
 1

Net ecosystem metabolism of a coastal embayment fertilised by upwelling and 

continental runoff 

 

D. Villegas-Ríos1*, X.A. Álvarez-Salgado1, S. Piedracoba1, 2, 3, G. Rosón2, U. Labarta1, 

M.J. Fernández-Reiriz1 

 

1 CSIC, Instituto de Investigacións Mariñas, Eduardo Cabello 6, 36208-Vigo, Spain.  

2 Universidade de Vigo, Facultade de Ciencias do Mar, Campus Lagoas-Marcosende, 

36200-Vigo, Spain 

3 Bodega Marine Laboratory, University of California, Davis, Bodega, California, USA 

 

*Corresponding author. Tel.: +34 986231930; fax: +34 986292762. 

E-mail addresses: villegas@iim.csic.es (D. Villegas-Ríos), xsalgado@iim.csic.es (X.A. 

Álvarez-Salgado), spiedracoba@ucdavis.com (S. Piedracoba), groson@vigo.es (G. 

Rosón), labarta@iim.csic.es (U. Labarta), mjreiriz@iim.csic.es (M.J. Fernández-Reiriz) 

 

 

 

 

 



 2

Abstract 

O2, N, P and Si net ecosystem metabolism of the Ría de Ares-Betanzos (NW Iberian 

upwelling system) was estimated during two 3-wk periods of contrasting summer 

downwelling and autumn upwelling conditions by means of a transient 2-D kinematic 

box model. The subtidal circulation was positive in both situations, although it was 

depressed during downwelling and enhanced during upwelling. Concurrently, the ría 

was fertilised mainly by shelf bottom waters, which introduced from 69% (under 

downwelling) to almost 100% (under upwelling) of the limiting N nutrients. The ría was 

an efficient nutrient trap: about 70% of the N nutrients that entered the embayment were 

retained under downwelling conditions (average flushing time, 9 days) and about 50% 

under upwelling conditions (average flushing time 3 days). Although the trapping 

efficiency was lower, the net ecosystem production (NEP) was much higher under 

upwelling (from 1.0 ± 0.3 to 1.5 ± 0.4 g C m-2 d-1), than under downwelling favourable 

winds (from 0.2 ± 0.1 to 0.3 ± 0.1 g C m-2). The stoichiometry of NEP suggests that P 

and N compounds recycled faster than C compounds, specially in the inner segment of 

the ría. The net degree of silification was twice in the inner than in the outer segment of 

the ría. 

 

Keywords: nutrient salts, net ecosystem production, upwelling, downwelling, 

continental runoff, ría, NW Spain. 
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1. Introduction 

Disproportionately large organic and inorganic nutrient inputs from land, 

atmosphere and adjacent ocean waters in relation to its small size makes the coastal 

ocean one of the most productive and biogeochemically active zones of the biosphere 

(Gattuso et al., 1998; Gazeau et al. 2004). Despite it represents <10% of the surface and 

<1% of the volume of the global ocean, the coastal ocean is responsible for 18-33% of 

the primary production, 27-50% of the export production (Walsh, 1991; Wollast, 1993; 

1998), 83% of the benthic mineralization, and 87% of the organic matter burial of the 

global ocean (Middleburg et al., 1993; Dunne et al., 2007). All these processes are 

intensified in eastern boundary upwelling systems (EBUS) as a result of enhanced 

nutrient inputs from the adjacent ocean (Walsh, 1991; Wollast, 1998). Moreover, the 

coastal ocean provides more than 90% of the global fish catches (Pauly and 

Christensen, 1995; Lindeboom, 2002), one fifth of which are extracted from EBUS 

(Fréon et al., 2009).  

The Galician coast is at the northern limit of the Iberian-Canary current EBUS, 

where upwelling favourable north-easterly winds blow predominantly during the spring 

and summer. On the contrary, downwelling favourable south-westerly winds prevail the 

rest of the year (Wooster et al., 1976; Arístegui et al., 2009). This seasonal cycle is 

frequently disrupted by upwelling events during the downwelling season and vice versa 

(Prego et al., 2007; Álvarez et al., 2009). The Galician coast is occupied by a series of 

coastal indentations of variable size and orientation freely connected with the adjacent 

shelf, collectively known as rías. The estuarine-like subtidal circulation of the rías, 

positive under upwelling and negative under downwelling conditions (Piedracoba et al. 

2005), allowed the application of transient 2-D box models to compute the exchange of 

water with the continental shelf (e.g. Rosón et al., 1997; Pardo et al., 2001; Gilcoto et 
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al., 2001). Box models have also been used to assess the net ecosystem metabolism 

(NEM), i.e. the balance of autotrophic production minus the respiration of autotrophs 

and all heterotrophs in these water bodies (Smith and Hollibaugh, 1997), based on 

dissolved oxygen and nutrient budgets (e.g. Pérez et al. 2000; Gilcoto et al., 2001; Dale 

and Prego, 2005). NEM estimates have been obtained only for the large rías (>2.5 Km3) 

of the western coast (Figure 1), named Rías Baixas, where the hydrodynamics and 

biogeochemistry is essentially dictated by coastal winds.  

In this work, the transient 2-D box model successfully tested in the Rías Baixas 

will be applied for the first time to the Ría de Ares-Betanzos (Figure 1), in the northern 

coast, to obtain subtidal circulation patterns and net ecosystem production rates (NEP) 

under contrasting summer downwelling and autumn upwelling conditions. The Ría de 

Ares-Betanzos is less than one third the size of the Rías Baixas, the ratio between the 

annual average river discharge and the volume of the embayment is more than twice 

than in the Rías Baixas, and the orientation of its mouth is also different (Álvarez-

Salgado et al., accepted). Therefore, a differential response to continental runoff and 

coastal winds is expected when compared with the Rías Baixas. Previous woks on the 

hydrography of the Ría de Ares-Betanzos have succinctly dealt with nutrient 

distributions (Prego et al., 1999), and phytoplankton diversity and productivity (Blanco, 

1985; Mariño et al., 1985; Bode and Varela, 1998). But despite it supports 147 mussel 

rafts that produce about 10,000 metric tons of Mytilus galloprovincialis per year 

(Labarta et al., 2004) there is a lack of studies dealing with the dynamics of nutrient 

fertilization and net metabolism in this embayment.  
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2. Material and methods  

2.1. Study site 

The Ría de Ares-Betanzos is the largest of the six embayments located between 

Cape Fisterra and Cape Prior, in the NW coast of the Iberian Peninsula (Figure 1), with 

a surface area of 72 Km2, a volume of 0.75 Km3 and a length of 19 Km. It consists of 

two branches: Ares, the estuary of river Eume, and Betanzos, the estuary of river 

Mandeo, with long-term average flows of 16.5 m3 s-1 and 14.1 m3 s-1, respectively 

(Prego et al., 1999; Sanchez-Mata et al., 1999). The two branches converge into a 

confluence zone that is freely connected to the adjacent shelf through a moth that is 40 

m deep and 4 Km wide. From the hydrographic point of view, the ría is like a partially 

stratified estuary where fresh and marine waters mix gradually (Sánchez-Mata et al., 

1999). 

 

2.2. Sampling strategy and measured variables 

An intensive hydrographic sampling was executed in the Ría de Ares-Betanzos 

during two contrasting periods in 2007: 9-23 July and 10-29 October. Five fixed 

stations were sampled: two in Ares (A1 and A2), two in Betanzos (B1 and B2) and three 

in the confluence zone, stn 3 that was sampled in both periods, stn 4 that was sampled 

only in July and stn 5 that was sampled only in October (Figure 1). Continuous vertical 

profiles of salinity, temperature, dissolved oxygen, fluorescence of chlorophyll and 

photosynthesis available radiation (PAR) where recorded at each station with a Seabird 

19 CTD probe equipped with a Wet Lab Eco AFL/FL fluorometer, a SBE 43 oxygen 

sensor and a Biospherical Licor PAR sensor. Aliquots for the analysis of salinity, 

dissolved oxygen and nutrient salts (ammonium, nitrite, nitrate, phosphate and silicate) 

were collected at two depths (surface and bottom) at stns A1 and B1, three depths at 
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stations A2 and B2, four depths at stns 3 and 5 and five depths at stn 4, using 5 L 

General Oceanic Niskin bottles. Dissolved oxygen was collected in Winkler flasks and 

fixed immediately. Nutrient samples were collected in 50 mL polyethylene bottles and 

frozen at -20 ºC. This program was repeated every 3-5 days during the two sampling 

periods. 

The practical salinity was determined from conductivity measurements with an 

Autosal 8400A using the equation of UNESCO (1983). The analytical precision of the 

salinity determination is 0.005. The density excess with respect to 1000 kg m3, σt, was 

calculated according to UNESCO (1985) with the equation σt = [ρ(S, t, P)1000], where 

ρ is the density of seawater as a function of practical salinity (S), in situ temperature (t) 

and pressure (P = 0). 

Dissolved oxygen was analyzed by the Winkler method with potentiometric end-

point detection using a Metrohm Titrino 72’ analyser. The analytical precision is 0.5 

mol kg-1. The apparent oxygen utilisation (AOU), i.e. the difference between the 

estimated dissolved oxygen concentration at saturation and the actual oxygen 

concentration, was calculated according to UNESCO (1986). 

Inorganic nutrients were determined using standard segmented flow analysis 

(SFA) procedures with an Alpkem analyser. The precisions of the methods are ±0.02 

µmol kg-1 for nitrite, ±0.1 µmol kg-1 for nitrate, ±0.05 µmol kg-1 for ammonium, ±0.02 

µmol kg-1 for phosphate and ±0.05 µmol kg-1 for silicate. 

 

2.3. ADCP current measurements and meteorological variables 

An Aanderaa DCM12 Doppler current meter was moored at stn 3, in 20 m depth 

(Figure 1). The DCM12 was installed in a gymbal system at the top of a pyramidal 
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structure. The first mooring successfully covered the period from 3 to 26 July and the 

second one from 15 October to 20 November 2007. 

The DCM12 is an Acoustic Doppler Current Profiler (ADCP) that measures the 

current velocity at five depths using the Doppler effect with a transmitted signal of 

606.7 kHz. From the surface to 4 m above itself, the DCM12 divides the water column 

in five partially overlapped layers and measures the depth integrated velocity of each 

one. With the selected configuration, all layers were 4.5 m in size, and their respective 

centre depths were approximately at 2.7, 5.3, 8, 10.7 and 13.3 m from the surface. The 

recording interval of the DCM12 was set to 10 min. An A24 2A25 filter with a cut-off 

period of 30 hours was passed to the time series of currents to remove the variability at 

tidal or higher frequencies (Godin, 1972). 

Shelf (Vx, Vy) and local (Wx, Wy) winds, precipitation rates (P), humidity (h) 

and air temperature (TA) were collected during the sampling periods. Shelf winds were 

recorded at the Cape Vilán Meteorological Observatory ran by Puertos del Estado 

(http://www.puertos.es). Local winds, precipitation rates, humidity and air temperature 

were taken from the Meteorological Observatory of Mabegondo, run by MeteoGalicia 

(http://www.meteogalicia.es). 

The daily flow at the mouth of River Mandeo was estimated from gauge station 

No. 464 at Irixoa, hold by Augas de Galicia (Galician Government). The Horton’s Law 

(Strahler, 1963) was applied by considering the proportion between the corresponding 

drainage basin areas: 248.21 km2 at the gauge station and 456.97 km2 at the river 

mouth. The volume of River Eume is a combination of regulated and natural flows. 

Daily volumes of the Eume reservoir, which controls 80% of the drainage basin, were 

provided by ENDESA S.A., the company in charge of the management of the reservoir. 

The natural component of River Eume flow was estimated from the River Mandeo flow 
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by applying again the Horton’s Law, considering that the drainage basin of River Eume 

not controlled by the reservoir is 94.04 km2. 

 

2.4. Variables calculated from collected data 

Daily values of the offshore Ekman transport, 30Q  (in m3 s-1 Km-1), 

perpendicular to the main axis of the Ría de Ares-Betanzos (rotated 30º clockwise) were 

estimated as: 

   30ºsin Q30º cosQ=Q  Y X30    (1) 

Where QX and QY are calculated according to Bakun (1973):  

f·ρ

·VV··Cρ
=Q

sw

YDair
X  (2) 

 

f·ρ

·VV··Cρ
=Q

sw

XDair
Y   (3) 

airρ  is the density of air, 1.22 kg m-3 at 15ºC; DC  is a dimensionless empirical drag 

coefficient, 1.3·10-3; f is the Coriolis parameter, 9.946 · 10-5 s-1 at 43º latitude; swρ  is the 

density of seawater, ~1025 kg m-3; V  is the average daily wind speed and XV and YV  

are the East and North components of the wind speed recorded at the Cape Vilán 

Meteorological Observatory. A positive value of 30Q   indicates upwelling and a 

negative value downwelling. 

Evaporation rates (E, mm d-1) were calculated with the empirical equation of 

Otto (1975), based on the local wind velocity (W, m s-1) and the vapour pressure at the 

sea surface ( Se , mbar) and 2 m above the sea surface ( Ze ):  

   ZS eeW0.0770.26=E   (4) 
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100

h
e=e ATZ   (5) 

 

 SSTS 0.000537·S1e=e   (6) 

Where SS, TA and TS are the surface salinity and the air and water temperatures (in ºC),  

h is the relative humidity and ATe  and STe  are the distilled water vapour pressure at TA 

and TS (in mbar), which can be calculated from temperatures between -40ºC and 40ºC 

with the formula of Gill (1982): 

4-63-42
T T10 3.74+T10 1.53+T 0.011+T 0.330±4.589=e   

(7) 

Oxygen exchange with the atmosphere, Fo2 (in mol s-1), was calculated with the 

equation: 

S22 AOUKoFo   (8) 

Where AOUS is the apparent oxygen utilisation of surface waters (in mmol m-3), 

calculated from salinity and temperature with the equation of UNESCO (1985) and Ko2 

is the O2 piston velocity, calculated from local winds following Kester’s (1975) 

equations: 

100

24

660

S
W 0.39=Ko 2

2   (9) 

 

3
S

2
SS T 0.050091-T 3.99918+T 128-1953.4=S   (10) 

 

A positive value of Fo2 indicates an oxygen flux from the atmosphere to the 

surface layer of the ría. 
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2.5. The 2-D box model: estimation of water flows 

The 2-D transient box model used by Álvarez-Salgado et al. (2000) in the Ría de 

Vigo has been adapted to the Ría de Ares-Betanzos. Horizontal and vertical subtidal 

exchange fluxes are calculated from the changes in salinity observed in the ría between 

two consecutive surveys, separated 3-5 days, and the hydrological balance of 

continental runoff (QR), precipitation (P) and evaporation (E) over that time interval. 

Three boundaries have been considered, which delimit three boxes in the Ría de 

Ares-Betanzos (Figure 1), corresponding with the natural boundaries mentioned in 

section 2.1. Box A corresponds to Ares and box B to Betanzos. Box C is the confluence 

zone, which is open to the adjacent shelf (Figure 1). The outer boundary of box A is 

fixed at stn A2, of box B at stn B2 and of box C at stn 3. The main morphological 

characteristics of the three boxes are summarised in Table 1. 

The three boundaries are divided in two layers, surface and bottom, that flow in 

opposite directions according to the box model conditions (Álvarez Salgado et al., 

2000). Following Rosón et al. (1997), the level-of-no-motion (LNM) between the 

surface and bottom layer is the depth where the actual density coincides with the 

average density of the boundary, i.e. the gravity centre of the boundary. Boxes A, B and 

C are also divided in two layers, upper and lower. The average salinity of the surface 

and bottom layer of each boundary is obtained by integration of the salinity profiles. 

The same procedure is followed to obtain the average temperature, dissolved oxygen 

and nutrient salts concentrations of the surface and bottom layer of the boundary of each 

box. To estimate the average concentration of each variable in the upper a lower layer of 

each box, we assumed that the average concentrations of the surface and bottom layer at 

each sampling site (A1, A2, B1, B2, 5, 3) are representative for the volumes of water 

surrounding them. Ten volumes have been defined: A1 inner (0.01 Km3), from stn A1 
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to the mouth of river Eume; A1 outer (0.04 Km3), from stn A1 to half the way between 

stns A1 and A2;  A2 inner (0.04 Km3), from stn A2 to half the way between stns A2 and 

A1; A2 outer from stn A2 to half of the way between stns A2 and 3 in July (0.08 Km3) 

and from stn A2 to half the way between stns A2 and 5 (0.05 Km3) in October;  B1 

inner (0.01 Km3), from stn B1 to the mouth of river Mandeo; B1 outer (0.03 Km3), from 

stn B1 to half the way between stns B1 and B2;  B2 inner (0.03 Km3), from stn B2 to 

half the way between stns B2 and B1; B2 outer from stn B2 to half of the way between 

stns B2 and 3 (0.08 Km3) in July and from stn B2 to half the way between stns B2 and 5 

(0.05 Km3) in October; 5 (0.10 Km3; only in October) from stn 5 to half the way 

between stn 5 and stns A2 and B2 and 3 (0.10 Km3) from stn 3 to half of the way 

between stn 3 and stns A2 and B2 (0.13 Km3) in July and from stn 3 and half the way 

between stn 3 and stn 5 (0.10 Km3) in October. The influence of river Eume in volume 

A1 inner and of river Mandeo in volume B1 inner was included considering that the 

final concentrations of each variable in volumes A1 and B1 inner result from ¾ of the 

concentrations at stns A1 and B1 and ¼ of the concentration in the rivers Eume and 

Mandeo, respectively. 

For each boundary, the following volume and salt balance equations can be 

written (Figure 2): 

EP+QQ=Q RBS   
(11) 

 
 

SSBB SQSQ=
Δt

ΔS
V    (12) 

 

where SQ  and BQ  (in m3 s-1) are the horizontal surface and bottom subtidal flows at the 

open boundary of the study box between two consecutive surveys; E-P+QR  
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hereinafter R , is the balance between the average continental runoff to the study box 

and the precipitation and evaporation rates across the free surface of the study box 

between two consecutive surveys; ΔS/Δt  (kg m-3 s-1) is the average salinity change in 

the study box between two consecutive surveys; and V (m3) is the volume of the study 

box. BS  and SS  are the average salinity at the bottom and surface layer of each 

boundary between two consecutive surveys. This is a system of two linear equations, 

conservation of volume and salt, with two unknowns, SQ  and BQ  that, therefore, has 

the following unique solution for each boundary: 

SBSB

S
B SS

Δt

ΔS
V·

SS

SR
Q







  

BS QRQ   

(13)

 Positive values of SQ  indicates an outflow and positive values of BQ  and inflow. 

Note that for the case of the water fluxes across the open boundary of box C, V and 

ΔS/Δt  have been calculated for boxes A+B+C. Following Álvarez-Salgado et al. 

(2000), standard errors of the estimation of SQ ( SQ ) and BQ  ( BQ ) have been 

calculated as: 
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(14) 
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Rε+Qε=Qε BS  (15) 

where εS  is the analytical precision of the salinity determination ( 0.005) and εR  the 

error of estimation of the hydrological balance, set to ±10%. Once SQ  and BQ  are 

known, vertical advection, ZQ , and turbulent diffusion, M  (both in m3 s-1), in boxes A, 

B and C between two consecutive surveys can be calculated solving the volume and salt 

balance equations of the lower layer of each box: 

  

ZB
L QQ=

Δt

ΔV
  (16) 

 
 

   ULZZBB
LL SSMSQSQ=

Δt

SVΔ



  (17) 

where ΔtΔVL /  (kg m-3 s-1) and   Δt/SVΔ LL   are the average volume and salinity 

change in the lower layer of the study box between two consecutive surveys, LS  and 

US  are the average salinity of the lower and upper layers of the study box and ZS  is the 

average salinity of the whole box. Again this is a system of two equations, conservation 

of volume and salt, with two unknowns, ZQ  and M  that has the following unique 

solution for each box: 

 

UL

LL
ZZBB

SS
Δt

SVΔ
SQSQ

M








 (18)

Note as well that for the case of the vertical fluxes of box C, VL and   ΔtSVΔ LL   has 

been calculated for boxes A+B+C and the resulting  ZQ  and M  where corrected by 

subtracting ZQ  and M  for boxes A and B. Positive values of ZQ  indicate an upward 

flux. Standard errors of the estimation of ZQ  and M   has been calculated as follows: 
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BZ QεQε   (19) 

 

       

 2UL

LL
ZBBUL

LL
ZBBUL

S-S

Δt

S·VΔ
-SQ-SQS-Sε+

Δt

SVΔ
-SQ-SQεS-S

=Mε






 






 


 (20) 

 M  has to be positive and should not be able to mix completely the water column 

in less than one day. Therefore, we have imposed the following limits to the estimation 

of the turbulent mixing between two consecutive surveys:  

0 ≤ M  ≤ 
t2

AZ




 (21) 

where A and Z are the free surface area and the average depth of the study box, 

respectively; and t = 1 day.  

 The flushing time of boxes A and B was calculated as the quotient between the 

volume of the box (V) and the horizontal bottom subtidal flows at the open boundary of 

the box: VA/(QB)A and VB/(QB)B. For the case of box C, it was calculated as the volume 

of the box divided by the horizontal bottom subtidal flows at the open boundary of the 

box minus the horizontal surface subtidal flows from boxes A and B: VC/[(QB)C – (QS)A 

– (QS)B]. 

 

2.6. The 2-D box model: estimation of net ecosystem production rates 

 Once SQ , BQ , ZQ  and M  have been calculated for boxes A, B and C, the 

average net ecosystem production rates (NEP) of dissolved oxygen and nutrient salts 

between two consecutive surveys, XNEP  (in mmol s-1), can be calculated from the 

corresponding mass balance equations: 

XRBBSSX FXRXQXQ
Δt

ΔX
VNEP   (22) 
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where BB XQ  , SS XQ   and RXR   are the average fluxes of nutrient salts or oxygen in 

the bottom layer, river and surface layer between two consecutive surveys and ΔX/Δt 

(mmol m-3 s-1) is the average nutrient salt or dissolved oxygen change on the segment 

delimited by the boundary between two consecutive surveys. XF  is Fo2 for the dissolved 

oxygen balance and is set to zero for the case of the nutrient salts balances because the 

atmospheric contribution of nutrients to the Ría de Ares-Betanzos is currently unknown. 

Average values of RX  for the nutrient salts of the rivers Eume and Mandeo were 40 

μmol L-1 for nitrate+nitrite, 15 μmol L-1 for ammonium, 1 μmol L-1 for phosphate, and 

100 μmol L-1 for silicate on basis of the field data provided by the monitoring 

observation program run by Augas de Galicia (Galician Government) in application of 

the European Water Framework Directive (WFD). These values do not differ from the 

average nutrient concentrations of the rivers that drain into the Galician Rías Baixas 

(Pérez et al., 1992; Prego et al., 1999; Gago et al., 2005). Averages values of RX for 

dissolved oxygen were calculated assuming saturation at the average river temperature 

in July and October 07. 

Again, for the case of the NEPX of box C, V,  X/t and XF  has been calculated 

for boxes A+B+C and the resulting  NEP was corrected by subtracting the 

corresponding NEP of boxes A and B. Positive values of NEP indicate production and 

negative values consumption. Standard errors of the estimation of NEPX have been 

calculated as follows: 

  XRSB
BS

SBX FXRεXX
2

QεQε
RQQ

Δt

V
2εXεNEP 









   (23) 

where εX  is the analytical error of the measured variable (see section 2.2) and XεF  is 

the error of FX, set to ±15% for dissolved oxygen; BX  and  SX  are the concentration of 
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the corresponding variable at the bottom and surface layer of the open boundary of the 

study box; and RX  is the concentration of X in the river flow. 

The NEP of the lower layer, NEPXL, of boxes A, B and C between two 

consecutive surveys can be calculated solving the corresponding mass balance equations 

of the lower layer of each box: 

    ZZBBUL
LL

XL XQXQXXM
Δt

XVΔ
NEP  


  (24) 

where   Δt/XVΔ LL   is the average nutrient salt or dissolved oxygen concentration 

change in the lower layer of the study box between two consecutive surveys and ZX  is 

the average concentration of the variable in the study box. Again for the case of the 

NEPXL of box C,   ΔtXVΔ LL  , ZZ XQ   and  UL XXM   has been calculated for 

boxes A+B+C and the resulting  values were corrected by subtracting the corresponding 

NEPXL for boxes A and B. The NEP of the upper layer, NEPXU, is obtained by 

subtracting NEPXL to NEPX for each variable.  Finally, standard errors of the estimation 

of NEPXL and NEPXU have been calculated as follows: 

    Xε2MXXMεXX
2

QεQε

Δt

ΔV
Xε2εNEP ULB

ZBL
XL 


  (25) 

. 

2.7. Conversion of O2/N/P molar ratios of net ecosystem production into biochemical 

marine phytoplankton composition 

Assuming that changes in the C/N/P composition of marine phytoplankton are 

due to variations in the proportions of carbohydrates, lipids, proteins and phosphorus 

compounds rather than variations in the molecular formula of each group (Álvarez-

Salgado et al., 2006), it is possible to estimate their proportions as stated by Fraga et al. 

(1998). The average elemental composition of proteins (Prt), carbohydrates (Cho), 

lipids (Lip) and phosphorus compounds (Pho) are shown in Table 2.  From these 
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chemical formulas, the contribution of the different biomolecules to the produced 

phytoplankton biomass can be calculated from the net production of dissolved oxygen 

(NEPo2) and the net consumption of inorganic nitrogen (NEPN), and phosphate (NEPP), 

with the following sets of equations:  

147 HCO3
- + 40 NO3

- + SO4
2- + 135 H2O  C147H228O46N40S + 232.5 O2 + 189 OH-  (26) 

6 HCO3
- + 5 H2O  C6H10O5 +  6 O2 + 6 OH-  (27) 

53 HCO3
- + 44.5 H2O  C53H89O6 + 72.25 O2 + 53 OH- (28) 

45 HCO3
- +12 NO3

- +5 HPO4
2- +46.5 H2O  C45H76O31N12P5 + 70.75 O2 + 67 OH-   (29) 

And the corresponding linear system of mass balance equations is: 

Pho70.75Lip72.25Cho6Prt232.5NEPo2   (30) 

Pho12Prt40NEPN   (31) 

Pho5EPN P   (32) 

A system of 3 equations with 4 unknowns (Cho, Lip, Prt and Pho) has not a unique 

solution. Whereas the amounts of Prt and Pho are determined by eqs (31) and (32), the 

amounts of Cho and Lip are undetermined. Following Alvarez-Salgado et al. (2006), we 

calculated the range of possible biochemical compositions compatible with a net 

ecosystem production of at least 5% of Cho on one extreme and at least 5% of Lip on 

the other extreme. Note that nitrate is the N form used in equations (26) and (29) to 

produce proteins and phosphorus compounds. Since ammonium and nitrite are also 

possible N sources in the Ría de Ares-Betanzos, the NEPo2 values introduced in 

equations (30)-(32) have to be previously corrected by subtracting the term                      

-0.5 · NEPNo2 - 2 · NEPNH4; where NEPNo2 and NEPNH4 are the NEP of nitrite and 

ammonium, respectively. The coefficients -0.5 and -2 indicate the moles of dissolved 

oxygen necessary to oxidize 1 mol of nitrite to nitrate and 1 mol of ammonium to 

nitrate, respectively.  
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3. Results 

3.1 Hydrography, water and nutrient fluxes during the summer period (9-23 July)  

Weak downwelling conditions prevailed during the July 07 surveys (Figure 3a). 

Shelf winds were moderate in intensity and variable in direction, producing a mean 

offshore Ekman transport (-Q30) of -383±525 m3 s-1 km-1. Freshwater inputs were rather 

low and constant: The River Eume discharge (average ± SD, 8.9 ± 3.9 m3 s-1) was 

almost twice the River Mandeo (4.1 ± 1.0 m3 s-1). Precipitation (average ± SD, 2.7 ± 3.5 

L m-2 d-1) and evaporation (0.20 ± 0.04 L m-2 d-1) were negligible during this period.  

The time course of temperature (Figure 4a) and salinity (Figure 4d) in the middle 

Ría de Ares-Betanzos (stn 3) reacted to the observed external forcing: the 35.5 isohaline 

and 16.8ºC isotherm lied horizontal from 9 to 12 July at about 9 m depth. Subsequent 

westerly winds produced a downwelling that displaced the salinity 35.5 and temperature 

16.8ºC isopleths to 15 m and 12 m, respectively. Surface salinity at stn 3 increased from 

33.7 to 34.3 and temperature remained constant at 19.0-19.5ºC along the study period. 

The time course of TIN (Figure 4g) was parallel to salinity and temperature. TIN 

concentrations remained below 5 μmol L-1 along the period and the 3 μmol L-1 followed 

the same pattern than salinity 35.5 and temperature 17ºC isopleths. 

The 9-23 July average temperature (Figures 4 b & c), salinity (Figures 4 e & f) 

and TIN (Figures 4 h & i) profiles along the Ares and Betanzos axis of the ría showed a 

quite homogeneous distribution in the horizontal direction, disturbed only by the 

presence of high-nutrient low-salinity brackish waters in the mouth of rivers Eume and 

Mandeo.  

Despite the moderate downwelling conditions in the adjacent shelf, the subtidal 

circulation pattern of the ría provided by the 2-D box model was positive (Figure 5 a-d). 
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On average, 598 ± 175 m3s-1 entered the bottom layer of box C, 40% of that entered box 

B, 33% entered box A and 27% uplifted to the upper layer of box C. The average 

flushing time of the ría was 8.7 d (renewal rate, 14% d-1). Flushing time of box A was 

4.7d (renewal rate, 21% d-1), of box B 3.8 d (renewal rate, 27% d-1) and of box C 3.3 d 

(renewal rate, 18% d-1). Errors of the estimation of water flows were 9-12% (23 m3s-1 

for box A, 22 m3s-1 for box B and 73 m3s-1 for box C). Overall, the DCM12 Doppler 

current meter moored at stn 3 confirmed the prevalence of a weak positive subtidal 

circulation pattern over the study period, although transient reversals of the circulation 

were also recorded (Figure 6a).   

The ría acted as an efficient nutrient trap that retained 72% of TIN, 48% of PO4 

and 61% of SiO2. The trapping efficiency was larger in box A (81% of TIN) and box B 

(68% of TIN) than in box C (32% of TIN). In this period, the adjacent shelf supplied 

70% of TIN, 86% of PO4 and 51% of SiO2, being the rest provided by the rivers Eume 

and Mandeo. 

 

3.2. Hydrography, water and nutrient fluxes during the autumn period (10-29 Oct)  

The autumn period coincided with upwelling favourable conditions (Figure 3b) 

that produced an average offshore Ekman transport of 260 ± 424 m3 s-1 Km-1. 

Continental freshwater inputs to the ría remained extremely low: mean river discharge 

values were 5.4 ± 1.7 m3 s-1 and 1.2 ± 0.1 m3 s-1 for rivers Eume and Mandeo, 

respectively. Precipitation (average, 0.7 L m-2 d-1) and evaporation (average, 0.1 L m-2  

d-1) were again negligible.   

The time course of salinity (Figure 7d) traces the vertical displacements of the 

water masses in response to shelf-wind forcing: upwelling favourable winds produced 

the entry of salty shelf bottom water into the ría. Such a displacement is not detected in 
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temperature (Figure 7a) because October is the time for thermal homogenisation 

previous to winter thermal inversion in the ría. The time course of TIN (Figure 7c) was 

parallel to salinity, tracing the uplift of the nutrient-rich upwelled water through the 

study period.  

The positive subtidal circulation pattern clearly intensified in October (Figure 8 

a-e) in response to continuous upwelling favourable winds as suggested by the 

significant positive correlation between BQ  at box C and -Q30 (r
2 = 0.76, p < 0.01, n = 

5). Bottom fluxes that entered the ría increased to an average value of 1940 ± 846 m3 s-1 

for the study period. Most of the water uplifted to the surface layer of box C (61%) in 

response to upwelling intensity. The rest of the water flew into box A (24%) and box B 

(15%). The average flushing time of the ría was very low: 2.7 d (renewal rate, 36% d-1). 

Box A renewed in 2.1 d (renewal rate, 56% d-1), box B in 3.1 d (renewal rate, 28% d-1) 

and box C in 1.3 d (renewal rate, 57% d-1). Errors of the estimation of water flows in 

October were 10-13% (48 m3s-1 for box A, 38 m3s-1 for box B and 252 m3s-1 for box C). 

Again, the DCM12 Doppler current meter moored at stn 3 (Figure 6b) verifies the 

intensification of the 2 layer positive subtidal circulation pattern in October as compared 

with July proposed by the 2-D box model. 

Finally, nutrient trapping efficiency decreased in October as compared with July: 

54% of TIN, 34% of PO4 and 40% of SiO2 were trapped in the system. Box A efficiency 

(68% of TIN) was almost twice than that of box B (37%) and box C (32%). Most of the 

nutrient salts that entered the ría in this period were supplied by the adjacent shelf: 98% 

of TIN, 99% of PO4 and 90% of SiO2. 
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3.3 Net ecosystem metabolism: stoichiometry and production rates 

The net production of corrected dissolved oxygen (NEPo2) between two 

consecutive surveys separated 3-5 days correlates significantly (p < 0.001) with the net 

consumption of inorganic nitrogen (NEPN), phosphate (NEPP) and silicate (NEPSi) in the 

inner Ría de Ares-Betanzos (Figure 9a, b & c), explaining from 60% to 92% of their 

variability when the segments A and B and the two periods (summer and autumn) are 

considered together (n = 18). For the case of segment C, NEPo2 also correlated 

inversely (p < 0.01; n = 9) with NEP of N, P and Si, explaining from 61% to 89% of 

their variability (Figure 9d, e and f). Table 3 shows the RN = -O2/N and RP = -O2/P 

molar ratios of NEP for boxes A+B and C as obtained from the slopes of the 

correlations presented in Figure 9 together with the range of possible values of RC 

compatible with a net ecosystem production of at least 5% of Cho on one extreme and 

at least 5% of Lip on the other extreme (see section 2.7). Table 3 also provides the range 

of possible chemical C/N/P/Si compositions of the produced biogenic materials and 

their respective proportions of proteins, phosphorus compounds and 

carbohydrates+lipids (see section 2.7). These proportions were calculated by 

introducing NEPo2 = RP in eq. (28), NEPN = RP/RN in eq. (29) and NEPP = 1 in eq. (30). 

Comparing these proportions with the reference values provided in Table 2 for marine 

phytoplankton of Redfieldian composition, it results that the biogenic material produced 

in the inner Ría de Ares-Betanzos, boxes A+B,  is C- richer and N- and P-poorer than 

the reference with carbohydrates and lipids representing >58% in weight. On the 

contrary, the biogenic material net produced in the confluence zone, box C, is much 

closer to the Redfield composition. Regarding the net production of biogenic silica, the 

correlations between NEPN, and NEPSi are high as well (r2 = 0.65-0.82) with a N/Si 

molar ratio of 0.9 ± 0.2 in boxes A and B and 1.8 ± 0.3 in box C.  
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In the shallow boxes A and B (mean depth 7.5 m and 6.4 m, respectively) the 

entire water column was within the 1% PAR in both periods and the NEPN was negative 

in the upper and lower layers (Table 4). In any case >67% of NEPN occurred in the 

upper layer. For the case of box C, with an average depth of 16.4 m, although the lower 

layer belonged to the photic layer too, NEPN was positive there, i.e. regeneration was 

dominant. NEPN values of Table 4 can be transformed into organic carbon units, 

NEPCorg, by multiplying NEPN times the possible range of RN/RC ratios of Table 3. As a 

result, the water column integrated NEPCorg was low in July, from 0.2 ± 0.1 to 0.3 ± 0.1 

g C m-2 d-1  (average ± standard error) in response to the prevailing weak downwelling 

conditions, On the contrary, under the upwelling conditions of October, it ranged 

between 1.0 ± 0.3 and 1.5 ± 0.4 g C m-2 d-1. 

Comparison of the NEP rates with the balance of inputs (I) minus outputs (O) 

yielded that 100 % of the inorganic nitrogen, 81 % of the phosphate and 39 % of the 

silicate trapped in the Ría de Ares-Betanzos in July was used to produce biogenic 

materials. In October, the percentages were 87 % for inorganic nitrogen, 72 % for 

phosphate and 86 % for silicate. The remaining trapped nutrients just accumulate into 

the embayment and can be subsequently either used or exported to the adjacent shelf. 

 

4. Discussion 

4.1 Subtidal  circulation patterns 

 The 2-layer subtidal circulation pattern imposed by the inverse box model has 

been verified by the direct current measurements performed in the main channel of the 

middle Ría de Ares-Betanzos under contrasting upwelling and downwelling conditions. 

Once the measured currents were integrated over the same time intervals than the water 

flows calculated with the model, they compared fairly well (r2 = 0.69, p< 0.05, n = 9).  



 23

A better agreement (r2 = 0.97, p < 0.001) was found between measured currents and 

computed flows in the middle Ría de Vigo by Piedracoba et al. (2005). It should be 

noted that in the ADCP current meter was deployed at 40 m depth in the study of the 

Ría de Vigo but only at about 20 m depth in this study. According to the selected 

configuration of the DCM12 in this study, the depth range of the first cell (below the 

surface) and fifth cell (above the instrument) were 0.4-4.9 m and 11.1–15.6 m, 

respectively. Therefore, current velocities are not recorded in the upper 0.5 m and the 

lower 4.4 meters. These two illegible layers represent about 25% of the water column 

and can contribute significantly to the exchange fluxes between the confluence zone and 

the mouth of the ría.  This is likely the reason behind the worse agreement between 

measured currents and calculated flows in the Ría de Ares-Betanzos compared with the 

Ría de Vigo, where the illegible layers only represent about 10% of the water column. 

In addition, it should be taken into account that whereas direct current measurements 

indicate water displacement at a given position and depth within the embayment, 

inverse box model fluxes are representative for cross-section of the order of 104 m2. 

 Independently of the coastal wind conditions, the subtidal circulation of the Ría 

de Ares-Betanzos was positive (Figure 10).  For positive values of the offshore Ekman 

transport (-Q30 > 0), about 80% of the variability of the exchange flux between the 

confluence zone and the mouth of the ría was controlled by coastal winds (r2 = 0.79,       

n = 6, p < 0.01). The significance of coastal wind forcing in driving the subtidal 

circulation of estuaries, bays and coastal lagoons is a well recognised phenomenon (e.g. 

Carter et al., 1979; Walters and Gartner, 1985; Valle Levinson et al., 1998; Wong and 

Moses-Hall, 1998; Wong and DiLorenzo, 1988; Wong, 2002). The effect of coastal 

winds is specially relevant in areas affected by permanent or seasonal upwelling, as it is 

the case of the Galician rías (Rosón et al., 1997; Álvarez-Salgado et al., 2000; Pardo et 
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al., 2001), the Chilean fjords (Aysen Fjord, Cáceres et al., 2002) or Bantry Bay in South 

West Ireland (Edwards et al., 1996). Similarly high percentages of the subtidal current 

variability explained by coastal winds have been found in the Ría de Vigo (>65%; 

Piedracoba et al., 2005), the Ría de Arousa (50%; Rosón et al., 1997) or Chesapeake 

Bay (70%; Wong, 2002). 

 Water flows in the middle segment of the Ría de Ares-Betanzos in response to 

the long-term (1967-2007) average offshore Ekman transport during the upwelling-

favourable season, -Q30 = 180 m3 s-1 km-1, are around 1500 m3 s-1 (Figure 10). 

Considering this exchange flux and the volume of the Ría de Ares-Betanzos up to stn 3, 

0.45 Km3 (Table 1), a flushing time of only 3.5 days (renewal rate of 29% d-1) is 

obtained. For the average offshore Ekman transport value off the Rías Baixas, -QX = 

290 m3 s-1 km-1, exchange fluxes in the middle segment of the rías of Vigo and Arousa 

are about 700 m3 s-1 (Rosón et al., 1997; Álvarez-Salgado et al., 2000). Since the 

volumes of these rías up to the segment where the flows were calculated are also around 

0.50 Km3, the corresponding flushing times results to be 8 days (renewal rate of 12%   

d-1). Therefore, the small Ría de Ares-Betanzos seems more sensitive to coastal 

upwelling than the large rías of the western coast. 

 For negative values of the offshore Ekman transport (-Q30 < 0), the bottom flow 

that enters the confluence zone maintained rather constant at 520 ± 50 m3 s-1 despite       

-Q30 varied from -400 to -600 m3 s-1 km-1 (Figure 10).  This behaviour is also observed 

in the rías of the western coast when continental runoff is strong enough to counteract 

the action of downwelling-favourable southerly winds blowing on the continental shelf. 

For the case of the Ría de Vigo, it has been observed that for a ratio of inshore Ekman 

transport to continental runoff (QX/R) below 7, the residual circulation in the inner and 

middle ría remains positive despite a dramatic reversal of the positive subtidal 
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circulation pattern occurs in the outer ría (Álvarez-Salgado et al., 2000; Piedracoba et 

al., 2005). For the case of the Ría de Ares-Betanzos, despite Q30/R was about 30, the 

salinity gradient created by continental runoff at the head of the estuary was able to 

maintain the positive subtidal circulation pattern despite the dominant downwelling-

favourable winds. Therefore, the relevance of continental runoff for the dynamics of the 

Ría de Ares-Betanzos is much larger than for the Rías Baixas. Note that whereas the Ría 

de Ares-Betanzos was formed mainly by the erosive action of the rivers Eume and 

Mandeo, the origin of the Rías Baixas is tectonic (Torre-Enciso, 1958). Consistently, 

the relationship between the annual average river discharge (Qr, in m3) and the volume 

(V, in m3) of the Ría de Ares-Betanzos is Qr/V = 1.5 and for the Rías Baixas the ratio is 

<0.7 (Álvarez-Salgado et al., accepted). Under the condition sampled in July, the 

flushing time of the ría up to stn 3 would be about 10 days (renewal rate of 10% d-1). 

 

4.2 Nutrient fertilization and net utilization patterns 

 Fertilisation by seasonal upwelling of Eastern North Atlantic Central Water 

(ENACW) is the reason behind the elevated net ecosystem production of the Rías 

Baixas, which supports the most intensive mussel culture industry of the World (Tenore 

et al., 1982; Figueiras et al. 2002; Labarta et al., 2004). Due to the different orientation 

of the coast (Figure 1), the upwelling season in the Ría de Ares-Betanzos is about 50% 

shorter than in the Rías Baixas, concentrating in the summer months (Álvarez et al., 

2010; Álvarez-Salgado et al., accepted). Furthermore, upwelling-favourable winds blow 

intermittently during the summer, producing a succession of short-living upwelling 

episodes separated by intervals of stratification or weak downwelling (Álvarez-Salgado 

et al., 2000; Pardo et al., 2001; Piedracoba et al. 2005). This is a pattern typical of 

coastal upwelling systems at temperate latitudes (Hill et al., 1998). In fact, the Ría de 
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Ares-Betanzos during July 07 did not experienced upwelling but moderate downwelling 

conditions. Net heterotrophic conditions, i.e. a prevalence of nutrient mineralization 

over uptake, develop in the Rías Baixas in response to downwelling episodes 

(Moncoiffe et al., 2000; Pérez et al. 2000; Gilcoto et al., 2001). The organic matter 

imported from the adjacent shelf by the reversed circulation supports the transient 

heterotrophy because the organic load of Galician rivers are very low, <1.5 mg C L-1 

(Gago et al., 2005). On the contrary, the Ría de Ares-Betanzos remains autotrophic 

under these conditions. Continental runoff is able to maintain the positive subtidal 

circulation pattern (see section 4.1) that fertilises the ría with nutrient salts from both the 

bottom shelf and the river drainage basins. Although the bottom shelf is the major 

source of nutrient salts to the embayment, continental runoff supplied 30% of the 

nitrogen and 49% of the silicon. The importance of continental runoff was also reported 

in the nearby Ría de Corme-Laxe (Varela et al., 2005). In the case of the Rías Baixas, 

continental runoff represents <4% of the inorganic nitrogen and <10% of the silicon 

during the upwelling season (Pérez et al., 2000). On the contrary, Galician rivers are 

minor sources of organic nutrients to the rías (Gago et al., 2005). Apart from the 

reduced Qr/V ratio of the Rías Baixas (see previous section), it should also be 

considered that the average depth of the Rías Baixas (20 m) is almost twice than in the 

Ria de Ares-Betanzos (11 m), which results in a more extensive mineralization in the 

vertical and a concomitant reduction of the relative contribution of the rivers as nutrient 

sources. The prolonged flushing time of the study volume, about 9 days, allows an 

efficient utilisation of the nutrients that fertilises the ría: more than 70% of the inorganic 

nitrogen that entered the system was trapped inside it.  Inorganic nitrogen was the 

nutrient salt more efficiently trapped, suggesting that N would eventually be the limiting 

nutrient to primary production in the Ría de Ares-Betanzos, a common feature of the 
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Rías Baixas (e.g. Pérez et al., 2000) and of most temperate coastal ecosystems 

(Howarth, 1988; Wollast 1993). The resulting net ecosystem production rates, 0.2-0.3 g 

C m-2 d-1, can be considered representative of summer stratification in the Galician coast 

(Moncoiffé et al. 2000; Cermeño et al., 2006) and about one half to one third the 

expected gross primary production under these conditions in the study area (Bode et al., 

1996; Bode and Varela, 1998). 

 During the October 07 surveys, upwelling-favourable winds occurred on the 

shelf despite downwelling conditions would be expected. The Ría de Ares-Betanzos 

responded to the coastal winds by enhancing the positive subtidal circulation pattern 

(see section 4.1). The bottom flow entering box C was 3-fold than in July and the 

inorganic nitrogen flux was 5-fold. As a consequence, bottom shelf waters were 

responsible for more than >90% of the fertilisation of the study volume under these 

conditions. The enhanced subtidal circulation decreased the average flushing time to 

less than 3 days, dramatically reducing the efficiency of the ría as a nutrient trap: only 

about one half of the inorganic nitrogen that entered the ría was retained in the study 

volume. The other half was exported to the adjacent shelf, where it can be subsequently 

consumed. Again, nitrogen was the most efficiently trapped nutrient salt. The same low 

efficiency was also observed in the Ría de Arousa during the upwelling season (Pérez et 

al., 2000). Despite the high renewal rate of the study volume, the net ecosystem 

production was elevated, 1.0-1.5 g C m-2 d-1. It is comparable to the values obtained in 

the Rías Baixas during the upwelling season (Pérez et al., 2000; Moncoiffé et al., 2000; 

Cermeño et al., 2006; Arístegui et al., 2009) and to the gross primary production of the 

northern Galician coast (Bode et al., 1996; Bode and Varela, 1998). Therefore, although 

the nutrient levels in shelf waters (Prego et al., 1999) and the offshore Ekman transport 

(see section 4.1) are lower than off the Rías Baixas, the reduced dimensions of the Ría 
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de Ares-Betanzos leads to comparable nutrient inputs and net ecosystem production 

rates per unit of surface area.  

 Since the Ría de Ares-Betanzos exports to the adjacent shelf surface waters from 

30% to 50% of the limiting inorganic nitrogen that it receives, nutrient depletion does 

not effectively occur into the study volume. Under these nutrient sufficient conditions, 

the biochemical composition of the products of synthesis of marine phytoplankton 

should be close to the Redfield values reported in Table 2 (Anderson, 1995; Fraga et al., 

1998). Therefore, the deviations from the Redfield stoichiometry observed in the net 

ecosystem metabolism of the Ría de Ares-Betanzos are likely due to a faster recycling 

of phosphorus compounds and proteins compared with carbohydrates and lipids (Suess 

and Muller, 1980; Klump and Martens, 1983). This fractionation during the recycling of 

phytoplankton materials has been previously suggested for the Rías Baixas (Pérez et al., 

2000). The closer the flushing rates are to the microbial degradation rates of labile 

phytogenic materials, the larger will be the imprint of fractionation (Torres-López et al., 

2005). In this sense, high flushing rates makes the Ría de Ares-Betanzos quite 

susceptible to exhibit fractionation. Furthermore, P compounds cycle faster than N 

compounds (Garber, 1984; Hopkinson et al., 2002). Consistently, whereas N and P 

fractionation is observed in the net ecosystem metabolism of the inner boxes A and B, 

only P fractionation is observed in the outer box C. 

 The covariance of the net ecosystem productions of inorganic nitrogen and 

silicate either in the inner and outer Ría de Ares-Betanzos suggest that diatoms are a 

major component of the phytoplankton community. Although variation exists, many 

marine diatoms have a N/Si ratio of about 1 within their biomass (Brzezinski, 1985; 

Levasseur and Therriault, 1987; Gilpin et al., 2004). If this ratio is applicable to the Ría 

de Ares-Betanzos, the N/Si molar ratio of the NEP in the inner ría, 0.9±0.2, would 
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indicate that diatoms were particularly dominant. In contrast, the N/Si ratio of the outer 

ría, 1.8±0.3, suggests that diatoms would be responsible for about half of the net 

phytoplankton production or that the net degree of silification of the diatoms of the 

outer ría is about half than in the inner ría. 
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Table 1. Geometry of the three boxes in which the Ría de Ares–Betanzos was divided 

for the purposes of the present study. For the location of the boxes, see Figure 1.  

 Box A Box B Box C 

Length (Km) 5.2 7.1 4.0 

Width (Km) 3.5 4.0 5.0 

Free surface area (Km2) 11.72 12.90 17.74 

Volume (Km3) 0.10 0.10 0.25 

Average depth (m) 7.4 6.3 16.4 
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Table 2. Chemical composition of the organic products of synthesis and early 

degradation of marine phytoplankton according to Fraga et al. (1998). The percentages 

(in weight) of each group correspond to the average composition of marine 

phytoplankton. 

  Chemical formula Contribution (in weight) 

Proteins(1) C147H228O46N40S 48 % 

Carbohydrates  C6H10O5 23 % 

Lipids(2) C53H89O6 18 % 

Phosphorus compounds(3) C45H76O31N12P5 12 % 

Average composition C106H171O41N16P 100 % 

(1) Chlorophylls are included in proportion 4% in weight. 
(2) Phospholipids are excluded. 
(3) All inorganic and organic phosphorus compounds are included. 
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Table 3. Average stoichiometry of the inner (boxes A+B) and outer (box C) segments 

of the Ría de Ares–Betanzos, showing the average stoichiometric coefficients RC = 

O2/Corg, RN = –O2/N and RP = –O2/P, the mean biochemical composition (C/N/P/Si) of 

the produced biogenic material, and the proportions of proteins (Prt%), phosphorous 

(Pho%) and carbon compounds (lipids + carbohydrates, Lip + Hic%). 

Box RC RN RP C N P Si Pho% Prt% Lip + Hic% 

1.19 16 218 184 14 1 14 6 20 74 
A+B 

1.42 16 218 154 14 1 14 10 32 58 

1.33 9 216 163 23 1 13 7 43 49 
C 

1.47 9 216 147 23 1 13 9 57 34 
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Table 4. Net ecosystem production rates of inorganic nitrogen, value ± standard error 

(mmol m–2 d–1) in each box, for both periods and layers, and % of photosynthesis 

available radiation (%PAR) that reach the bottom of each box. 

Box Period Lower Upper Total % PAR at the bottom 

July –1.2 ± 1.7 –2.2 ± 0.9 –3.3 ± 0.8 8 
A 

October –3.1 ± 0.7 –6.4 ± 2.2 –9.5 ± 1.5 3 

July –0.8 ± 0.7 –1.2 ± 0.1 –2.0 ± 0.6 18 
B 

October –0.4 ± 0.2 –4.7 ± 1.3 –5.1 ± 1.1 2 

July 0.8 ± 0.3 –2.9 ± 1.0 –2.2 ± 1.6 2 
C 

October 3.5 ± 1.2 –24.1 ± 5.5 –20.7 ± 7.0 2 
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Figure captions 

Figure 1. Map of the Ría de Ares-Betanzos (NW Iberian Peninsula), showing the 

bathymetry of the embayment and the position of the sampling stations A1, A2, B1, B2, 

3, 4 and 5 (+). The DCM12 ADCP was moored at stn 3. The ría was divided in three 2-

layered boxes for the calculation of water flows and nutrients salts fluxes and budgets 

by applying a 2-D box model. The solid lines are the open boundaries of boxes A 

(Ares), B (Betanzos) and C (confluence zone). 

Figure 2. Terms of the water budget of the 2 layers of the boxes defined in the Ría de 

Ares-Betanzos. QS, outward flow from the upper layer of the box between two 

consecutive surveys; QB, inward flow to the bottom layer of the box between two 

consecutive surveys; QZ upward flow from the lower to the upper layer of the box 

between two consecutive surveys; M turbulent mixing flow between the upper and 

lower layer of the box between two consecutive surveys; R, continental runoff; E, 

evaporation; and P, precipitation between two consecutive surveys.  

Figure 3. Time course of continental runoff (R), and offshore Ekman transport (-Q30), 

for the July 07 (a) and October 07 (b) sampling periods. Average values of R and -Q30 

between consecutive sampling dates are provided. 

Figure 4. Time course of (a) temperature, (d) salinity and (g) TIN profiles at St. 3. (b, c) 

Average temperature, (e,f) salinity and (h, i) TIN profiles along the central axes of the 

Ría de Ares and Ría de Betanzos branches during the July 07 sampling period. 

Temperature in ºC, salinity in pss and TIN in μmolL-1. 

Figure 5. Water flows (solid arrow: surface flow; dashed arrow: bottom flow; circle: 

upward flow; thin arrow: river input) and flushing times (τ) in the Ría de Ares-Betanzos 

between two consecutive surveys during the summer sampling period. Average error of 

the estimation of the water flows was 13%. 
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Figure 6. Time evolution of the low-frequency component (30-hour cut-off period) of 

the current velocity measured at St. 3 along the main axis of the Ría (rotated 30º 

clockwise) in (a) July and (b) October. Positive values of V (cm s-1) indicate an inflow, 

and negative values of V an outflow. Areas of negative values are shaded. The solid 

black line represents the level of no horizontal motion (V = 0). 

Figure 7. Time course of (a) temperature, (d) salinity and (g) TIN profiles at St. 3. (b, c) 

Average temperature, (e,f) salinity and (h, i) TIN profiles along the central axes of the 

Ría de Ares and Ría de Betanzos branch respectively during the October sampling 

period. Temperature in ºC, salinity in pss and TIN in μmolL-1. 

Figure 8. Water flows (solid arrow: surface flow; dashed arrow: bottom flow; circle: 

upward flow; cross; downward flow; thin arrow: river input) and flushing times (τ) in 

the ría de Ares-Betanzos between two consecutive surveys during the autumn sampling 

period. The error of the estimation of water flows is 13%. 

Figure 9. X-Y plots of the net ecosystem production of dissolved oxygen and TIN (a: 

boxes A+B; d: box C), phosphate (b: boxes A+B; e: box C) and silicate (c: boxes A+B; 

f: box C). Linear regression coefficients were obtained applying the regression model II 

(Sokal and Rolhf, 1995). 

Figure 10. X-Y plot of the offshore Ekman transport, -Q30, and the horizontal bottom 

subtidal flow that enters the confluence box C, QB.  Black dots, positive values of -Q30; 

open dots, negative values of -Q30. 
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