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ABSTRACT: Carbon species fluxes and net budgets were studied with a 2-D box model in the Ria de 
Arousa (Spain), a large indentation in the NW Iberian upwelling system. The embayment acted as a 
CO2 source to the atmosphere during the upwelling season (average CO2 flux across the seawater-air 
interface, Fo, = + l 6  mg C m-' d.'), despite the elevated net community production (NCP) rates (aver- 
age NCP = 0.84 g C m-' d-'). The high pCOz levels in source Eastern Narth Atlantic Central Water 
(ENACW) and the reduced residence times within the Ria (-6 d) seem to be the reasons for the 
observed Fcol The CO2 increase associated with CaCO, fixation by the intensive culture of mussels on 
hanging ropes did not affect Fco, significantly. High Fco, values were observed during strong 
upwelling, w h c h  was 3 times larger than the average during the upwelling season. Under these con- 
ditions the CO2-rich source ENACW reached the surface and this coincided with low phytoplankton 
production (NCP = -0.01 g C m-2 d.'). Source ENACW was enriched ~ n t h i n  the Ria with carbon 
released from the sediments. Fco, was reduced to Y of ~ t s  value compared to the average upwelling 
season under conditions of moderate upwehng. Phytoplankton grew rapidly (average NCP = 1.49 g C 
m-2 d-') at the expense of the gentle injection of new nutrients at the base of the pycnocline. Negligi- 
ble FCOl values were observed during upwelling relaxations, when ENACW into the Ria was replaced 
by the warm and CO2-equilibrated shelf surface waters. Fco, reached a maximum during a strong 
autumn downwelling event because of the concurrence of warm shelf surface water flow into the Ria 
with strong carbon release from the sediments. CO2 fluxes per unit area always increased coastwards, 
because of the progressive CO2 ennchinent of the source ENACW as it enters the embayment and the 
decrease of residence times. 

KEY WORDS: Carbon fluxes . Biogeochemical cycling Upwelling stress-relaxation . Downwelling . 
Rias Baixas (NW Spain) 

INTRODUCTION 

The study of ocean carbon fluxes is one of the key- 
stones for obtaining knowledge of climatic changes, 
since -30% of anthropogenic emissions of CO2 seems 
to have been trapped by the oceans (Watson et al. 
1993). CO2 fluxes across the seawater-air interface in 
open ocean regions are highly variable: the ocean 
functions as an efficient CO2 sink at high latitudes, 
whereas it is a net CO2 source at the low-latitude equa- 
torial upwelling regions (Takahashi et al. 1986). Spe- 

cial attention has been paid to ocean margins during 
the last decade. They support an important fraction of 
the global primary production (18 to 33%), although 
they cover only -8 % of the total ocean surface (Wollast 
1991, 1993). In addition, as much as 83% of carbon 
mineralization and 87% of carbon burial in marine 
sediments occur in coastal regions (Middleburg et al. 
1993). Coastal upwelling areas are of major interest 
because the enhanced nutrient input to the photic 
layer intensifies CO2 uptake by primary producers as 
well as export fluxes of the produced, dissolved, and 
particulate organic carbon (Walsh 1991, Wollast 1993). 

The NW Africa upwelling system embraces the 
western coast of the Iberian Peninsula (Wooster et al. 
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Table 1. Glossary of relevant terms 

c, 

CR 

Cu1 CL 

D 

ENACW 
F'o, 
FE 

Fa, 

FR 

Fz 

H 

1 - 0  

1 - 0  

[W 

k 
Mz 
NCP 
PCOZV PCOZ,,, 

Q,' Q,, 

Concentration of any carbon species in a 
convective flow (Qx, Qxo, Qz) 
Concentration of any carbon species in 
the river flow (R) 
Concentration of any carbon species in 
the lower and upper layer of a box 
Flux of any carbon species carried by the 
turbulent diffusion flow ( M Z )  
Eastern North Atlantic Central Water 
CO2 flux across the seawater-air interface 
Flux of any carbon species associated to 
the 'boundary movement' (QE)  
Flux of any carbon species carried by a 
convective flow (Qx, Qxo) 
Flux of any carbon species carried by the 
river flow (R) 
Flux of any carbon species carried by 
vertical convective flow (Qz) 
Heat exchange flux across the seawater- 
air interface 
Net daily budget of inputs minus outputs 
in a box for any carbon species 
Average i - o between 2 consecutive 
surveys 
Upwelling index 
Piston velocity 
Turbulent diffusion flow 
Net community production 
Partial pressure of CO2 at the sea surface 
and in the atmosphere 
Upper and lower horizontal convective 
flows 

QZ Vertical convective flow 
QE Net upward movement of the boundary 

between upper and lower layer 
R. P, E River flow, precipitation and evaporation 

rates 
sco, Solubility of CO2 
V Volume of any box in the Ria d e  Arousa 
WC Net particulate organic carbon depositio 

to the sediment 
WP Net particulate total phosphorus deposi- 

tion to the sediment 
ACaCO, Net calcium carbonate fixation 
ADIP Net dissolved inorganic phosphorus 

production 
ADOC Net dissolved organic carbon production 
AN03-, lN02- ,  Net nitrate, nitrite and ammonium 

ANH4' production 
APOC Net particulate organic carbon produc- 

tion 
APTP Net particulate total phosphorus prod- 

uction 
ATIC ' Net inorganic carbon production 
ATA' Net total alkalinity production 

1976), where upwelling-favourable winds prevail dur- 
ing spring and summer (the upwelling season; Blanton 
et al. 1987). The 'Rias Baixas', which is composed of 4 
large coastal embayments in NW Spain, function as an 
extension of the shelf during the upwelling season 
(Ros6n et al. 1995, DovaI et al. 1997). Thus, water cir- 

culation can be modelled with a 2-D approach (Prego 
& Fraga 1992, Roson et al. 1997). compared with the 
more complex 3-D problem in open shelves affected by 
upwelling (Smith 1983). 

To study carbon and nutrient cycling in ocean mar- 
gins affected by wind-driven upwelling, an intensive 
research programme was developed in the Ria de 
Arousa from May to October 1989. The main goals 
were to monitor the spatial and temporal variability 
associated with upwelling episodes, to quantify the 
effect of upwelling on the water circulation pattern, 
and to determine the fluxes and net budgets of bio- 
genic constituents. Within this framework, the present 
paper is devoted to the spatial differences in fluxes and 
net budgets of carbon species (obtained with a 2-D box 
model using published data) at the seasonal and short 
(3 to 4 d) time scales. After the companion papers by 
~ l v a r e z - ~ a l g a d o  et al. (1996a, b) on the nitrogen cycle, 
we focus on specific issues of the carbon cycle: (1) the 
partitioning of the carbon trapped into the embayment 
between organic (net community production, NCP) 
and inorganic (CaC03) forms; and (2) the CO2 
exchange across the seawater-air interface, to evaluate 
the efficiency of the Ria de  Arousa as a sink for anthro- 
pogenic CO2. 

MATERIALS AND METHODS 

Previous work. Basic information on the biogeo- 
chemistry of the rias at the short-time-scale has been 
gained from the intensive sampling in the Ria de  
Arousa. It has been demonstrated that heat exchange 
across the seawater-air interface and freshwater dis- 
charge contributed to stratification in the surface layer. 
Conversely, periodic (14 * 4 d) wind-driven, upwelling 
pulses forced cold, salty, nutrient- and CO2-nch 
ENACW to move into the deep layer of the Ria. 
Upwelling eroded the pycnocline with a resultant 
exchange of ENACW to the surface (Roson et al. 1995). 
Accordingly, water flows, calculated with a 2-D box 
model (Roson et al. 1997), were coupled with (r2 = 

0.50). Reversal of the circulation occurred during 
downwelling periods, with the advection of warm, 
nutrient- and COp-poor shelf surface water. This shelf 
water occupied the entire water column, displacing the 
water flowing into the Ria along the bottom to the 
shelf. Additional nutrient and CO2 ennchrnent of 
ENACW that entered the rias occurred on the shelf, 
due to the mineralization of sinking particulate organic 
matter ( ~ l v a r e z - ~ a l g a d o  et al. 1993). The periodic 
stress/relaxation sequence determined microplankton 
species composition inside the Ria, which resulted in 
annual succession from small pioneer diatoms to red- 
tide species, which occur several times during the 
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upwelling season (Pazos et al. 1995). 
The contribution of freshwater to the 
water flow (Roson et  al. 1991) and ele- 
ment fluxes (Perez et  al. 1992) in the Ria 
were minor during this period. 

Knowledge of water flow and nitrogen 
concentrations allowed ~ lva rez -Sa l -  
gad0 et  al. (1996a, b) to determine the 
spatial and short-time-scale change in 
fluxes and budgets of nitrogen species. 
They observed that NCP rates were 
linked to I,, with maximum values due 
to the supply of external nitrate after 
strong upwelling events, and minimum 
values after periods of prolonged relax- 
ation, when ammonium accumulated in 
the Ria. The culture of mussels on hang- 
ing ropes had a major impact on nitro- 
gen biogeochemistry enhancing the for- 
mation of dissolved organic nitrogen. In 
addition, these authors summarised the 
observed hydrographic variability in 4 
representative periods: ( I )  upwelling 
after high stratification (June 26 to July 
17); (11) upwelling after low stratification 
(August 31 to September 11); (111) up- 
welling relaxation (August 7 to l?);  and 
(IV) autumn downwelling (October 13 
to 30). These contrasting short periods 
will be revisited here to study the spatial 
variability of carbon cycle species in the 
different segments of the Ria. 

The 2-D box model. A glossary of the 
relevant terms used here is given in 
Table 1. 

Input data for the model: The Ria de  
Arousa was surveyed twice a week from 
12 May to 30 October 1989. Water sam- 

I I 
9.00" 8.90" 8.80" W 

Fig. 1 The Ria de Arousa (NW Spain) survey area, with 20 and 50 m isobaths. 
Sampling stations are shown. The Ria was divided into three 2-layer segments 
(inner, middle and outer) to obtain water flows and carbon species fluxes and 
net budgets with an improved 2-D box-model. See Table 2 for geometric char- 

acteristics of the boxes 
ples were collected at 10 fixed stations 
(Fig. 1) from 5 to 7 depths, using 5 1 Nis- 
kin bottles equipped with reversing thermometers. 
Salinity, nitrate, nitrite, ammonium, phosphate, pH-NBS, 
total alkalinity (TA), and particulate organic carbon and 
phosphorus were determined by standard methods 
(Roson et  al. 1995, ~lvarez-Salgado et  al. 1996a). Total 
inorganic carbon (TIC) and CO2 partial pressure ( p c 0 4  
were calculated from TA and pH using the carbonic 
acid constants of Mehrbach et  al. (1973) and the solubil- 
ity constant of Weiss (1974). In addition, we collected 
daily data on (1) river flows, taken from the gauge sta- 
tions in rivers Ulla and Umia (Ros6n et al. 1991); (2) pre- 
cipitation rates, from the Meteorological Observatory 
in Villagarcia de Arousa (Fig. 1);  and (3) the wind speed 
10 m above the sea surface, which was measured with 
an anemometer placed at the main mast of the vessel. 

Water flows: Our 2-D non-stationary mass-heat 
weighted box model for calculating water flows has 
been extensively described by Roson et al. (1997). The 
inputs to the model are the following: ( l )  the profiles of 
salinity and temperature at the 10 sampling sites; (2) 
the river flow (R), (3) the rainfall (P); (4 )  the evaporation 
(E) and the heat exchange flux across the sea surface 
(H), which were calculated with the empirical formu- 
lae obtained by Otto (1975) for the Ria; and (5) the 
geometry of the Ria (surface and cross-sectional areas 
and volumes), obtained from accurate charts published 
by the Spanish Instituto Geografico d e  la Marina. The 
outputs from the model are the following (Fig. 3a): the 
hydrological balance (R + P - E), the upper (Qx) and 
lower (Qxa) horizontal convective flows, the vertical 
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Table 2.  Geometric characteristics of the inner, middle and mulation, d(C.V)/dt, and biogeochemical processes, 6C 
outer segments of the Ria de Arousa as defined in this study (positive: production; negative: consumption): 

Box Volume Surface Length Average 
(X km3) area depth 

Total Upper Lower (km2) (km) (m) 

Inner 229 119 110 22.5 3.4 10 
Middle 785 392 393 42.1 5.7 19 
Outer 3189 1428 1761 117.8 16.5 27 

convective (Qz) and diffusive (Mz)  flows, and the 
'boundary movement' (QE = dVldt). QE is due to 
changes over time in the layer's volume (V) associated 
to the net upward displacement of the boundary 
between the upper and lower layer. Three 2-layered 
boxes have been considered: inner, middle and outer 
part of the Ria de  Arousa (Fig. 1, Table 2). 

FIuxes o f  carbon species: The flux of any carbon 
species (FQ,) transported by a convective water flow 
(Qj) is the product of flow times concentration (C,): FQ, = 
Q, . C,. The river flux is FR = R . CR, with CR the con- 
centration in the river flow. The vertical diffusive flux 
is D = M,. (CL - C"), where CL and C" are the respec- 
tive concentrations in the upper and lower layer. The 
'boundary movement' flux is FE = C .  dV/df. Concen- 
trations are given in m01 m-3, flows in m3 S-' and fluxes 
in m01 S-'. 

The CO, flux across the seawater-air interface (Fco,, 
in m01 S-') was calculated with the classical formula: 

Fco2 = k Sco2 ( p c 0 2  - pCOz,,,) A (1) 

where k (in m S-') is the piston velocity; Sco, (in m01 
m-3 patm-l) is the solubility of CO2 in seawater; pC02  
and pCO,,,,, (patm) are the partial pressure of CO, at 
the sea surface and in the atmosphere, respectively; 
and A (m2) is the surface area of the box (Table 2). A 
constant PCO,?~, of 348 patm was used as the average 
level during 1989 (Chipman et al. 1993). k was calcu- 
lated by the equations of Woolf & Thorpe (1991) for 
smooth and rough water regimes. k depends on the 
wind speed 10 m above the sea surface. Analytical er- 
rors of pH (k0.005; Perez & Fraga 1987a) and alkalinity 
(k2 pm01 kg-'; Perez & Fraga 198713) produce an error 
of *7 patm in the calculated pC02,  whereas an error of 
+ l  m S-' in wind velocity introduces an error of 15 % in 
k. Finally, considering a pC02*, variability during the 
study period of about k 3  vatm (Millero & Sohn 1992), 
the total error in Fee,, is -35':0, slnce the average pC02 
- pC02,,, was 50 patm. These random errors do not 
affect either the temporal trend or the spatial differ- 
ences of Fco, in the Ria during the selected periods. 

Net budget of carbon species: The net budget 
(inputs minus outputs, i - o, in m01 S-') of any carbon 
species in a box for any day sampled results from accu- 

The net budget averaged between surveys j - 1 and 
j (I - 0, in m01 S-') can be obtained by integration of 
Eq. (2): 

where AC is the average 6C between t,-I and t,. Aver- 
age FQ, and FR between t,-, and t, have been calculated 
assuming a linear change from t,-' to t, of (1) salinity, 
temperature, R + P - E, H and V for calculating water 
flows and (2) C, C; and CR for calculating fluxes. See 
~ l v a r e z - ~ a l g a d o  et al. (1996a) and Ros6n et al. (1997) 
for details. 

A carbon budget for the upper layer would require 
the inward and outward horizontal convective fluxes 
(FQ,),  the 3 vertical fluxes (FZ, FE and D) and Fco, to be 
considered. Finally, the budget for the lower lay& can 
be obtained by subtracting the budget of the upper 
layer from the budget of the box. 

The net budgets of TIC (ATIC) and TA (ATA) were 
obtained by solution of Eq. (3) for TIC and TA, respec- 
tively. TA and TIC, which depend specifically on salin- 
ity, needed correction since the net salinity budget (i.e. 
A S )  was slightly different from zero in the mass-heat 
weighed box model (Roson et al. 1997): 

ATA' = ATA - 65.7.AS (4) 

ATIC' = ATIC - 60.0.AS ( 5 )  

where the specific TA (65.7 pm01 kg-' pss-l) and TIC 
(60.0 pm01 kg-' pss-l) were the average of all samples 
collected in the study period (n = 2565). 

Two biogeochemical processes contrib.uted to ATIC': 
( l )  NCP, i.e. the gross primary production minus the 
respiration of autotrophs and all heterotrophs (Platt et 
al. 1989), and (2) net calcium carbonate fixation 
(ACaC03) to form calcareous structures. For oceanic 
waters ACaC03 can be estimated from the following 
equation described by Broecker & Peng (1982): 

ACaC03 = - 1 / 2 - ( ~ T ~ '  + AN033 

where AN03- is the net budget of nitrate, because TA 
decreases 1 mole per mole of nitrate used during the 
synthesis of marine phytoplankton cells. In coastal and 
estuarine waters the influence of nitrite and ammo- 
nium have to be considered as well (Fraga et al. 1992): 
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- - - P- - 

TA increases 1 mole per mole of ammonium and in- 
creases 0 45 moles per mole of nitnte consumed, because 
-45 % of the initial NO,- remain dissociated at pH = 4 4 ,  

since the dissociation constant of N02H is 4 4 X 10 ( S =  
35, t = 20°C, Spencer 1975) Finally, NCP can be calcu- 
lated by subtracting ACaC03 (Eq 7) from -ATIC' (Eq 5) 
Note that NCP and ATIC' have opposite signs 

The immed~ate  fate of TIC trapped by NCP is the 
synthesis of partlculate (APOC) and dissolved (ADOC) 
organic carbon, and the depos~tion of organic carbon to 
the sediment (Wc) 

NCP = APOC + ADOC + WC 

The particulate organic carbon budget (APOC) is ob- 
tained by solving Eq. (5) for POC. WC is estimated from: 

WC Wp.(POC/PTP) = - (APTP + ADIP).(POC/PTP) 

(9) 

where W,, is the bottom deposition of particulate total 
phosphorus; ADIP and APTP are the budgets for dis- 
solved inorganic phosphorus and particulate total 

phosphorus, respectively (~ lva rez - sa lgado  et al. 
1996a); and POC/PTP is the particulate organic carbon 
to particulate total phosphorus ratio. The equality on 
Eq. (9) is consistent with the negligible dissolved 
organic phosphorus concentration in the Rias Baixas 
(Rios 1992, Pi-ego 1993a). WC also accounts for the net 
carbon uptake by macrophytes and the removal of 
POC by large herbivores, mainly hanging mussels 
(10.4 g C m-2 yr-' or 29 mg C m-2 d-'; ~ l v a r e z - ~ a l g a d o  
et al. 1996a). Since DOC was not measured at the time 
of survey, ADOC u7as estimated as the amount of car- 
bon required to balance the carbon budget in Eq. (8).  

RESULTS 

Time course of fluxes and budgets of carbon species 
in the middle box 

CO2 exchange fluxes across the seawater-air inter- 
face (Fco,) in the middle segment of the Ria (Fig. 2a) 

May June July August Septcmhel- Octobcl- 

I 111 I I I v 

Fig 2 (a)  Time course of inwaid flow to the mid- 
dle box (Qxo), net community production (NCP) 
net CaCO, fixation (ACaCO,) and net CO2 flux to 
the atmosphere (FC,,J in the middle box (b)  Time 
course of the net budget of particulate organic car- 
bon (APOC), d~ssolved organic carbon (ADOC), 
NCP and net organlc carbon sedimentation (Wc) in 
the rmddle box Negative values of W, indicate 
net release of carbon from the sediments I to IV 4 
representative penods of hydrograph~c var~ability May June July August September O c t o h e r  
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upwelling s e a s o n  ( J u n e  8 - O c t o b e r  13, 1 9 8 9 )  

lower layer 14 residual flows (a) 

TIC (b) 

outer middle inner 

POC ( c )  

were negligible in the beginning of the study period 
(-0.2 mg C m-2 d-', average from May 11 to June 11). 
Thereafter, the Ria acted as a net source of CO, to the 
atmosphere (+22 mg C m-' d ' ,  average from June 11 
to October 30). Relative maxima of + 104 (September 7) 
and +l36 mg C m-2 d-' (October 27) coincided with 
periods of strong upwelling (period 11) and autumn 
downwelling (period IV), respectively. Conversely, 
Fco, was low during periods of moderate upwelling 
(period I) and upwelling relaxation (period 111). 

Six major NCP maxima were observed during the 
study period, which ranged from 1.6 to 3.8 g C m-' d-' 
(Fig. 2a). These maxima were observed -1 survey (3 to 
4 d) after the residual current peaks (Qxo > 2.0 X lo3 m3 
S-') that Roson et al. (1997) associated with upwelling 
events. The magnitude of the NCP maxima was 
attenuated during the upwelling season. Upwelling pe- 
riod I coincided with 2 NCP maxima, whereas NCP de- 
creased dramatically during upwelling period 11. Low net 
production or even net carbon regeneration (between 
+0.5 and -1.5 g C m-2 d-l) occurred with minimum val- 
ues of Qxo, associated with non-wind-forced conditions. 
These NCP minima occurred -1 wk after the NCP 
maxima. Relaxation period 111 resulted in a dramatic de- 
crease in NCP down to -0.6 g C m-2 d-'. F~nally, during 
downwelling period IV, residual circulation was 
strongly reversed (Q.xoup to -8.0 X 103 m3 S-') and NCP 
became negative (up to -2.0 g C m-' d-l), indicating that 
carbon regeneration largely exceeded production. 

NCP and ACaC03 peaks were almost coincident in 
time (Fig. 2a). Although the daily values of ACaC03 
were much lower than NCP, ACaC03 represented 
-29 % of NCP in the middle segment average over the 
upwelling season (June 8 to October 13). This percent- 
age was large because calcium carbonate fixation 
(ACaC03 > 0) occurred under any hydrographic cir- 
cumstance, whereas NCP is reduced during relaxation 
periods. Following Eq. (8), NCP redistributed in the 3 
carbon pools (APOC, ADOC and WC) as shown in 
Fig. 2b. During the upwelling season 28% of NCP was 
transformed to suspended POC which were exported 
to the shelf. Another 17% was deposited to the sedi- 
ment in the Ria, whereas the remaining 55% was 
assumed to be exported as DOC (see Table 4) in order 
to balance the carbon budget. 

Spatial differences along the embayment 

Fig. 3. (a) Average residual flows; (b) total inorganic carbon 
(TIC) fluxes; and (c) particulate organic carbon (POC) fluxes 
for the inner, middle and outer boxes over the upwelling sea- 
son (June 8 to October 13, 1989). Qx, Qxo, Q2, QE, MZ and R + 
P - E In m3 S-'; TIC and POC fluxes in m01 S-'. Numbers in 

parentheses are Fco, in mg C m-' d-' 

Average upwelling season 

The average Bakun's Upwelling Index Iiy (a rough 
estimate of the volume of water upwelled per km of 
coast) for the upwelling season (June 8 to October 13) 
was 486 m3 S-' km-' (Roson et al. 1995). I,, contrasted 
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Table 3. Averaged residence times (in days) estimated from the geometric characteristics of each box and the whole Ria 
(Table 1) for the whole upwelling season and the selected periods 

Period From To Inner Middle Outer Ria 

Upwelling season 12 May 13 Oct 1.3 2.7 4.1 6.3 
Upwelling following high stratification (1) 26 Jun 17 Jul 1.3 2.3 3.7 6.1 
Upwelling following low stratification (11) 31 Aug 11 Sep 0.9 2.0 2.7 4.1 
Upwelling relaxation (111) 07 Jul 11 Jul 4.5 29.9 11.2 13.5 
Autumn downwelling (IV) 13 Oct 30 Oct 4 . 1  1.7 2.1 3.7 

with the limited volumes of the rivers Ulla (925-899 = 

26 m3 S-') and Umia (1717 - 1714 = 3 m3 S-') (Fig. 3a). In 
addition, R + P - E in the 3 study boxes is negligible 
since R was very low in the limited catchment area of 
the boxes (Roson et al. 1991). Water flows intensified 
along the main axis of the Ria (Fig. 3a), as the size of 
lateral sections increases oceanwards (Table 2). How- 
ever, the middle box differed from the other in the 
following manner: in the inner and outer boxes the ver- 
tical water exchange was dominated by turbulent dif- 
fusion (MZ/Qz - 3), whereas in the middle box advec- 
tion prevailed (MZ/QZ = 0.8). Note the steep change of 
bathymetry in the middle box, which enhances the 
response of circulation to upwelling ( ~ l v a r e z - ~ a l g a d o  
et al. 1996a). The average residence time was 6.3 d for 
the whole Ria (Table 3). 

The major TIC input to the upper layer of the inner 
and outer boxes was by horizontal advection (Fig. 3b). 
The ratios between horizontal and X vertical fluxes 
were 4.5 and 2.9, respectively. In contrast, in the mid- 
dle box the ratio was 0.9, i.e. favourable to the vertical 
flux. Vertical advection (FZ) represented >90% of the 
TIC vertical flux (Fz + FE + D) into the upper layer in the 
3 study boxes. The average CO2 flux across the seawa- 
ter-air interface (FCO2) was +16.3 mg C m-2 d-' during 
the upwelling season (Fig. 3b). Fco, per unit of surface 
area increased from the outer to the inner box. 

The oceanward POC horizontal fluxes from the upper 
layer were higher than the coastward POC horizontal 
flux to the lower layer of any box (Fig. 3c), indicating a 
net export of POC to the shelf during the upwelling sea- 
son. The difference increased from the inner to the outer 
box, where the average net POC export to the shelf was 
45.6 m01 S-' (= 99.5 - 53.9). In contrast to the TIC vertical 
flux, vertical diffusive fluxes of POC were downwards, 
since CL - CU is > O  for TIC but <O for POC. In the inner 
and middle boxes the total vertical flux of POC was 
upwards (from the light-limited lower layer to the 
nutrient-limited upper layer), because the advective (FZ) 
and 'boundary movement' (FE) fluxes were greater than 
the diffusive flux (D). However, in the outer box a net 
downward flux of -8.1 m01 C S-' took place. 

Biogeochemical processes trapped -0.95 g C m-' d-' 
(ATIC') within the Ria during the upwelling season 

(Table 4) .  The middle segment was the most efficient 
trap (-1.2 g C m-' d-l), whereas in the inner and outer 
boxes ATIC' was -30% lower than in the middle box. 
Calcium carbonate fixation (ACaC03) and NCP con- 
tributed 12 and 88% to ATIC', respectively. APOC in 
the Ria was -30% of NCP during the upwelling sea- 
son. Carbon removal from the water column by 
organic matter deposition and CaC03 fixation (Wc + 
ACaC03) was 0.25 g C m-' d-' in the Ria, 55% as 
organic carbon (Wc) and 45% as inorganic carbon 
(ACaC03). In the outer box, the organic carbon repre- 
sents -81 % of WC + ACaC03, whereas, in the middle 
box, the inorganic carbon became dominant and rep- 
resented as much as 62 % of the total carbon removal. 
In the inner box, net carbon removal occurred only by 
CaC03 fixation, whereas organic carbon resuspension 
took place (Wc 0; Table 4). 

Period I. Upwelling after high stratification 

Period I coincided with high river volumes (average 
52 m3 S-') and moderate upwelling (average I ,  = 

734 m3 S-' km-'), which was not able to erode the pyc- 
nocline (~lvarez-Salgado et al. 1996b). During this 
period, residence times (Table 3) in all boxes are com- 
parable to those averaged over the upwelling season 
(Fig. 3a). Conversely, diffusive flows (MZ)  were less 
important in the vertical circulation because of stratifi- 
cation. MZ/QZ was -0.7 in the inner and outer segment, 
and as low as -0.3 in the middle box. 

The horizontal water flows in the middle and outer 
boxes were higher during period I than during the 
average upwelling season, which increased the hori- 
zontal TIC fluxes by more than 20% (Fig. 4b). The ver- 
tical transport of TIC was also dominated by advection 
and represented >93% of the total vertical exchange 
in all boxes. The CO2 released to the atmosphere 
(+5.7 mg C m-' d-') was '/3 of the average flux of CO2 
during the upwelling season. Fco, were 70 and 14% 
larger in the inner and middle segments, respectively, 
than in the outer box. 

Average horizontal POC fluxes in the outer box 
during period I (Fig. 4c) were - 4 7 %  higher than 
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upwelling a f te r  h igh  s t r a t i f i c a t i o n  

2893 

residual flows (a)  
lower layer 

Table 4. Net TIC' budget (ATIC'), C-based net community 
production (NCP), net calcium carbonate formation 
(ACaC03), net POC budget (APOC), and net POC deposition 
(Wc) for the whole Ria de Arousa and for the inner, middle and 
outer boxes during the whole upwelling season and the 4 
penods studied. Values in g C m-' d-', obtained from the val- 
ues In m01 S ' multiplied by 1 . 0 3 7 ~ * ' ,  with A (surface area of 
the box) in km2 Positive: production; negative: consumption 

TIC (b) 

Box ATIC' NCP ACaC03 APOC W, 

Upwelling season 
Inner -0.87 0.68 0.19 0.24 -0.10 
Middle -1.21 0.94 0.27 0.14 0.17 
Outer -0.87 0.83 0.04 0.27 0.17 
Ria -0.95 0.84 0.11 0.24 0.14 

Upwelling after high stratiiication (I) 
Inner -1.05 0.76 0.29 0.18 -0.06 
Middle -2.28 1.92 0.36 0.40 0.33 
Outer -1.56 1.48 0.08 0.40 0.29 
Ria -1.66 1.49 0.17 0.37 0.26 

Upwelling after low stratification (11) 
Inner -0.69 0.51 0.18 0.37 -0.44 
Middle -0.45 0.23 0.22 -0.15 -0.11 
Outer 0.15 -0.20 0.05 0.03 -0.36 
Ria -0.10 -0.01 0.11 0.03 -0.31 

Upwelling relaxation (111) 
Inner -0.47 0.34 0.13 -0.04 -0.03 
Middle 0.19 -0.27 0.08 -0.03 -0.13 
Outer 0.31 -0.36 0.05 -0.18 0.11 
Ria 0 l8  -0.25 0.07 -0.13 0.04 

Autumn downwelling (IV) 
0.21 -0.25 0.04 -0.03 -0.05 Inner 

Middle 1.10 -1.13 0.03 -0.21 -0.59 
Outer 0.26 -0.58 0.32 -0.50 -0.60 
Ria 0.44 -0.66 0.22 -0.38 -0.53 

those obtained during the average upwelling season 
(Fig. 3c). However, the net POC export to the shelf of 
54.2 m01 S-' (= 145.9 - 91.7) was only -20% higher. 
Advective POC transport from the light-limited lower outer middle inner 
layer to the nutrient-limited upper layer was >4-fold 
higher than the downwards diffusive transport in the 3 
segments, as a consequence of stratification. 

During period I, TIC trapped into the Ria by biogeo- 
chemical processes was -1.7 g C m-' d-l, i.e. 75% 
greater than during the average upwelling season. The 
most efficient segment was again the middle one 
(-2.3 g C m-' d-l). Only 10% of ATIC' was transformed 
to CaC03 in the Ria. POC production was -54 % higher 9 1  

than during the upwelling season. Total carbon 
removal (Wc + ACaC03) reached its maximum value in 
the 4 study periods (+0.42 g C m-2 d-', Table 4),  60% of 
this was as POC deposited on the bottom. The contri- 
bution of WC clearly diminished coastwards, and was 
80 a.nd 50 % in the outer and middle segments, respec- 
t1ve1.y. Conversely, in the inner box, net carbon release 
from the sediments was observed, which seemed to be 
a recurrent pattern throughout the upwelling season 
(Table 4 ) .  

13788 
Fx -- 

l,lo;*Fxo 

POC (c) 

Fig. 4. (a) Average residual flows; (b) total in.organic carbon 
(TIC) fluxes; and (c) particulate organic carbon (POC) fluxes 
for the inner, mlddle and outer boxes for the upwelling after 
hlgh stratification period (June 26 to July 17, 1989). Units as 

in Fig. 3 
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Period 11. Upwelling after low stratification upwelling a f t e r  low s t r a t i f i c a t i o n  

The low river flows (average 12 m3 S-') and a strong 
upwelling pulse (average Iw = 1242 m3 S-' km-') during 
this period forced intense positive circulation in the 
whole Ria (Fig 5a). Horizontal flows in the outer box 
increased by 86 % compared to the average upwelling 
season. The increase was up to 4-fold in the convective 
vertical flow, and vertical diffusion was also enhanced 
by -40%. The ratio MZ/QZ (-1.2 for the whole Ria) was 

upper layer , 

the adjacent shelf during this period. However, the 
only segment where significant POC production 
(APOC) occurred was the inner box (+0.37 g C d-l). 
Thus, POC exported to the shelf during this period did 
not result from in situ production, but from POC accu- 
mulated in the Ria. 

The whole Ria trapped -0.1 g C m-2 d-', all as CaC03, 
since the average NCP was negligible (Table 4). NCP 
strongly decreased oceanwards, with net carbon regen- 
eration in the outer box. Net carbon release from the 
sediments occurred during period I1 (Wc = -0.31 g C 
m-2 d- I ) .  Concurrently, CaC03 was formed throughout 

the Ria at the same rate as in the average upwelling 
season (+0.11 g C m-2 d-l). This occurred mainly in the 
inner and middle boxes (about +0.20 g C m-2 d-l). 

favourable to diffusion because of the absence of a 
marked pycnocline. Residence times were the shortest 3006 

0 x 0  
observed during the upwelling season in all boxes 

1027 
(-4 d for the entire Ria, Table 3). 

As a result of the vigorous residual circulation, TIC 

Period 111. Upwelling relaxation 

residual flows (a) 

Horizontal convective flows under non-wind-forced 
conditions (average I\,, = 171 m3 S-' km-') became weak 
(-1200 c Qxc 400 m3 S-'); reversed in the outer Ria but 
positive in the inner box (Fig. 6a). Residence times 
were the longest observed during the entire study 
period (Table 3), being 30 d in the middle segment 
where the convergence of the 2 opposite flows 
occurred. Vertical convective flows were downward in 
the 3 segments. TIC fluxes (Fig. 6b) also showed a 
decrease during this period. Fco, was low all over the 

lower layer 
fluxes (Fig. Sb) were also amplified compared to the 
average upwelling season (Fig. 3b). The absence of 
stratification allowed the CO2-rich subsurface water to 
reach the surface. Thus, average Fcoz in period I1 was 

1; 
+48 mg C m-2 d-l, -3-fold the average flux during the 
upwelling season. FCO2 increased towards the river 
mouth. 

20272 
POC fluxes during period I1 (Fig. 5c) were much F X  +- 

higher than during the average upwelling season 
(Fig. 3c). They were similar to period I (Fig. 4c); 
54.5 m01 S-' of POC (= 155.2 - 100.7) were exported to 

t/ 6479 

20466 
2198 

outer middle inner 

TIC (b) 

POC (c) 

Fig. 5. (a) Average residual flows; (b) total inorganic carbon 
(TIC) fluxes; and (c) particulate organic carbon (POC) fluxes 
for the inner, middle and outer boxes for the upwelling after 
low stratification period (August 31 to September 11, 1989). 

Units as in Fig. 3 
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upwe l l ing  r e l a x a t i o n  

lower layer residual flows (a) 

TIC (b) 

outer middle inner 

-24.2 
4.- 

- 2.8 

-63.7 

POC (c) 

a u t u m n  downwe l l ing  

-Ã -12633 

66 

lower layer residual flows (a) 

TIC (b) 

outer middle inner 

POC (c) 

Fig. 6. (a) Average residual flows; (b) total inorganic carbon 
(TIC) fluxes, and (c) particulate organic carbon (POC) fluxes 
for the inner, middle and outer boxes for the upwelling relax- 

ation period (August 7 to 17, 1989), Units as in Fig. 3 

Fig. 7 (a) Average residual flows; (b) total inorganic carbon 
(TIC) fluxes; and (c) particulate organic carbon (POC) fluxes 
for the inner, middle and outer boxes for the autumn down- 

welling period (October 13 to 30, 1989). Units as in Fig. 3 
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Ria (<5 mg C m-2 d-l), compared with exchange fluxes 
during wind-forced periods. POC fluxes also under- 
went a reduction (Fig. 6c), compared to the average 
upwelling season. A net entry of 12.5 m01 S-' of POC 
from the shelf occurred during this period. There was a 
net downward transport of POC from the upper to the 
lower layer mediated by F{:, FT and D, with vertical 
advection being dominant. 

The pattern of ATIC' was also opposite to those 
observed under upwelling conditions (Table 4) .  Al- 
though net consumption of TIC occurred in the inner 
box (-0.47 g C n1r2 d-l), the Ria acted as a TIC source a 
(+0.18 g C m-2 d-l), because of net TIC regeneration in 
the middle and outer boxes. Net consumption of POC 
occurred in the whole Ria (APOC = -0.13 g C m-2 d-l), 
but mainly in the outer box. Net organic carbon 
removal by deposition and CaC03 fixation was +O.l l  g 
C m-2 d-' during this period, less than half the average 
value for the upwelling season. This low value was 
associated with net carbon resuspension in the inner 
and middle boxes (Wc <O, Table 4 ) ,  whereas ACaC03 
was positive in the whole Ria. 

Period IV. Autumn downwelling 

Strong southerly winds (average Iw = -706 m3 S-' 
km-') provoked a reversal of residual circulation, char- 
acterised by intense horizontal and vertical convective 
flows (Fig. ?a). However, circulation was still positive 
in the innermost station. Residence times were short 
(<2 d) in the outer and middle segments compared to 
the other study periods (Table 3). Diffusive flows were 
important in the outer and inner segments (absolute 
value of MZ/QZ > 0.9). However, the dominance of ver- 
tical advection due to the abrupt change of bathymetry 
was still observed in the middle box (absolute value of 
Mz/QZ > 0.3). 

The rapid water exchange between the different 
segments of the Ria provoked high TIC fluxes (Fig. 7b). 
The diffusive vertical transport of TIC was reduced, 
despite the strong diffusive flows. This indicates strong 
vertical homogenisation (CL = C"), as observed in the 
distributions presented by Roson et al. (1995). The 
largest Fco, during the entire study period were ob- 
served during period IV (+55 mg C m-2 d-l). Since the 
budget of inputs minus outputs (I - 0)  in the inner box 
was -5.48 m01 S-', Fco, represented as much as 45 % of 
the total TIC budget. Horizontal and vertical POC 
fluxes during period IV were also the highest of the 
entire study period (Fig. ?c). There was a net POC 
import of 67.8 m01 S-' from the shelf into the surface 
layer of the Ria. Vertical convection was the most 
important mechanism of downward transport of POC 
under these conditions. 

TIC regeneration took place in the whole Ria 
(ATIC' = +0.44 g C m-2 d-l). As maximum calcium car- 
bonate fixation rates were observed during this period, 
organic carbon mineralization (NCP < 0) occurred at 
an average net rate of -0.66 g C m-2 d-'. Both the oxi- 
dation of suspended POC and the net carbon release 
from the sediments contributed to the observed regen- 
eration. The system was balanced with the net produc- 
tion of 0.25 g C m-2 d-' of DOC. 

DISCUSSION 

Origin and fate of carbon trapped within the Ria 

Average NCP in the Ria de Arousa during the 
upwelling season (0.84 g C m-2 d-l) exceeded the aver- 
age annual NCP (-0.14 to 0.33 g C m-' d-') of the 
global coastal zone (Wollast 1991, 1993). Conversely, 
the value is similar to the annual mean of gross primary 
production proposed by Boynton et al. (1982) for 
upwelling areas (-0.82 g C m-2 d-l). Our NCP value 
constitutes a very solid average, because it embraces 
all the possible contrasting hydrodynamic situations 
during the upwelling season. NCP in the middle box 
was comparable with the average value obtained by 
Moncoiffe et al. (1993) by the oxygen incubation 
method during the upwelling season of 1991 in the 
central portion of the adjacent Ria de Vigo (0.7 to 0.9 g 
C m-2 d-l). The tendency of NCP to diminish during the 
study period (Fig. 2), which is associated with the pro- 
gressive decrease of pH and increase of TIC and p C 0 2  
(Ros6n et al. 1995) levels in the water column, were 
suggestive of increasing carbon regeneration in the 
Ria. These changes over time were associated with 
decreased insolation and daylength during the study 
period. 

As much as 83% of NCP was organic carbon 
exported to the shelf. Following ~lvarez-Salgado et al. 
(1996a), the ratio of net to gross primary production 
CfRATIO) during the upwelling season is -0.6. Therefore, 
organic matter export would represent -50% of total 
production, which is much higher than the 15 % export 
from the global coastal zone to the deep ocean (Wollast 
1991, 1993). Wollast's calculations were mostly based 
on POC. It is important to note that POC export repre- 
sents 15% of the total production in the Ria. So, our 
results show that consideration of DOC produced in 
the Ria is crucial for a realistic estimation of organic 
matter export in the study area. Conversely, 17% of 
NCP contributed to WC. This number is much lower 
than the average deposition over the bottom of 32 % of 
the total production proposed by Wollast (1991, 1993). 

As CaC03 fixation was enhanced during upwelling 
conditions (NCP and ACaC03 maxima were nearly 
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coincident), it seems that high production rates associ- 
ated with upwelling pulses stimulate mussel growth 
and, therefore, calcium carbonate uptake. However, 
CaC03 fixation occurred almost all the time, even dur- 
ing periods of net carbon regeneration. This has also 
been observed by Frankignoulle & Gattuso (1993) in 
coral reefs. Annual production of mussels on hanging 
ropes (total wet weight) in the whole Ria de Arousa is 
-1.2 X 105 metric tonnes (Tenore et al. 1982). Shells 
with -90% CaC03 content (U. Labarta pers. comm.) 
represent -35 % of a commercial mussel's net weight 
(Andreu 1963). Therefore, the total amount of carbon 
removed from the water column to form mussel shells 
yielded an average daily value of -68 mg C d-l, i.e. 
55% of the estimated CaC03 fixation rate in the Ria 
during the study period. The remaining 45 % must cor- 
respond to CaC03 taken up by calcareous algae, other 
bivalve species (rock mussels, clams, oysters, cockles, 
etc.) and crustaceans. 

Air-sea CO2 exchange. The Ria de Arousa, a net 
source of CO2 to the atmosphere 

It seems contradictory that a highly productive sys- 
tem such as the Ria de  Arousa is a source of CO2 rather 
than a sink during late spring, summer and early 
autumn. A rough estimation of the influence of NCP 
and ACaC03 in the time variation of surface pC02 in 
the middle box will cast some light on this intriguing 
point. We have chosen as initial conditions ( t  = 0) the 
average measured values of salinity, temperature, pH 
and alkalinity throughout the water column in the mid- 
dle box during the entire study period to calculate the 
initial TIC and pC02.  The effect of NCP and ACaC03 
on TIC and alkalinity changes can be calculated as 
(Gattuso et al. 1995): 

(TIC), = (TIC),,o - ACaC03 - NCP (10) 

(TA), = (TA),o - 2 ACaC03 - AN03 
= (TA),,o - 2 ACaC03 - NCP/7.0 (11) 

Eq. ( I  I )  was derived from Eq. (6), because 90 % of NCP 
was supported by nitrate in the middle segment 
(~lvarez-Salgado et al. 1996a). The slope of the corre- 
lation between the C- and N-based daily NCP rates, 
7.0 r 0.4 m01 C m01 N-' (r2 = 0.78), was used to convert 
from carbon to nitrogen units. By considering the aver- 
age NCP and ACaC03 over the upwelling season in the 
middle box (Table 4), mean daily changes of (TIC), and 
(TA), ca.n be obtained. The mean daily change of pC02  
can be derived by means of the carbonic system equa- 
tions, being -8.2 * 0.1 patm d-' (10 d average). Finally, 
actual surface pC02 is correlated with water-column- 
integrated pC02 changes (r2 = 0.72), the slope being 
1.1 r 0.1. Consequently, the mean daily decrease in 

surface pCOz associated w ~ t h  the average NCP and 
ACaC03 during the upwelling season in the middle 
box (Table 4) was -9.1 * 0.2 patm d-l. As the mean res- 
idence time in the middle box was 2.7 d (Table 3), the 
expected average decrease of surface pC02 should be 
-25 patm. Since (pC02),, was 404 patm, the final 
pC02  would be 379 patm, which is 31 patm above 
pCOZATU. The residence time required to equilibrate 
the middle segment of the Ria with the atmosphere 
should be -6.0 d. 

CaC03 fixation increases pC02 in the Ria, since 
removal of C032- contributes to acidify the water col- 
umn. Calculations can be made for the hypothetical sit- 
uation in which ACaC03 = 0. In this case, ApC02/At = 
-10.2 0.2 patm d-' and surface pC02 after the resi- 
dence time should be 376 patm, i.e. only 3 patm lower 
than before. So, the influence of CaC03 fixation by the 
intensive culture on mussel rafts on the behaviour of 
the Ria as a source of CO2 is minor. Frankignoulle & 
Gattuso (1993) also found that CaC03 fixation in coral 
reefs have a minor impact on FCO2 

In light of this discussion, there are possibly 2 rea- 
sons to explain the observed behaviour. Firstly, very 
high initial pC02  levels in the source ENACW, which 
ages on the shelf (~lvarez-Salgado et al. 1993) and in 
the Ria. Secondly, short residence times which did not 
allow the phytoplankton community to reduce the 
pC02 levels below atmospheric values. 

Changes in pH and temperature of surface water are 
the key variables affecting the variability of surface 
pC02. The variances of pH and temperature in the 
middle segment during the study period were k0.06 
and +0.8"C, respectively. Their contribution to the 
variance of surface pC02 can be calculated using the 
equations of the carbonic system, being k86 patm for 
pH and +30 patm for temperature. The CO2 fluxes 
across the sea surface, Fco, (Eq. l ) ,  were also affected 
by wind speed, which had an observed variance of 
k1.5 m S-'. The average contributions of pH, tempera- 
ture and wind speed to the total variance of FCOl are 
+ l  1, k4 and + l 3  mg C m-2 d-', respectively. Therefore, 
39% of the total variance was due to 'biogeochemical' 
changes, 14 % due to 'physical' changes and 47 % due 
to 'kinetic' changes. 

Fco, in the Ria de Arousa was opposite to those ob- 
tained by Prego (1993b; -6.6 rng C m-' d-l, average 
over 6 surveys in February to October 1986) and 
h v a r e z  (1996; -8.6 mg C m-' d-' averaged over the 
upwelllng season of 1995) in the adjacent Ria de Vigo. 
As we have stated in the previous chapter, the NCP 
and fRnno were similar in both rias during the 
u p w e l h g  season (~lvarez-Salgado et al. 1996a, Mon- 
coiffe et al. 1993). Source ENACW must be essentially 
the same too. Thus, the main difference between both 
nas has to be the residence times, being longer in the 
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Ria de  Vigo than in the Ria de  Arousa. In this sense, 
Rios (1992) reported an average residence time of -7 d 
in the central segment of the Ria de Vigo during the 
upwelling season of 1988. This value is much greater 
than the -3 d obtained in the central Ria de Arousa and 
exceeds the -6 d required for equilibration. Figueiras 
& Pazos (1991) also pointed out this important disparity 
in relation to the different selection of phytoplankton 
species in both ecosystems. However, this key issue 
needs a future process-orientated study, comparing 
both nas simultaneously. 

FCOZ decreased shelfwards during the upwelling sea- 
son, following the decreasing pattern of surface pCOz 
levels along the main axis of the Ria which range from 
445 * 78 patm at Stn 1 to 370 * 48 patm at Stn 7. Perez 
et al. (in press) obtained average FCO2 values of -16.8 
and +3.2 mg C m-2 d-l in shelf water off the rias during 
cruises in May 1993 (prevalence of southwesterly 
winds) and July 1994 (prevalence of northerly winds), 
respectively. The average Fco2 value in the Ria de 
Arousa is comparable with other oceanic and coastal 
upwelling regions. Andrie et al. (1986) estimated an 
average FCo2 of +12.6 mg C m-, d-' during. 5 cruises to 
the Equatorial Atlantic. Values in the Equatorial Pacific 
are greater than in the Equatorial Atlantic, ranging 
from +16.9 to +58.6 mg C m-2 d-' (Lefevre et al. 1994, 
Ishii & Inoue 1995). Fco, is also high in the Peruvian 
coastal upwelling region, where Copin-Montegut & 
Raimbault (1994) observed surface pC02 levels as high 
as 1000 patm in recently upwelled waters during win- 
ter 1991. Conversely, Simpson & Zirino (1980) have 
shown that upwelled water can rapidly become a sink 
for atmospheric CO2 due to the high rates of produc- 
tion in this area. Finally, strong post-spring tides can 
carry cold and CO2-rich waters to the surface, leading 
to very high Fco2 values in the Gulf of California (aver- 
age +l00 mg C m-' d-'; Hidalgo-Gonzalez et al. 1997). 

Carbon biogeochemistry during the four 
contrasting periods 

It is known that upwelling systems reach their maxi- 
mum productivity under moderate winds (Huntsman & 
Barber 1977, Wroblewski & Hoffmann 19891, when 
long residence times allow phytoplankton adaptation 
to the new light and nutrient conditions. As a result, 
phytoplankton growth rates stimulated by the input of 
new nitrate exceeds cell 'washout'. Period I seems to 
be an example of this situation, when upwelling was 
not able to erode the pycnocline. The high NCP during 
this period indicates that light-adapted phytoplankton 
cells were able to grow fast and accumulate at the 
expense of the moderate Input of new nutrients Under 
circumstances of moderate upwelling, the pycnocline 

prevents the massive transport of pC0,-rich, aged 
water to the surface. Thus, surface pCO, levels and 
CO2 exchange fluxes are relatively low during this 
period: only 35% of the value during the average up- 
welling season. 

However, stronger northerly winds (Ibv > 1000 m3 S-' 

km-') can erode the pycnocline and deep water 
reaches the surface. Under circumstances of strong up- 
welling, phytoplankton in the photic layer is exported 
towards the shelf. It is replaced by slow-growing cells 
carried by the upward flowing deep water, which is not 
adapted to the high nutrient and light conditions (Zim- 
merman et al. 1987). This seems to be the situation 
observed during period 11, when northerly winds were 
about twice as strong as during the average upwelling 
season. NCP was negative in the outer box, it reduced 
to 'h of the averaged valuze for upwelling season in the 
middle box, and it was relatively high in the inner seg- 
ment because it was protected against upwelling 
(Table 4). As the pC02-rich ENACW reached the sur- 
face, CO2 fluxes to the atmosphere became as high as 
+48 mg C d-' during this period. Although NCP 
increased coastwards, Fco2 increased in the same 
direction because of the effect of the progressive CO2 
enrichment of ENACW entering the Ria and the 
reduced residence times (< 1 d )  in the inner box. Prego 
(1993b) also observed a strong Fco2 peak of +53 mg C 
mT2 d-' in the adjacent Ria de Vigo during a strong 
upwelling pulse. 

When winds over the shelf relax after an upwelling 
event, the system returns slowly to the conditions previ- 
ous to upwelling. Upwelled water moves downward to 
its original depth, provoking a reversal in estuarine cir- 
culation in the external part of the Ria. pC02-rich up- 
welled water is replaced by nutrient-depleted pC02- 
equilibrated shelf surface waters. In addition, vertical 
transport of nutrients to the upper layer under these 
flow conditions was prevented. QZ was negative 
(downwards) and MZ was low because of the marked 
pycnocline and the upper layer became nutrient-lim- 
ited (Alvarez-salgado et al. 1996b). This was the situa- 
tion during period 111, characterised by slight regenera- 
tion in the outer and middle boxes and net production 
in the inner segment. Reduced CO2 exchange fluxes 
across the sea surface during periods of prolonged re- 
laxation were due to (1) the entry of shelf surface wa- 
ters close to equilibrium of CO2 with the atmosphere; 
(2) the very long residence tim.es which favour equili- 
bration of CO,; and (3) the weak local winds, which 
lower the value of the piston velocity, k. FcOz increased 
coastwards due to organic carbon mineralization in 
outer and middle boxes. The same situation occurred in 
the Ria the Vigo during September 1986 (Prego 1992). 

Transition from predominantly northerly to predomi- 
nantly southerly winds usually occurs by September- 
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October (Wooster et al. 1976, Blanton et  al. 1987). 
Strong reversal in estuarine circulation takes place, 
with the upwelled water being rapidly evacuated 
through the bottom of the Ria. This process favours 
sediment mobilization and high CO2 (and NH4+; 
~lvarez-Salgado et al. 1996b) fluxes from the sedi- 
ments to the water column. In addition, this is also the 
time of the intense autumn regeneration (Nogueira et 
al. 1997) and the concomitant massive increase of CO2 
in the water column. This was the situation during 
period IV, when the highest Fco, fluxes to the atmos- 
phere were recorded (+55 mg C m-2 d-' on average). 
Maximum fluxes occurred in the inner box, where car- 
bon release from the sediments was minimal. How- 
ever, there was an input of aged waters, because of the 
intense mineralization of the large population of 
macrophytes in the upper reaches of the estuary (Perez 
et al. 1992). pC02  levels reached 622 patm at Stn 1 on 
October 30. In addit~on to carbon regeneration, the 
advection of warm surface water from the shelf (aver- 
age 15.2"C) and the strong local winds (average 6 m 
S-') enhanced Fco, fluxes. 

SUMMARY AND CONCLUSIONS 

Carbon biogeochemistry in the Ria de Arousa 
strongly depends on hydrodynamics, which is forced 
by wind stress over the shelf. Primary production dur- 
ing the upwelling season is not able to reduce the high 
pC02 levels in ENACW below the atmospheric levels, 
probably because the short residence times did not 
allow equilibration with the atmosphere. So, the Ria 
acts as a source of CO2 to the atmosphere (+16.3 mg C 
m-2 d-l). The effect of calcium carbonate fixation by 
mussels on hanging ropes did not significantly affect 
CO2 exchange fluxes. Aging of source ENACW 
increased, and residence time decreased coastwards. 
Consequently, CO2 exch.ange fluxes per unit area from 
seawater to the atmosphere were twice as high in the 
inner as in the outer box. Under conditions of moderate 
upwelling, carbon uptake by the community of organ- 
isms within the Ria reached a maxlmum, and the CO2 
exchange fluxes reduced to $5 the average value dur- 
ing the upwelling season. During strong upwelling 
events, the pC0,-rich ENACW reached the surface, 
which caused the highest CO2 exchange fluxes over 
the upwelling period. Moderate NCP occurred only in 
the inner box, where the upwelling effects were 
reduced. Finally, under non-wind-forced conditions, 
ENACW in the Ria returned to the shelf and the nutri- 
ent-depleted CO,-equili.brated shelf surface water 
occupied the Ria. CO2 exchange fluxes were the low- 
est during the upwelling season. It is interesting to 
note that the inner Ria showed a particular behaviour 

throughout the upwelling season independent of the 
wind regime over the shelf; it was always productive 
(NCP > 0); and carbon release from the sediments 
occurred all the time (Wc < 0),  contributing to an in- 
crease of pC02. In addition, CaCO, fixation occurred 
all the time and throughout the Ria during the up- 
welling season, although maximum rates coincided 
with maximum NCP peaks. Finally, carbon biogeo- 
chemistry was deeply affected by a strong autumn 
downwelling event. The high CO2 exchange fluxes 
during this period, more than 3-fold the average dur- 
ing the upwelling season, were due to carbon regener- 
ation throughout the Ria, with intense carbon release 
from the sediments. 
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