
Vol. 79: 289-302, 1992 MARINE ECOLOGY PROGRESS SERIES 
Mar. Ecol. Prog. Ser. 

1 Published January 23 

Flows and budgets of nutrient salts and organic 
carbon in relation to a red tide in the Ria of Vigo 

(NW Spain) 

Ricardo Prego 

Instituto de Investigaciones Marinas, CSIC, Eduardo Cabello, 6, E-36208 Vigo, Spain 

ABSTRACT- In late September 1986, a major red tide occurred in the Ria of Vigo Hydrographic 
conditions led to water retention, with circulation in a semi-closed circuit In this study nutrient salts and 
carbon fluxes were calculated, and their consumption quantified, by use of a box model for the ria. The 
dinoflagellate Gymnodinium catenaturn, scarcely present on 4 September, increased in concentration to 
lo4 cell d m 3  by 21 September. This was favoured by chemical causes, such as the high availability of 
ammonium (6.2 mol s 1  were delivered to the upper water layer) and organic carbon, and by physical 
causes, such as the rapid circulation (862 X lo3 kg s l )  with reducing mixing, almost half that of the 
preceding date. The nutrient salts came mostly from the remineralisation of organic matter The 
amounts contributed by freshwater, 5 % of the total, did not have an appreciable influence on the 
formation of the red tide. Vertical migration of the dinoflagellate played an important role It is 
estimated that this organism was responsible for 22 % of the synthesis of nitrogenous organic matter 
The red tide came to an end with the November rains, which created rapid circulation which washed out 
the ria. 

INTRODUCTION 

The presence of red tides in late summer is common 
in the Rias Bajas of Galicia and, in particular, the Ria of 
Vigo. The first scientific description of a red tide in 
Galician waters was made by Sobrino (1918). Later 
Margalef studied a similar phenomenon, caused by a 
dmoflagellate of the genus Gonyaulax, during the sum- 
mer of 1955 (Margalef 1956). He considered that this 
red tide was no more than the culmination of the last 
stage of phytoplankton succession observed in the ria 
of Vigo (Margalef et al. 1955) and was brought about 
by hydrographic conditions which assured sufficient 
water column stability for 2 or 3 wk, 

It is only since 1976, coinciding with an important 
outbreak of paralytic shellfish poisoning in Europe 
(Luthy 1979), when toxicity was provoked by a red tide 
of the dinoflagellate Gymnodium catenaturn (Estrada 
et al. 1984), that the subject has acquired great interest 
in the rias of Galicia. A consequence of this interest is 
an improved knowledge of the hydrographic condi- 
tions during red tides. 

In late September 1986, a red tide was detected in 
the Ria of Vigo (Fraga et al. 1990). The concentration of 
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Gymnodium catenaturn over time is indicated in Fig. 1. 
The conditions prior to this were normal for the summer 
(Mouriiio et al. 1984) with a circulation pattern in 2 
layers (Prego et al. 1990) typical for a partially stratified 
estuary (Beer 1983). The residual currents, or net 
advective horizontal flows (Fe and Fg in Fig. 2), were 
strengthened by the upwelling caused by northerly 
winds (Prego & Fraga in press). This situation was 
altered following a change in meteorological condi- 
tions (Fig. 1) to southerly winds and rain. Their effect 
on the ria was a retention of water and an unstable 
circulation in a semi-closed circuit (Fraga & Prego 
1989). An outline of this circulation is shown in section 
in Fig. 3. 

The role that nutrient salts and organic matter may 
perform in red tides has scarcely been dealt with and 
precise information does not exist (Margalef 1989). In 
the course of a workshop on red tides, held in the 
I.E.O. (Institute Espaiiol de Oceanografia) Centre in 
Vigo, the subject of the possible sources of ambient 
salts in a red tide was put forward (Prego unpubl.): 
contributions from rivers, from the exterior oceanic 
water, remineralisation and dinoflagellate migration. 
In this article, this subject is developed. The fluxes of 
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Fig 1 Top- concentration of Gymnodmiurn catenaturn at a 
station (near Stn 5 in Fig. 2) close to the mouth of the Ria of 
Vigo (data from Fraga et al. 1990). Middle: mean daily velocity 
of the northerly/southerly winds middle measured at Peinador 
(see Fig. 2). Botton daily precipitation measured at Peinador 

(data from the Centro Meteorologico Zonal of La Comfia) 

nutrient salts and organic carbon are calculated and 
their consumption in the conditions observed in the 
Ria of Vigo during the red tide of 1986 is quantified. 
Results show how high availability of recycled 
nutrients and raised hydrographic stability favour the 
evolution of red tides, in accordance with the model of 
Margalef (1978). 

MATERIAL AND METHODS 

The Ria of Vigo has an area of 156.21 km2 and is the 
most southerly of the rids of Galicia, which are situated 
in the northwest of the Iberian Peninsula. The zone 
under consideration in this study covers the inner and 
middle part of the ria up to Stn 3 (Fig. 2). On 4 and 21 
September and 3 October, transects were carried out 
from the RV 'Garcia del Cid', taking samples of sea 
water in Niskin bottles at the stations indicated in Fig. 2 
and at the depths marked in Fig. 3. Immediately after 

sampling, 50 ml of water from each sample was taken 
and, without filtering, the following analyses were made 
using Technicon AutoAnalysers: nitrate (Mourifio & 

Fraga 1985), nitrite, phosphate and silicate (Hansen & 

Grasshoff 1983), ammonium (Grasshoff & Johannsen 
1972) and organic carbon (Prego & Fraga 1988). These 
data were published in Prego et al. (1988). 

A box model (Prego & Fraga in press) was applied to 
the Ria of Vigo in order to calculate the water fluxes, 
The ria, or part of it, was considered as a box with 2 
layers corresponding to the incoming (Fe) and outgoing 
(Fg) residual currents (Fig. 2). Vertical fluxes (Fa and Fa) 
occur between these layers. The difference between Fd 
and Fa is the incoming flux, Fe, and the lesser of them, 
Fa, is the mixing of water produced in the box. In this 
article, the box model is applied from Stns 1 to 3 (Fig, 
2). Table 1 gives some characteristics of the box for the 
3 study dates: the depth of the boundary between the 
layers where the velocity of residual current is zero (Fe 
and Fs have opposite directions), and the volumes of 
the layers. The calculation of water fluxes (Fin Fig. 2) is 
considered on the basis of the contribution of fresh 
water, using salinity as a natural tracer, and on the 
circulation in 2 layers. Prego & Fraga (m press) have 
determined these fluxes in stationary conditions, i.e. 
when the salinity of the water entering the ria from the 
ocean does not vary and the contribution of fresh water 
is constant. The calculated fluxes are summarised in 
Table 2. 

RESULTS 

Flows of nutrient salts and carbon 

From the data for Stns 1, 2 and 3, the mean values of 
nitrate, nitrite, ammonium, phosphate, silicate and 
organic carbon in the upper and lower layer (see Fig. 2 
inset) were calculated, averaging out the volume. From 
the data for Stn 3 (Fig. 2), mean values of the same 
parameters in the upper and lower portions of the 
section (vertical plane) at Stn 3 separating the estuarine 
and middle zones from the oceanic zone of the ria 
(Prego & Fraga in press) were calculated, averaging out 
the surface area; the results are shown in Fig. 4. 

In the box model used, the nutrient and carbon fluxes 
are obtained by multiplying the flow rates (Table 2) by 
the concentrations (Fig. 4). In this way, the ingoing, 
outgoing, ascending and descending fluxes of nutrient 
salts and organic carbon for the box are calculated. 
Results are collated in Table 3. These fluxes are com- 
pleted by the contribution due to freshwater, derived 
from the flow rates (Prego & Fraga in press) entering 
the ria by run off, the River Oitaven, and residual 
waters from the city of Vigo, together with the corre- 
sponding concentrations (Prego 1989). 
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Fig. 2 Ria of Vigo, NW 
Spain, and stations sam- 
pled on 4 and 21 Sep- 
tember and 3 October. In 
order to apply the box mod- 
el shown at lower right, the 
zone is considered in the 
upper ria to Stn 3 (56.48 
km2 and 0.678 km3). Fe and 
FS: incoming and outgoing 
fluxes; Fd and Fa: descend- 
ing and ascending fluxes; 
F r  flux due to freshwater 

r iver 

21 SeP 

Fig. 3. Scheme of the vertical circulation which occurred 
abnormally on 21 September (Fraga & Prego 1989). Numbers 

correspond to stations shown in Fig. 2 

Budgets of nutrient salts and carbon 

The balances, A and B respectively for the upper and 
lower layers, in nutrient salts and carbon are obtained 
from the fluxes in the 2 layers (Fig. 2) thus: 

upper layer: A = Fa - Fd - Fc + Fr (1) 

lower layer: B = - Fa + Fd + Fe (2) 
where Fe, Fg, Fa and Fd are, respectively, the incoming, 
outgoing, ascending and descending nutrient and car- 
bon fluxes in the box, and Fr is the contribution from 
freshwater (Table 3). 

The results for A and B are given in Table 4. The 
balance in each layer is non-zero since there are 
biogeochemical processes which remove or contribute 
substances independently of the physical processes. 
The principal source of error is due to the calculation of 

Table 1. Depth at Stns 1, 2 and 3 (Fig 2) where the velocity of the residual current is zero, and at Stn 3 where the penetration of 
light is 1 %. Volumes of the 2 layers on the 3 dates studied. The total volume of the box is 678 x 10' m^ 

1 Date Depth (m) Volume (10" m3) 
Stn 1 Stn 2 Stn 3 1 % Upper layer Lower layer 

4 Sep 
21 Sep 1 3 Oct 

1 a Missing data estimated from data from the other stations 
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Table 2 Flows (lo3 kg s )  contributing to the residual circula- 
tion m the Ria of Vigo (data from Prego & Fraga in press). The 
outgoing flux, Fe, is the inconung flux, Fa, plus the flux of 
freshwater, Fr. The ascending flux, Fa, is the incoming flux, Fe, 
plus the mixing, Fa; see Fig 2. Tune, tr in days, needed to 
totally renew the water in the upper layer is also indicated 

4 Sep 1.5 484 486 1012 1496 1 0 5  
21 Sep 12 8 862 875 651 1513 5.0 

3 Oct 3 3 246 249 359 605 15.0 

the flow rates of fresh water emptying into the ria. This 
means that for each date the results may have an 
overall variation of ca 10 % for the fluxes and the 
balances obtained. 

Fig. 4 Mean concentrations of 
nitrite (2), nitrate (3) and am- 
monium (4), inorganic nitrogen 
(N), phosphate (P), silicate (Si) 
and organic carbon (C) m the 

0 box considered in the ria of Vigo 
and the dividmg section (1.e. E-3 
in Fig. 2) for the 3 study dates (4 
and 21 September; 3 October) 
Continuous hues: upper layer 
and subsection of the box, 
dashed lines: lower layer and 

subsection 

Photosynthesis and remineralisation of N, P and C 

The signs of the fluxes chosen for Eqs. (1) and (2) mean 
that the positive value of A (Table 4) indicates that 
inorganic nitrogen is retained in the upper layer due to 
its utilization in photosynthesis. On the other hand, the 
negative value of B (Table 4) indicates that the ingoing 
flux is less than the outgoing flux which means that 
morganic nitrogen must be regenerated in the lower 
layer to compensate for the shortage, i.e. remineralisa- 
tion takes place. As both processes can take place in 
each layer of the box, A and B are both net values, i.e. the 
difference between the total photosynthesis and total 
remineralization occurring in each layer. 

Phosphate is a different case from that of inorganic 
nitrogen since its concentration can vary through 

Table 3. Fluxes (mol s 1  box1) of nutrient salts and carbon m the box m the Ria of Vigo (Fig. 2). Fr: flux due to freshwater; Fe and 
FS- incoming and outgoing fluxes; Fa and Fd- ascendmg and descendinq fluxes. Si: silicate, Nln and Cm: inorqanic nitroqen and 

carbon, Car: organic carbon 

Date Flux NO3- NO2- NH4+ Nm H P O ~ ~ -  Si CIn c n r  

4 Sep Fr 0.04 0 00 0.27 0.31 0 041 0.23 0 3 
Fs 0 97 0 10 0.44 1.51 0 162 1.12 1017 43 
Fe 5 20 0 24 0 83 6.27 0.442 4.06 1044 29 
Fa 11.61 0 75 2 67 15.03 1.373 12.71 3165 103 
Fd 2 57 0.25 0 82 3 64 0.535 4.23 2088 91 

21 Sep F, 0.14 0.01 0.29 0.44 0.042 1.53 0 4 
Fs 0.46 0 14 0.34 0.94 0.268 4.26 1799 67 
Fa 1 2 2  0.15 2.30 3.67 0.333 3.24 1819 58 
Fa 2.29 0.42 5 81 8.52 0.986 10 74 3182 105 
Fd 0.82 0.16 1.59 2.57 0 366 4,85 1340 51 

3 Oct Fr 0.05 0.00 0.28 0.33 0.064 0 23 0 3 
Fs 0 19 0.03 0.11 0.33 ' 0.067 1.08 520 25 
Fe 1 93 0. 17 0.44 2.54 0.192 2 20 539 13 
Fa 3 11 -0 43 2 75 6.29 0.631 7 50 1308 44 
Fd 1.23 0 18 1.30 2.71 0.311 3 81 754 30 
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Table 4. Balance (mol s 1  box1) of nutrient salts and carbon fluxes in the box in the Ria of Vigo (Fig. 2). A positive value of 
inorgamc nitrogen in the upper layer, A, is due to its consumption m photosynthesis, and a negative value in the lower layer, B, is 
due to its appearance by reminerahsation. Phosphate and inorganic carbon need the corrections of Appendices 1 & 2. Si: silicate; 

Nm' inorganic nitrogen, Cm: inorgamc carbon; Cm. organic carbon 

Date Layer NOi- NO2- NH4" 

4 Sep 

21 Sep 

3 Oct 

the effects of flocculation (used here as a general 
term denoting change from the dissolved to the 
solid phase) and redissolution, according to the pro- 
cesses referred to by Aston (1980). These processes 
are included in the values A and B for phosphate 
balance shown in Table 4. The necessary correction 
factors are derived in Appendix 1, and the corrected 
values of phosphate consumed in photosynthesis or 
appearing through remineralisation presented in 
Table 5. 

The balance of inorganic carbon (A and B in Table 4) 
are affected, in a similar way to phosphate, by proces- 
ses such as the dissolution or precipitation of car- 
bonates as well as by the interchange of carbon dioxide 
with the atmosphere. The correction needed to calcu- 
late the inorganic carbon used in photosynthesis or 
remineralisation (Table 5) is derived in Appendix 2, 
where the input and sedimentation of particulate 
organic carbon in the lower layer is also calculated 
(Fig. 11). 

Agreement of photosynthesis and remineralisation 
results 

The values for inorganic carbon, nitrogen and phos- 
phorus consumed by photosynthesis or regenerated by 
remneralisation in the ria (Table 5) are related in 
accordance with the following stoichometric equation 
for photosynthesis-remineralisation: 

129 HCO3- + 17 NO3- + HPO?" + 126 H20  
(Ci29H234Ni70?oP) + 175 0 2  + 148 OH- (3) 

This expression is obtained from the ratio of C:H:N:O:P 
of 129:234:17:70:1 calculated by Rios & Fraga (1987) for 
the phytoplankton of the Ria of Vigo and the forms in 
which the nutrient salts and inorganic carbon are found 
in seawater. Thus the values for photosynthesis and 
remineralization obtained in Table 5 can be compared. 
The balances of inorganic nitrogen and phosphate are 
expressed in mol C s 1  b o x 1  by the stoichiometric 
relations of Eq. (3) in Table 6. There is agreement 

Table 5. Values obtained, after balance (Table 4) and corrections of Appendices 1 & 2 (Tables 7 & 8), for photosynthesis, fall, 
remineralisation and sedimentation of carbon, nitrogen and phosphorus m the box 

Date Process Carbon Nitrogen Phosphorus 
(mol C s boxA1) (mol N s " ~  boxd1) (mol P s"' box-l) 

4 Sep Photosynthesis 
Fall 
Remineralisataon 
Sedimentation 

21 Sep Photosynthesis 
Fall 
Remmeralisation 
Sedimentation 

3 Oct Photosynthesis 
Fall 
Remmeralisation 
Sedimentation 

-: no data 
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Table 6. Values obtained (mol C s 1  b o x 1 )  for companng the 
results of the photosynthesis and the reminerahsation of nitro- 
gen and phosphorus (Table 5) with that of carbon, as taken 
from the quotient of the stoichiometric coefficients bicar- 
bonate:nitrate (7.59) and bicarbonate:phosphate (129) from 
Eq. (3) For the box considered there is the relation: 1 rnol C 

sC1 box-' = 18.4 mg C m-' dC1 

Date Photosynthesis Remineralisation 

C Nx7.59 Pxl29 C Nx7.59 Pxl29 

4 Sep 78 77 75 36 39 36 
21Sep 41 41 41 33 17 26 
3 Oct 29 27 28 13 8 9 

between the 3 different methods described above for 
the values of photosynthesis and remineralization. The 
discrepancy in the nitrogen remnerahzation values for 
21 September will be commented upon below. 

DISCUSSION 

Before the red tide was detected, hydrographic con- 
ditions on 4 September were typical for the summer 
(Figs. 5 to 8). The northerly winds, which began in the 
last week of August, caused an upwelling which 
enriched the nutrient salts in the ria: the inflowing 
water transported 6.3 rnol s of inorganic nitrogen, of 
which 83 % was nitrate; 0.44 rnol s of phosphate; and 
4.1 rnol s of silicate (Table 3 ) .  The lower layer of the 
box was thus rich in nutrient salts (Fig. 4). The 
chlorophyll concentration was high (Fig. 8) as was 
photosynthesis: 78 rnol C s (Table 6), 1.5 times grea- 
ter than the summer mean for this zone of the ria (Vives 
& Fraga 1961). There was an abundance of diatoms, 
75 O/O of phytoplankton cells (Figueiras & Fraga 1990), 
which consumed 60 % of the silicate arriving in the 
upper layer: 7.6 rnol s (Table 4). 

The depth of penetration of 1 % light, obtained using 
a Secchi disc, is given m Table 1. This is shallower than 
the level of zero velocity, and is the reason why the 
outgoing current is not exhausted in nutrients: 1.5 rnol 
N s-I (with 64 % as nitrate), 0.16 rnol P s"' and 1.1 rnol 
Si s i  flowed back to the ocean. The balance of organic 
carbon in the box is 14 rnol C s in favour of the 
outgoing flux (Table 3). 

On 21 September, when the winds had changed to 
southerly (Fig. I),  an occlusion was produced in the ria 
at Stns 4 & 5 (Fig. 5). Circulation took place in a semi- 
closed circuit (Fig. 3) which affected the distribution of 
the nutrient salts (Figs. 6 & 7) and chlorophyll a (Fig. 8). 
The recirculation led to the concentrations of substan- 
ces in the incoming and outgoing currents resembling 
each other, as shown by the closeness of the continuous 
and discontinuous lines in Fig. 4. 

Gamma-6 

21 Sep. 86 

Fig. 5 Vertical distribution of density in the Ria of Vigo and its 
offshore waters (Prego et a1 1988). Gamma-9 is density minus 

1000 kg m 3 ,  and the unit is kg mb3 

The homogenization of the water in the ria was not 
due to greater mixing but rather to recirculation. This 
will have greater importance for the increase in water 
temperature than the inflow of warm water from the 
exterior, as indicated by Fraga et al. (1988). The mean 
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Fig 6 Vertical distribution of nitrate in the Ria of Vigo and its 
offshore waters (Prego et al. 1988) 

temperature was 16.7 OC in the upper layer and 16.1 'C 
in the lower layer (calculated from the data of Prego et 
al. 1988). Tangen (1977) pointed out the importance of 
an increase in seawater temperature in the develop- 
ment of red tides in north European waters, and Chang 
& Carpenter (1985) found statistically significant corre- 
lations between the logarithm of cell densities and 

Fig. 7. Vertical distribution of ammonium in the Ria of Vigo 
and its offshore waters (Prego et a1 1988) 

water temperature during a bloom of Gyrodinium 
aureolum in the Carmans River estuary (Long Island, 
USA). This phenomenon may not have an influence on 
the development of red tides, but be simply one of the 
consequences of hydrographic conditions. More 
research would be needed on this subject and also on 
the possible role of resuspension of cyst due to recircu- 
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4 S ~ D  86 

150 loow 

Fig. 8. Vertical distribution of chlorophyll a in the Ria of Vigo 
and its offshore waters (Prego et al. 1988) 

lation: the residual incoming flux is nearly double that 
measured during the preceding sampling (Fe in Table 
2). Probably the more important effect of currents on 
the sediment would be in the frontal zone (between 
Stns 4 & 5; Figs. 2 & 3) where, near the seabed, the 
temperature increased from 12.5 to 16OC between 4 
and 21 September. 

The retention brought about the arrival of recycled 
nutrients in the incoming seawater. The 3.7 rnol N s-I 
entering (approximately half of that on 4 September) 
was now poor in nitrates (33 % ; Table 3). Remineraliza- 
tion was very high (Fig. 7), representing three-quarters 
of the amount photosynthesized (Table 5). Sedimenta- 
tion, on the basis of carbon data (Table 5), was almost 
zero, i.e. there was strong decomposition of organic 
matter as a consequence of the water retention. 

Under these condictions, photosynthesis was main- 
tained through remineralized nutrients (4.2 rnol s '  of 
NH4^ as opposed to 8.1 rnol s of N O 3  on 4 Sep- 
tember; Table 4), 1.e. 80 % of the inorganic nitrogen 
used in photosynthesis on 4 September corresponded 
to nitrate, while on 21 September 77 % corresponded to 
ammonium. Yamochi & Abe (1984), by comparing 
changes in their concentrations, noted that the uptake 
rate for ammonium was much higher than for other 
forms of dissolved inorganic nitrogen. On 21 Sep- 
tember, the consumption of silicate decreased 2.5 fold 
(Table 4) to less than half of that of 4 September, 
despite its influx to the upper layer being almost equal 
(10.7 rnol Si s in the ascending flux and 1.5 rnol Si s-' 
in the freshwater; Table 3). Of this silicate, only 26 YO 
was used and, on this date, export (4.3 rnol Si s l )  was 
greater than import (3.2 rnol Si s l )  coinciding with a 
large reduction in the concentration of diatoms in the 
ria (Figueiras & Fraga 1990). Organic carbon main- 
tained its concentration (Fig. 4) despite the halving in 
production; it may have an important role as a source of 
organic substances for phytoplankton and bacteria or 
also in the stabilization of metals in the seawater, due 
to its capacity for complexing (Siege1 1971, Huntsman 
& Sunda 1980). 

Gymnodinium catenaturn, hardly present on 4 Sep- 
tember (Fig. 9), increased its concentration in the box to 
lo4 cell d m 3  and probably grew from the inoculum of 
4 September (Figueiras 1989). This was favoured not 
only by chemical causes such as ammonium and 
organic carbon availability, but also by physical causes 
such as the rapid circulation (862 x lo3  kg s l ,  almost 
double that of the 4 September; Table 2), and low 
mixing (Fa in Table 2) of the water in the box, half that 
of the previous date. The rains (in September 1986, 
232 mm of rainfall were recorded in Peinador, which is 
double the average for the month) which accompanied 
the southerly winds (Fig. 1) produced inputs of fresh- 
water to the ria (Fig. 1) which increased the stability of 
the water as shown by the isopycnals of 21 September 
(Fig. 5). These hydrographic conditions favoured the 
growth of a population of mobile flagellates much more 
than diatoms (Eppley et al. 1978). Diatoms lose many 
cells by sedimentation, but dinoflagellates, due to 
movement of flagella, are able to keep near the surface 
(Margalef et al. 1979). The low turbulent diffusion and 
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nodinium catenatum produced in the interior of the ria 
/ will accumulate in the zone of convergence (Stns 4 & 5; 

Fig. 9), where the increase in concentration will be 
higher than the losses (Slobodkin 1953). The sampling 
station for the data of Fig. 1 was situated near Stn 5 

f (Fig. 2), where an increase in Gymnodinium catenatum 
was observed on 21 September. 

The question posed in the 'Introduction', in relation 
100 - . to the sources of nutrient salts in this red tide, can now 

be answered. The contributions of nutrient salts will 
come mainly from the remineralization of organic mat- 
ter and the amounts contributed by the freshwater will 

4 Sen. 86 not have an appreciable effect. There are no important 
residues of anthropogenic origin entering the ria, as 
happens along the coasts of Scandinavia (Smayda 

Fig 9 Vertical distribution of Gymnodinium catenatum in the 
Ria of Vigo and its offshore waters (Figueiras & Fraga 1990) 

high concentration of nutrients gave rise to the forma- 
tion of a red tide. Production fell from 1410 mg C m-2 
d"' on 4 September to 755 mg C mA2 ddl  on 21 Sep- 
tember (Table 6). As Margalef (1956) indicated, there 
occurs a concentration of phytoplankton rather than a 
maintenance of the total mass. Consequently, the Gyrn- 

1990). In this ria the inputs of freshwater are only 5 % of 
the inorganic nitrogen and phosphorus and 12 % of the 
silicate contained in the flux rising to the upper layer 
(Table 3). 

Another factor which may play an important role is 
vertical migration of the dinoflagellates (Yamochi & 

Abe 1984, Cohen 1985). This vertical movement is ca 
10 m d 1  (Cullen 1985). It is of significance in the ria 
(Fraga & Prego 1989, Figueiras & Fraga 1990) since it 
allows Gymnodinium catenatum to photosynthesise 
carbohydrates in the upper layer, and then to descend 
to the lower layer where it can assimilate nitrates, as in 
the case of other dinoflagellates (Eppley & Harrison 
1975, MacIsaac 1978, Cullen & Horringan 1981, Dortch 
& Maske 1982), using the chemical energy accumu- 
lated. This causes a discrepancy between the re- 
mineralisation values for C ,  N and Pi calculated on 21 
September (Table 6). The migration will, in the deep 
layer, produce a greater remineralization of organic 
carbon and a lower value for nitrogen remineralisation. 
Although more research is needed, it is possible to 
estimate the synthesis of organic matter in the lower 
layer. The discrepancy of 16 mol C s 1  (Table 6) 
between C and N will be redistributed, but P 
remineralisation is not affected by this process: 9 mol C 
s 1  in synthesized matter and 7 mol C s 1  as an energy 
source. 17 % of the photosynthesized material (21 O/O of 
the remineralised carbon) is used as an energy source 
for the synthesis of nitrogenous organic matter. The 
9 mol C s 1  correspond, according to the above men- 
tioned ratio, to 1.2 mol N s-', which is 22 % of the total 
synthesized in the box. Dissolved inorganic nitrogen 
will be therefore, as Harrison (1973), Lindahl (1983) 
and Holligan et al. (1984) have indicated, one of the 
major factors that control the occurrence of many dino- 
flagellate blooms. 

The retention of water in the ria disappeared by 3 
October. The isopycnal of 26.7 kg m 3  (Fig. 5) was now 
found in the ria. The residual fluxes were about 
250 x lo3 kg s 1  (Table 2), and a renewal of the water 
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in the box took place. The outgoing flux was now rich 
in ammonium (about 0.8 kmol k g 1  more than on 21 
September; Fig. 4) but the incoming flow was abun- 
dant in nitrate (5.2 mol s-I; Table 3). 

Biological activity decreased slightly (Table 6) but 
was now represented to a great extent by diatoms 
(Figueiras & Fraga 1990), as may be expected from 
water entering the ria from the exterior (Campos & 
Gonzalez 1975). 

The concentration of Gymnodinium catenatum was 
still very high as a result of accumulation, but at the 
station of analysis (Fig. I),  the value had decreased. 
The circulation carried it away to the exterior of the ria 
(Figs. 8 & 9). 

The time needed to replenish the water in the upper 
layer was calculated as 15 d (Table 2) but this was 
dependent on environmental conditions. The winds 
and rains of the end of October (Fig. 1) brought about a 
new increase in the red tide (Fig. 1) due to new reten- 
tion of water in the ria. The situation broke down 
definitively with the rains in November which created 
a rapid circulation, sufficient to totally replenish the 
water of the box in 8 d, and 3.5 d in the upper layer 
(Prego & Fraga in press). 

The red tides of Gymnodinium catenatum recorded 
in the Ria of Vigo in 1976 (Estrada et al. 1984), 1985 
(Fraga et al. 1988), and 1986 (Fraga & Prego 1989, 
Figueiras & Fraga 1990, Fraga et al. 1990) occurred 
under similar conditions in autumn, when the winds 
became southerly. The retention of water by certain 
wind patterns has already been considered by Conover 
(1954) as essential to red tide development in New 
Haven Harbor (Connecticut, USA). 

The 4 phases indicated by Steidinger (1983) for the 
formation and breakdown of a red tide remain evident: 
(1) high production due to upwelling, (2) high 
remineralisation with availability of nutrient salts, (3) 
concentration of Gymnodinium catenatum sufficient to 
cause a red tide, and (4) final washing out of the ria by 
winter conditions. 

The formation of a recirculation cell initiates the 
conditions of nutrient salt contribution and stability 
required by the model of Margalef (1978) for the forma- 
tion of a red tide. The fluxes and consumptions of 
nutrient salts and particulate organic carbon for 4 and 
21 September are given in Fig. 10. 

APPENDIX 1 

Correction to phosphate balance 

The results of the flux balance for phosphate, A and B 
in Table 4, include processes different from those of 
photosynthesis, P, or remineralisation, R, as indicated 

N 031  
P 004  

Photosynthesis Si 0 2 3  
N 10.2 c787 S i  7.6 upper layer  Fr 

S i  112 
lower l aye r  

Remineralisation 

C 36 P 0 .  

SEPTEMBER 

N 044  
P 004 
si 153 

c 41 P 0.32 
S i  3.2 upper l aye r  

Si 4 26 
lower layer  

Remineral isat ion 

21 SEPTEMBER 
Fig. 10. Summary of the fluxes and budgets of nutrient salts in 
the box under consideration in the Ria of Vigo- inorganic 
nitrogen (N), phosphate (P), silicate (Si) and particulate 
organic carbon (C) for 4 September (high production due to 
upwelling) and 21 September (high remineralisation and red 
tide). Fe and Fg- incoming and outgoing fluxes; Fr: flux caused 

by freshwater. Umts m mol s 1  box-' 

in 'Results'. The precipitation or redissolution of phos- 
phates in the upper, Ks, and lower, Kp, layers must be 
treated as follows: 

A = K s + P  (4 

B = K p - R  (5) 

To determine P and R it is necessary to known Kg and 
Kp. This is done by taking PO, a parameter indepen- 
dent from that of photosynthesis and remineralisation. 
When selecting a component of each part of Eq. (3), i.e. 
O2 and N O s  or H P 0 2 ,  and considering the quotients 
of the stoichometric coefficients (175:17 for the nitrate 
and 175:l for the phosphate), the resulting parameter 
(NO or PO) is independent of Eq. (3), i.e. it is unaffected 
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by photosynthesis and remineralisation processes. This 
parameter will be, in common with the NO parameterr 
conservative, as indicated by Broecker (1974). 

The parameters PO and NO (Prego 1989, Rios et al, 
1989) are defined as: 

where INln] = [NO3-] + [NO2-] + [NH4+]. 
In Eq. (31, nitrate is considered although both nitrite 

or ammonium may be present in seawater. Both are 
related to nitrate by the equations: 

For this reasonr a correction (- 0.5 [NO2-] - 2 [NH4+]) is 
necessary for the parameters PO and NO defined by 
Eqs, (6) and (7). 

PO will only vary through interchange with oxygen 
from the atmosphere or through the inorganic pro- 
cesses of flocculation or redissolution. On this basis, it is 
possible to write the equation: 

upper layer: Apo = + Og + 175 Ks (10) 

lower layer: Bpo = 175 Kp (11) 

where Apo and Bpo are the result of the balance PO in 
the upper and lower layers, respectively, and Ks and Kp 
the phosphate that appears and disappears by non- 

biological processes. The term Og is the oxygen inter- 
changed with the atmosphere which is zero in the 
lower layer. 

To determine Ks, it is necessary to make a prior 
calculation of Og. Due to the fact that inorganic nitro- 
gen is not involved in processes of precipitation-redis- 
solution, the balance for NO in the upper layer is: 

As with the other balances, the data of measured 
seawater flows (Table 2) and oxygen and nutnent salts 
concentration (Prego et al. 1988) are used to calculate 
the fluxes of NO (Table 71, and the passage of oxygen, 
Ogr between aLr and water is determined (Table 7). 
Similarly, the data necessary to resolve Eqs. (10) and 
(1 1) are given in Table 7. From these data the values for 
phosphate consumption during photosynthesis or 
remineralization are obtained by Eqs. (4) and (5). These 
are presented in Table 7. 

APPENDIX 2 

Correction to inorganic carbon balance and calcula- 
tion of fall and sedimentation of particulate organic 

carbon 

The values for the photosynthesis and remineralisa- 
tion of carbon, which complement the results of the 
nutrient salts, are obtained by applying the system 

Table 7, Data for solv~ng Eqs. (41, (51, ( lo) ,  (11) and (12) and results Units for the fluxes F (letters refer to Fig. 2) and balances Ape, 
Bpo and ANo are rn mol 0 2  sf1 box-'; and for flocculation (+) or red~ssolut~on (-1 of phosphates, Ks (upper layer) and Kp (lower 
l a ~ e r ) ~  and photosynthesis and remnerahzatlon are Ln mol P sf '  box-'. From the fluxes of NO are calculated the interchange of 
oxygen wlth the atmosphere Og. A negabve value means lts entrance lnto the  ria^ The data of the balance of phosphate, A and B in 

Eqs. (4) and (51, are In Table 4 

4 Sep 
21 Sep 
3 Oct 

Fluxes of PO 
Date Fe FS 

4 Sep 163 1 153.5 
21 Sep 249.3 281,7 
3 Oct 73.3 74.0 

I KS K~ Photosynthesis Reminerallsabon 

4 Sep 
21 Sep 1 3 Oct 
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Table 8. Data for solmng Eqs. (13) to (19) and their results. Units of A0 in mol O2 s-I box-'; rest In mol C s-I box-' C< C 0 2  which 
arnves (-1 from the atmosphere; Cs and Cd: precipltahon (+) or redissolution (-1 of carbonates m the upper and lower layers; P: 
consumpt~on of carbon In photosynthesis, D and S: fall and sedimentation of particulate carbon; R. remmeralisahon of organic 

carbon; see Fig 11 

1 Date A0 A1 Bl A2 B2 A3 B3 C Cs Cd P D R S 

4 Sep - 3.1 +59.8 -32.4 -28.2 + I6 9 - 17.0 + 11.0 - 12.7 -5 1 -3.9 77 6 49.4 36,3 30,O 
21 Sep -21.0 4-43 3 -23 4 - 9.8 + 4.0 + 9.1 +17.6 - 1 0  + 3  1 + 9 6  41.2 31 4 33 0 2.4 
3 Oct + 4.0 +33,8 - 1 5 0  - 8 4  - 0 8  + 6.1 - 5.3 + 1.9 +3.2 -2.1 287  20.3 12.9 6 6 

atmosphere 

7 1 

Fig. 11. Carbon mterchanges in the box of ria. photosynthesis 
(P), fall (D), remineralisation (R) and sedimentahon (S) of 
particulate organic carbon; precipitabon or redissolution of 
carbonate m the upper (CJ and lower (Cd) layer; and a - w a t e r  
transfer of C02.  Direchon of arrows m&cates a positive mter- 

change 

suggested by Prego (1989) and Prego (unpubl.) to the 
biogeochemical cycle of carbon. 

In the box considered (Fig. 21, 7 interchanges of 
carbon take place, as shown in Fig. l la  In order to 
calculate them, the following set of 7 equations must be 
solved (AO, A1 etc, are defined below, and remaining 
terms in Fig. 11 legend): 

Eq. (13) is considered as a CAO balance. It is similar 
to that made for NO in Eq. (12). CAO, in the same way 
as for NO and PO in Appendix li is a conservative 
parameter (Prego 1989) defined as: 

CAO = 

[02] + 1.36 ([C02] - Car) - 0,5 [NO2-] - ~[NHzI+] (20) 

where Car = 0.5 (Alk + [NO3-] - 0.45 [NO2-] - 
2 [NH4+]). Its correction is due to the consumption of 
carbonate in the formation of the skeleton of some 

marine organisms, which is reflected in the alkalinity 
(Alk). The air-water interchange of C02,  C, must be 
considered, This is converted from mol C s-I box-' to 
mol O2 s-' box-'# units of A0 and Og (oxygen inter- 
change, Eq. (12)), with the factor 1.36 (175: 129, the 0 :C  
quotient in Eq. (3)). 

Eqs. (14) and (151, the inorganic carbon balance, are 
similar to those of (4) and (51, also including the air- 
water interchange of C02.  

Eqs. (16) and (171, the organic carbon balance, take 
into consideration photosynthesis, remineralisation and 
the fall and sedimentation of organic carbon. 

Eqs. (18) and (lg),  the alkalinity balance, arise from 
the appearance and disappearance of strong ions in the 
interchange shown in Fig. 11. The consumption of 
ammonia and the precipitation of carbonate decrease 
the value of alkalinity balance and the consumption of 
nitrate and nitrite will increase it. This is considered in 
the terms PN and RN. 

Data for the balances of CAO in the upper layer (AO), 
and the inorganic and organic carbon and the alkalin- 
ity in the upper layer (Al, A2, A3) and lower layer (Bl, 
B2, B3) are presented in Table 8. The value for Og is in 
Table 7 and PN and RN are the consumption or 
remmeralization of nitrates plus nitrites less 
ammonium, calculated from the data of Table 3. The 
results from Eqs. (13) to (19) are in Table 8. 
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