ in the NE Atlantic result from intru-
sions of southern water, becoming detached and sur-
rounded by a water of lower salinity (Bary, 1963).
Contact between water bodies of different salinity has
been recently detected during the spring season off the
Cantabrian shelf (Botas et al., 1988). The saline water
showed characteristics typical of mixed Atlantic waters
off the Galician coast (Fraga et al., 1982), and moved
castwards between coastal and oceanic waters.

The principal objective of this paper is to describe the
spatial distribution of SPM and the concentration of
some biochemical components in different water bodies
near a saline intrusion in the Cantabrian shelf. Charac-
terization of water masses by means of PSD’s is
attempted and related to the spatial variability in bio-
chemical composition of seston and primary produc-
tion.

MATERIAL AND METHODS

Water samples were collected from 10 stations off Cape
Penas (N Spain) in April 1987 (Fig. 1). At each station
a set of casts with 51 Niskin bottles equiped with
reversible thermometers was made to obtain profiles
of temperature, salinity, inorganic dissolved nutrients,
phytoplankton and particle abundance at standard
depths down to 250 m. The analysis of inorganic nutri-
ents were made with a Technicon AAII autoanalyzer

following the methods of Grasshoff et al. (1983). Mea-
surements of PSD and abundance were made with a
model TAII Coulter Counter on 7.5 ml samples. The
aperture size of the counter tube was 140 pm and the
range of particles measured is shown in Table 1. Parti-
cle volume was computed by multiplying the mean
particle volume of each size class by the number of
particles belonging to that class. Total chlorophyll
(CLA), corrected chlorophyll-a (CCLA) and phaeophy-
tin (PHA) concentrations were determined by fluoro-
metry (Yentsch & Menzel, 1963; Holm-Hansen et al.,
1965) on particulate material collected on Whatman
GF/C filters, that tend to retain particles larger than
0.8 um (Hickel, 1984). Cell identification and counting
were performed in the laboratory on 100 ml samples
by the sedimentation technique.

Table 1

Limits of the particle size-classes measured by the Coulter counter.
ESD: equivalent spherical diameter (wm). Mean volume (um?®).

Class ESD ESD Mean
inferior superior Volume

SC2 2.68 3.38 11.32
SC3 3.38 425 22.65
SC4 4.25 5.36 45.29
SCs 5.36 6.75 90.58
SCé 6,75 8.50 181.16
SC7 8.50 10.71 362.32
SC8 10.71 13.50 724.64
SC9 13.50 17.01 1449.28
SC10 17.01 2143 2898.56
SCi11 21.43 27.00 11594.24
SC12 27.00 34.02 23188.48
SC13 34.02 42.86 46 376.96
SCl4 42.86 54.00 92753.92
SC15 54.00 68.04 185507.84
SC16 68.04 85.72 371015.68

More detailed sampling on the chemical composition
of the SPM was made at stations 21, 23 and 25, using
a pumping system at 10 m intervals from the surface
to 60 m depth. 2 1 of water were filtered through pre-
combusted Whatman GF/C filters for each component
immediately after sampling. All filters were kept deep-
frozen (—20°C) until analysis in the laboratory some
weeks later.

Total particulate protein (PROT) was determined fol-
lowing the method of Lowry et al. (1951) and total
glucids (GLU) by the method of Dubois et al. (1956).
Total lipids (LIP) were extracted by the technique of
Bligh & Dyer (1959) and analysed by the method of
Marsh & Weinstein (1976). Chlorophyli-4 (CLB) and
carotenoid pigments (CAR) were determined by
spectrophotometry (Jeffrey & Humphrey, 1975).
Parallel to chemical determinations, in situ incubations
were carried out to determine primary production
(PROD) by the *C technique (Steeman-Nielsen, 1952).
Samples were incubated for two hours at noon, and
immediately filtered on Millipore HA membrane filters
(0.8 um pore size). Filters were decontaminated with
0.5 N HCI acid following the method described by
Lean and Burnison (1979). Dark fixation was not sub-
stracted.

Differences in chemical composition among water
masses were tested by non-parametric Kruskall-Wallis

220



SESTON IN A SHELF-BREAK SALINE INTRUSION

- \ .3
---..\ "0 - B Q‘ zwom ol V
N, My 3000m 2:5 ;
. g ; =
4004 ... J 5 N
1’ i \,..:-"15 e - ; ¢ g
; il 1000m
. B e = i b
L . T - 24 ’? -
y - _ 3
.} ,&' “-,d’ i i“‘"h.
Y { _— e g ”—l
13 “‘,.' \ Rl TP = S, 3
t.._-' |‘ 1.4 "a %
t\ |: ‘—-,“ 2.3 L200M ~ar o mmeemaamm m e
4350’1 }
{

43°40'4

Figure 1 T
Map of the sampling stations. 6°20°

analysis of variance (Siegel, 1956). The variability of
PSD was analysed with a Principal Components Analy-
sis (PCA) to determine characteristic groups of samples
(Kitchen et al., 1975; Flos, 1976, 1984; Mayzaud et al.,
1984). The volume concentrations for each size-class
were logarithmically transformed before statistical
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computation to normalize data, and the PCA was made
from the correlation matrix. Only the classes SC2 to
SC14 were used. Pigments and total particle number
and volume concentration were projected on the princi-
pal components as auxiliary variables. Samples were
grouped according to their projections on the space
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defined by the two first principal components and the
signification of the differences between the mean PSD
of all the possible pairs of groups tested by means of
Kolmogorov-Smirnov two sample test (Siegel, 1956).

RESULTS

The water masses

Figure 2 shows the vertical distributions of temperature
and salinity in the two sections. A saline nucleus was
associated with the shelf-break forming two marked
physical fronts: inshore and offshore. Both variables
showed a homogeneous distribution inside the nucleus,
and the same occurred for the nutrient concentrations.
Table 2 summarizes the mean values of the physical
and chemical variables in the water bodies identified
in the zone by Botas et al. (1988). The mean values of
all variables were significantly different for the water
bodies considered (Kruskal-Wallis analysis of variance,
p < 0.01). Stations inside the saline nucleus were char-
acterized by higher concentrations of nitrite.

The vertical stability of the water column is reflected
by the Brunt-Viisila frequency (Table 3). The observed

Table 3

Brunt-Viiisdld frequencies for three selected layers in non-coastal sta-
tions. Frequencies are N*.10° (s~2).

frequencies in section 1 reveal low relative vertical sta-
bility near the centre of the saline water, with a mini-
mum at station 13, and more stratification at the oce-
anic side of the saline water. Fewer differences were
found in section 2 where high and low frequencies
alternated for neighbouring stations both in saline and
oceanic waters.

Distribution of SPM and phytoplankton

High total chlorophyll concentration was detected at
oceanic stations close to the offshore thermohaline
front (Fig. 3). Station 21 also showed high values,
whereas samples inside the saline water body had lower
pigment concentration. The distribution of total
volume concentration of particles showed a similar
trend. Thus the lowest values were measured in the
saline water body and the highest ones near the chloro-
phyll maxima (Fig. 3).

Two components were extracted without axis rotation
from the PCA on the volume size distribution of parti-
cles, explaining 55.7 and 28% of the original variance
respectively. The first component (C1) was positively
correlated with all size-classes, with higher values in
the intermediate sizes, whereas the second component

Station 0-50 m 0-100 m 0-250 m
12 11.451 7.634 -
13 3.817 0.954 2.672
14 2.863 2.863 4.149
15 15.267 9.542 5.725
22 5.725 3.817 -
23 11.451 6.680 4.199
24 7.634 4771 5.084
25 11.450 6.679 4.962
stations
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Figure 3

Vertical distribution of Chlorophyll-a and density of
particles in both sections.
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Table 2
Mean values (£ standard error) of the chemical variables measured in the main water masses. N: number of samples. TEMP: temperature. SAL:
salinity.
Water body N TEMP SAL Phosphate Silica Nitrate Nitrite Ammonia
O Clo) :
(pmol kg™")
Coastal 12 12.33 35.402 0.24 1.26 0.60 0.14 2.01
(0.09) (0.202) (0.09) 0.23) (0.35) 0.07) 0.54)
Saline nucleus 55 12.28 35.625 0.28 2.15 1.96 0.24 2.09
(0.20) (0.014) (0.09) (0.42) 0.73) 0.07) (0.73)
Oceanic 35 11.81 35.567 0.23 2.23 2.80 0.17 1.54
(0.25) (0.011) (0.08) (0.68) (1.54) (0.10) (1.31)
Table 4 Table 5

Correlation between the size classes of particles and the first and second
principal components extracted from PCA on the particle volume size
distributions. Variable names appear in the Appendix.

Correlation of some supplementary variables with the two first principal
components extracted from PCA on the particle volume size distribu-
tions.

Components Components
Size classes S @ Variables el 2
SC2 0.586 0.743 CLA 0.620 —0.109
SC3 0.584 0.776 CCLA 0.606 —0.047
SC4 0.679 0.703 PHA 0.536 —0.312
SC5 0.826 0.543 NPAR 0.358 0.803
SC6 0918 0.287 VOL 0.881 —0.231
SC7 0.939 0.017
SC8 0.902 —0.198
28?0 8;333 :8%; §amples in the.sea. Four types of water were distingu-
SC11 0.763 —-0.513 ished: Type 1 included surface samples down to 50 m
ggg 8;;; :83451(5) depth of both coastal and oceanic stations off the saline

(C2) accounted for the variation in small sizes
(Table 4). Otherwise, pigments and total particle
volume (VOL) were positively correlated with the first
component, whereas only NPAR correlated with the
second component (Table 5).

The graphical representation of the samples on the
reduced space of the two principal components (Fig. 4)
shows several groups clustered according to similarity
in shape of the PSD’s, and the relative position of

mass; Type 2 included samples down to 100 m depth
of stations 23 and 24, belonging to the saline water
mass; Type 3 contained samples from depths below
100 m of all stations and both surface and bottom
samples of stations 12, 13 and 14; finally, samples of
station 11 and the surface of station 12 (down to 10 m
depth) were classified in Type 4.

The mean PSD of each group was plotted (Fig. 5), and
all possible pairs were tested to be significantly different
(Kolmogoroff-Smirnoff two sample test, p < 0.01). The
PSD of Type 1 showed the mode in larger size classes,

component 2

Figure 4

Plot of samples on the two first principal components of the
ACP on the particle size variables. Four particle types are =i
shown:

Group 1. — Surface samples (0-50 m) from the coastal and
oceanic stations 15, 21, 24 and 25.

Group 2. — Samples down to 100 m from stations 13 and 14. -2+
Group 3. — Deep samples from all the stations studied, and

surface samples (0-100 m) from stations 22, 23 and 24.
Group 4. — Coastal station 11 and surface samples (0-10 m)
from station 21.
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Mean (£ standard error) PSD of the different water types. Number of samples is shown in brackets.

also the most variable. The PSD of Type 2 displayed
modes at both extremes of the measured range. The
mean PSD of Type 3 was rather flat, and the total
particle concentration was lower than the other types.
Type 4 samples had PSD’s similar to samples of Type 1
but with higher values for the mode (Fig. 5). Therefore,
we can only differenciate three well-defined types of
spectra: a Type 1 spectra characterized by large parti-

100

80

ofo

40

20

1 2
water type

Diatoms III[I Dinoflagellates D Flagellates

cles, a Type 2 spectra where small particles prevailed
and a flat Type 3 spectra.

These water types also showed different numeric micro-
planktonic composition in the upper 50 m (Fig. 6).
Only three cell types were considered: diatoms, dinofla-
gellates, and microflagellates; the remaining phyto-
plankton, Coccolithophorids and Chrysophyceae, were
less than 1% in number.

Figure 6
Relative cell abundance of the main taxonomic microplankton groups
in the four water types.
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Microflagellates were the most abundant cells in all
types, but stations belonging to the saline water had
higher values (up to 95% of the cells in water Type 2).
It should be noted that the composition for Type 3
in Figure 6 corresponds only to the upper 50 m of
stations 22, 23 and 24, all of them included in the saline
nucleus (Fig. 2). Diatoms dominate the remaining cell
classes at some coastal stations (Types 1 and 4).

Chemical composition

We attempted a different approach to characterize
onshore, saline and offshore waters by means of the
chemical composition of SPM at three selected stations
of section 2.

The profiles of biochemical components and primary
production were different for the stations considered
(Fig. 7). The coastal station had maximum chlorophyll
values near the surface, while the depth profiles for the
other stations were more uniform. Station 23, in the
saline water mass, showed the lowest values of these
components. The values of primary production were
higher at stations off the saline water, with the max-
imum at the surface of the coastal station. Microplank-
ton populations of station 23 presented chlorophyll-
specific production rates (CSPR) similar to those in
the other stations. The ratios of protein to carbohy-

drate were rather homogeneous in the water column,
except at station 23 where a maximum was reached at
40 m depth due to a relative decrease in the glucid
content of the SPM. More differences appear when
chlorophyll to protein (both in pgl™') ratios were
considered (Fig. 7). Station 23 showed the lowest values
due to a sharp decrease in chlorophyll-a concentration,
while stations 21 and 25 contained more pigments per
unit of protein. These differences can be explained by
the relative dominance in cell number of microplankton
groups (Figure 8). The coastal station had a large pro-
portion of diatoms, whereas dinoflagellates dominated
at station 25. Station 23 was dominated by microflagel-
lates.

DISCUSSION

In this study the main physical sources of variability
of PSD’s are the saline intrusion at the outer shelf,
and the opposition between the euphotic and deep
layers at stations outside the saline water. Horizontal
variation parallel to the coast also accounts for changes
in PSD’s. Thus, saline waters in section 2 and the
deepest waters had flat distributions of particles, typical
of poorer “steady-state” oceanic areas (Sheldon et al.,
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1972), whereas small (ca. 5 um ESD) and large particles
(ca. 40 pm ESD) were equally abundant in volume in
section 1. The PSD’s of the euphotic layer of both
coastal and oceanic stations were similar, and represen-
tative of a spring diatom bloom.

Fronts could affect the described particle populations
by passive accumulation of materials (Holligan, 1981;
Jordan & Joint, 1984) and also by in situ growth stimu-
lated by the accumulation and current induced nutrient
enrichment (Yentsch & Phinney, 1985). Probably both
mechanism occurred. The main water circulation in
spring is predominantly eastwards, producing an accu-
mulation of coastal waters nearshore, while intense
mixing occurs in the central stations of section 1 (Rios
et al., 1987; Botas et al., 1988). Active processes seemed
to occur in that section as revealed by the sharp chan-
ges observed in the Brunt-Viisild frequencies at both
sides of the saline water mass linked to different particle
characteristics. High densities of small cells (in our
case microflagellates) and low phytoplankton biomass
would be expected in areas of active regeneration
(e.g. Newell & Linley, 1984) and high vertical mixing
(Malone, 1980) as occurred at station 14. Larger cells
concentrate in nutrient-rich areas producing high
biomass values (Margalef, 1974, 1978; Flos, 1976;
Varela & Costas, 1987) as occurs in station 15.

The components of SPM reached maximum values
near the surface in the coastal station because of the
lower degree of mixing (higher Brunt-Viisild frequen-
cies) and the light-enhanced biological production in
that layer. The differential role of light and vertical
mixing is revealed by the shape of the production
when compared to the biomass profiles at the stations
considered (Fig. 7). In this season, primary production
seems to be determined to a greater extent by the level
of radiation, whereas the distribution of biomass varies
according the mixing forces, as noticed by
Marra (1980).

The observed biochemical composition agrees in gen-
eral with phytoplankton (Parsons er al., 1961; Moal
et al., 1987) and seston (Poulet et al., 1986) composi-
tion data, but some minor changes might be expected
depending on the dominant species and physiological
status. Healey (1973) suggested that the ratio
PROT:GLU could be used as indicator of nutrient
deficiency both in field and laboratory populations of

phytoplankton. Ratios lower than 0.7 would indicate
extreme nutrient deficiency whereas ratios higher than
1.2 indicate no deficiency (Healey, 1973). In our case
no severe nutrient deficiency was found as the values
of the ratio PROT: GLU were mostly greater than 1,
indicating active growth (Barlow, 1982).

Although cell number and volume concentrations can-
not be directly compared, we can associate a taxonomic
composition to a size spectrum when a given cell group
with a small range of sizes relative to the whole range
covered by the size spectrum dominates, and the corre-
sponding volume spectrum has a mode just at that size.
So, the shape of the PSD from group 2 indicates a
major contribution of small particles to the total parti-
cle number in accordance with microplanktonic compo-
sition at station 23, where microflagellates formed the
bulk of the total number of cells. Moreover, the
CLA :PROT ratio, usually considered as an index of
photosynthetic plankton (Dortch, 1987), showed higher
values at both sides of the saline water mass, related
to large cells, whereas the lowest values were observed
inside the saline water. Sharp variations in this ratio,
associated with different oceanographic regimes, have
been previously described by Packard and Dortch
(1975) comparing upwelled and oceanic stations in
North Atlantic surface waters. They found lower
CLA:PROT ratios at oceanic stations, and they calcu-
lated that at this stations, only 20% of the sestonic
protein was related to phytoplankton biomass. In our
case, the homogeneous distribution of CLA in the
water column unable us to calculate the percentage of
heterotrophic protein. Nevertheless, the dominance of
small flagellates and dinoflagellates, many of them
recognized as heterotrophs (Fenchel, 19824, b, ¢; Gai-
nes & Elbritcher, 1987), are responsible for the lower
values observed at station 23. Furthermore, the high
nitrite concentration inside this water body could be
originated by a mechanism similar to the one reported
by Rault er al. (1988) in microcosm experiments. They
suggested that the active grazing of microflagellates on
bacteria enhanced the nitrite release to the water.

Lower concentrations of planktonic protein have been
associated with oligotrophic areas (Dortch, 1987). This
is in relation to the predominance of heterotrophic
microflagellates that are considered as an important
compartment in the microbial food loop described by
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Azam et al. (1983), tranferring energy from bacteria
and small diatoms to ciliates. Both PSD and chemical
composition of SPM testify to the existence of different
food chains in the water bodies described.

In coastal waters, high CLA:PROT ratios suggest
high cell division rates and low respiratory activity
(Chan, 1978) characteristics coupled to a proliferation
of large and medium-size diatoms. In this water, energy
would be transfered through the traditional food chain,
based on mesozooplankton, mostly copepods, as the
main grazers. Thus, coastal areas where the spring
bloom takes place have high values of primary produc-
tion that would be in-a large proportion unused by
heterotrophs (Walsh, 1983; Malone et al., 1983). The
presence of a thermohaline front would prevent the
export of primary production to the deep ocean, giving
rise to an oxidation of the produced SPM insitu on
the shelf, as has been recently reported in the Western
Atlantic by Falkowski et al. (1988).

In contrast, particles inside the saline nucleus are small,
as a result of the proliferation of heterotrophic micro-
flagellates after a previous bloom. It should be expected
that high nutrient regeneration rates associated with
the microbial loop, between 50 and 90% depending on

the number of trophic levels (Goldman et al., 1985),
would be characteristic of this water body.

In conclusion, our results suggest that a thermohaline
front separates water bodies where different food
chains became dominant as a consequence of the dif-
ferent age, and therefore, “life history” of these water
bodies. Size of particles, microplankton composition,
nitrite concentration and the values of the
CLA : PROT ratio suggest active regenerative pro-
cesses within the saline water body, in contrast with
SPM of coastal and oceanic waters where productive
processes prevailed.
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Appendix: Abbreviations and variable names cited in the text, tables and figures.
Abreviation Explanation Units
CAR Carotenoid pigments m-SPU (ug 171)
CCLA Corrected Chlorophyll-a pg 171
CLA Total Chlorophyll-a and Phaeophytin pgl™?
CLB Chlorophyll-b pugl—t
Cn n-th component extracted from PCA -
CSPR Chlorophyll Specific Production Rate puegC h™* ugCLA™?
D Depth m
ESD Equivalent spherical diameter pm
GLU Total particulate glucids pugl™!
LIP Total particulate lipids pgl-t
NPAR Total number of particles n® part. (x103ml™?%)
PCA Principal Components Analysis -
PHA Phaeophytin pgl-t
PSD Particle size-distribution —
PROD Production pgCl th™t
PROT Total particulate protein pg 17t
SCn Volume concentration of particles in size-class n p.p.m. (mm3 171
SPM Suspended particulate matter -
VOL Total volume of particles p.p.m. (mm?3 1Y)
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