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Abstract

Net ecosystem production (NEP) rates of dissolved organic carbon (DOC) are estimated in a coastal upwelling
system. The study site is a large coastal inlet (2.76 km?) in the northern boundary (42—43°N) of the eastern North
Atlantic upwelling system. The two-dimensional circulation pattern in the system is governed by an offshore Ekman
transport quite variable in magnitude and direction. A mass balance of the short-timescale (2—4 d) changes in
measured DOC profiles is performed to obtain the NEP rates. Microbial oxidation of imported labile DOC (8% of
total DOC, recycling time 7 < 5 d) at a maximum net rate of —37 mmol C m~2 d-* occurred during a downwelling
episode in the middle of the highly productive spring period. On the contrary, extensive export of labile DOC
(<15% of total DOC, 7 < 7 days) produced at net rates >42 mmol C m~2 d-* took place during an upwelling
episode in July, the middle of the upwelling season. This rate represents ~20% of the net primary production,
demonstrating in the field the relative importance of horizontal offshore transport of labile DOC to the export of
new production in upwelling systems. An autumn wind relaxation period results in dramatic changes in DOC
standing stocks (£9 umol C L-*) caused by a conspicuous time segregation between sustained net phytoplankton
production of labile DOC (+15 mmol C m~2 d-%, 11 d) and subsequent rapid bacterial degradation (—63 mmol C
m~2 d-%, 3 d). Net horizontal export during this period was prevented by reduced offshore Ekman transport values,
indicating that net DOC production is not always synonymous with net export. Finaly, during the winter period,
the large wind-driven net DOC horizontal exchange rates affected mainly the DOC standing stocks of no bioreactive
materials in the system, whereas bacterial oxidation rates during this period reduced to less than —0.14 mmol C

m-2d-1

Incorporation of the phytogenic bioreactive fractions of
dissolved organic matter (DOM) in experimental (Carlson et
a. 1994) and modeling (Anderson and Williams 1999) ap-
proaches to carbon cycling have advanced our understanding
of the fate of primary production in the oceans. The bio-
reactive DOM with recycling times shorter than residence
times in the study system—the labile fraction—uwill contrib-
ute to the regenerated production. The dimensions of the
system (local to global) will dictate the timescales (days to
months) involved. The bioreactive DOM with recycling
times larger than residence times—the semilabile fraction—
will contribute to the export production, which equals new
production under steady-state conditions. Therefore, the ear-
ly Eppley and Peterson (1979) concept of new production
has been revisited because of the major contribution of DOM
to organic matter export (Bronk et al. 1994).
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Local downward export during winter mixing is the fate
of semilabile DOM accumulated in the surface layer of areas
where convective mixing succeeds summer stratification.
Thisisthe case of the northwest Mediterranean (Copin-Mon-
tégut and Avril 1993) or the Sargasso Sea (Carlson et al.
1994). In contrast, horizontal transport of semilabile DOM
occurs from the eutrophic equatoria Pacific to the adjacent
oligotrophic subtropical gyres (Hansell and Waterhouse
1997). Intensified horizontal flows in ocean margins must
contribute significantly to the export of shelf primary pro-
duction toward the adjacent ocean via semilabile DOM.
Therefore, bioreactive DOM has to be incorporated in the
unclosed controversy about the relative importance of export
and in situ oxidation of organic matter produced in conti-
nental shelves (e.g., Walsh et al. 1988; Biscaye et al. 1994).
Primary production and export of phytogenic materials are
enhanced in coastal upwelling regions, in response to the
magnified shelf-edge exchange caused by the offshore Ek-
man transport (Walsh 1991; Wollast 1993).

Despite their relevance to global productivity and export,
few studies have been conducted on the role of bioreactive
DOM in coastal upwelling areas. In fact, these studies are
circumscribed to the western coast of the Iberian Peninsula,
the northern limit of the northwest Africa upwelling system
(Doval et a. 1997; Alvarez-Salgado et a. 1999). The Rias
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Fig. 1. Chart of the survey area (Ria de Vigo, Iberian upwelling
system), showing the five sampling sites distributed along the em-
bayment. The inner (Sta. 1) and outer (Stas. 4 and 5) boundaries
delimit the study system.

Baixas—four large V-shaped indentations there—constitute
a unigue ‘“macrocosms’ to study the short-timescale re-
sponse of the carbon cycle to shelf wind-stress. The Ekman
transport controls the extremely variable short-timescale
two-dimensional circulation pattern of the Rias Baixas (Ro-
son et al. 1997), either during the upwelling- (April-Octo-
ber) or the downwelling-favorable (November—March) sea-
sons (Wooster et al. 1976; Bakun and Nelson 1991). The
inorganic carbon and nutrients balances for the entire eco-
system are also subject to Ekman transport control (Pérez et
a. 2000). The recent studies of Doval et a. (1997) and Al-
varez-Salgado et al. (1999) describe the Rias Baixas as the
preeminent site of formation for the bioreactive DOM excess
observed in shelf surface waters during the upwelling sea-
son.

The present work complements the previous studies on
the seasonal variation of DOM by focusing on the short-
timescale (half-week) changes in the net ecosystem produc-
tion (NEP) of bioreactive dissolved organic carbon (DOC)
in the Ria de Vigo (northwest Spain). The relative impor-
tance of accumulation versus export under contrasting hy-
drographic conditions during four seasons will be examined
in detail. NEP of bioreactive DOC—i.e., the DOC balance
of production minus consumption for the entire ecosystem
(Smith and Hollibaugh 1997)—will be estimated with a bio-
geochemical box model successfully applied to the adjacent
Ria de Arousa (e.g., Pérez et al. 2000).

Materia and methods

The sampling program—An intensive hydrographic sam-
pling was executed in the Ria de Vigo during four contrast-
ing periods in 1997: 7-23 April, 1-18 July, 15 September—
2 October, and 1-11 December. Five fixed stations were
occupied—four along the main axis of the embayment and
one at the shallower entrance, north of the Isles Cies (Fig.
1). Full-depth continuous conductivity-temperature-depth
(CTD) profiles were recorded at each sampling site with a

SBE 25 CTD device. Conductivity measurements were con-
verted into practical salinity scale values (UNESCO 1985).
Subsequently, seawater samples for salinity analysis with an
Guideline AUTOSAL 8400A and DOC determination with
a Shimadzu TOC-5000 analyzer were collected from 3 to 5
depths with 5-liter Niskin bottles. This program was repeated
every 2—4 d during the four sampling periods, the appropri-
ate frequency to study the coupling between meteorological
forcing and hydrography at the short timescale (Roson et al.
1997). A total of 22 surveys were performed: 6 during the
spring, summer, and autumn, and 4 during the winter period.

Daily Ekman transport values (—Qy) have been calculated
according to Wooster et al. (1976):

par X C X V] XV,
_QX: Pay X f Nv (1)

where p,, is the density of air, 1.22 kg m=2 at 15°C; C isan
empirical drag coefficient (dimensionless), 1.3 X 10°3; f is
the Coriolis parameter, 9.946 X 10-5 s* at 43° latitude; pgy
is the density of seawater, ~1025 kg m~3; |V| is wind speed;
and V, is the north component of wind speed. Wind data
were taken at the Cape Finisterre Meteorological Observa
tory.

DOC determination by high-temperature catalytic oxida-
tion—Samples for the analyses of DOC were collected into
250-ml acid-cleaned all-glass flasks. They were immediately
filtered through 47-mm ¢ Whatman GF/F filters (ashed
450°C, 4 h) in an acid-cleaned all-glass filtration system, and
collected in 10-ml glass ampoules (ashed 450°C, 12 h). After
acidification with H;PO, to pH < 2, the ampoules were heat-
sealed and stored in the dark at 4°C until analyzed in the
|laboratory. DOC content in samples was measured with a
commercial Shimadzu TOC-5000 organic carbon analyzer,
working under the principle of high-temperature catalytic
oxidation. After decarbonation of the sample by vigorous
stirring with high-purity synthetic air for 15 min, 200 ul
were injected into the vertical furnace of the analyzer, filled
with a conditioned 0.5% Pt-coated Al O, catalyst at 680°C.
Conditioning consisted of washing the catalyst by repetitive
injections of Milli-Q water until the blank was low and sta-
ble. Quantitative production of CO, occurs from the DOC
in the sample. High-purity synthetic air carries the combus-
tion products through a series of scrubbers (25% H,PO, so-
lution, in-built Peltier cooler at ~1°C, halogen scrubber, and
particle filter) before the dried gas mixture enters the mea-
suring cell of the Shimadzu Infrared gas analyzer. The sys-
tem was standardized daily with potassium hydrogen phthal -
ate in milli-Q water. The concentration of DOC was
determined by subtracting the system blank area from the
average peak area and dividing by the slope of the standard
curve. The system blank—obtained by frequent injection
(every 4—6 samples) of UV-Milli-Q water—was equivalent
to 5-10 umol C L-*. The precision of measurements was
<1%, i.e, £0.5 umol C L-*. The accuracy of our DOC
measurements were tested daily with the TOC reference ma-
terials provided by J. Sharp (University of Delaware), with
very satisfactory results. We obtained an average concentra-
tion of 45.4 = 1.1 umol C L-* (n = 44) for the deep ocean
reference (Sargasso Sea deep water, 2600 m) and 0.4 + 0.7
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Table 1. Glossary of relevant terms used throughout the text.

Bla Average ratio of the coefficients of haline contraction and thermal expansion at the boundaries of system
between two consecutive surveys
DOC, DOM Dissolved organic carbon, dissolved organic matter
DOC,, DOC, Average DOC concentration in the bottom and surface layers at the boundaries of the system between two
consecutive surveys
DOC,, DOC,, Average DOC concentration in the river discharge (400 umol C L-1%) and the sewage from the city of Vigo
B (3.6 10° umol C LY
E Average evaporation between two consecutive surveys
ENACW Eastern North Atlantic central water
H Average heat exchange flux across the air—sea interface between two consecutive surveys
NEP Average net ecosystem production of DOC between two consecutive surveys
(O Balance of DOC outputs minus inputs between two consecutive surveys
P _ Average precipitation between two consecutive surveys
Qs Qs Average bottom and surface horizontal convective water flux at the boundaries of the system between two
consecutive surveys
Qs X S5, Qs X S Average bottom and surface horizontal convective salt flux at the boundaries of the system between two
consecutive surveys
Qs X Ty, Qs X Ty Average bottom and surface horizontal convective heat flux at the boundaries of the system between two
_ consecutive surveys
—Qy Average offshore Ekman transport between two consecutive surveys
R Average river water flux between two consecutive surveys
AS/At, AT/At Changes in the salt and heat (temperature) content of the system between two consecutive surveys
R X Ty Average river heat (temperature) flux between two consecutive surveys
S S Average bottom and surface salinity at the boundaries of the system between two consecutive surveys
Ter Ts Average bottom and surface temperature at the boundaries of the system between two consecutive surveys
\% Study volume of the Ria de Vigo
w Weighting factor of the relative contribution of salinity and temperature to the density gradient
W Average sewage water flux (0.5 m® s-%) between two consecutive surveys
umol C L= (n = 44) for the blank reference material. The
nominal values provided by the reference laboratories are
440 = 1.5 and 0.0 = 1.5 umol C L1, respectively.
Estimation of the NEP of DOC with a two-dimensional
l R+P-E l H box model—The transient two-dimensional mass-heat—
weighted box model used by Roson et a. (1997) in the ad-
surface layer ® sewage = - = Qs1 jacent Ria de Arousa has been adapted to the Ria de Vigo.
=t OBl  Thebox model estimates the average residual exchange flux-
o= ()54 es (horizontal and vertical advection and vertica mixing)
that produce the salinity and temperature changes observed
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv in the embayment between two consecutive surveys, sepa-
rated by 2—4 d. For the purposes of this work, only the
horizontal advective fluxes will be considered. Table 1 de-
=t QB4 fines the relevant terms of the model used throughout the

bottom layer

text.

Two boundaries are defined that delimit the study system
(Fig. 2). The inner limit separates the ria from San Simoén
Bay, the estuary of the river Oitabén-Verdugo. The outer
limit separates the ria from the continental shelf off the Rias
Baixas. Each boundary consists of two layers (surface and

bottom), flowing in opposite directions. The level of no hor-

Fig. 2. Section across the central channel of the Ria de Vigo
showing the study system—uwith surface and bottom layer—delim-
ited by the inner (1) and outer (4) boundaries (Fig. 1). R + P — E,
hydrological balance (continental runoff + precipitation — evapo-
ration). H, heat exchange across the sea surface. Qg; and Qg,, bot-
tom horizontal advective fluxes at the inner and outer boundary. Qg
and Qg,, surface horizontal advective fluxes at the inner and outer
boundary. Sewage, advective flux from the sewage of the city of
Vigo.

izontal motion between the surface and bottom layer is the
gravity center of the boundary, i.e., the depth at which the
actual density coincides with the average density of the
boundary (Rosbn et al. 1997). The average salinity and tem-
perature of the surface and bottom layer of each boundary
and box are obtained by integration of the calibrated CTD
profiles. For each boundary we can define the average flux
of surface water (Qg, m® s7%), salt (Qg X S, kg s7%) and heat
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Qs X Tg, °C m® s71) between two consecutive surveys. Equa-
tions for volume, salt, and heat conservation can be written
for the segment delimited within the boundary: San Simén
Bay for the case of boundary 1 and the ria + San Simon
bay for the case of boundary 4 (Fig. 2).

Q=Q + R )
AS

VX =0 XS - QX S, ®
AT

VXE=R><TR+H+QB><TB—QS><TS, (4

where R (m® s7) and R X Ty (°C m? s%) are the average
water and heat fluxes due to continental runoff between two
consecutive surveys. H (°C m?® s7%) is the average air-sea
heat-exchange flux across the sea surface of the segment
delimited within the boundary between two consecutive sur-
veys. V (m3) is the volume of the segment limited within the
boundary. AS/At (kg m—3 s7) and AT/At (°C s%) are the
average salinity and temperature change on the segment de-
l[imited by the boundary between two consecutive surveys.
Qs (M*s™), Qg X S5 (kg s!) and Qg X Te] ((CmM?s™) are
the average fluxes of water, salt, and heat in the bottom layer
between two consecutive surveys. It should be noticed that
R, H, V, AS/At, and AT/At refer to the drainage basin, the
surface area, and the volume of San Simbn Bay for the case
of boundary 1 and of the ria + San Simbn Bay for the case
of boundary 4.

Two reasonable assumptions are implicit in the system of
equations: (1) the volume of the riais constant; and (2) the
contribution of the P — E term to the water budget is neg-
ligible. In fact, the P — E term was calculated to verify its
minor contribution. Another less-obvious assumption is that
horizontal mixing can be ignored. The horizonta circulation
in the riais controlled by shelf wind stress, which produces
enhanced advection. Horizontal velocities are normally >3
X 1072 m s%, whereas turbulent diffusion coefficients are
~10 m? s7* (Rosbn et a. 1997). Considering these numbers
and the observed DOC gradients in the ria (Figs. 3, 5-7),
the contribution of horizontal mixing to net DOC fluxes is
usualy <5%.

The extreme variability of water fluxes, compared with
salinity and temperature. changes between two consecutive
surveys allows the simplification of Egs. (3) and (4):

AS - - - -
VX = QXS - QX S ®)
AT = = — - = -
VXA—t= XTe+H+Q XTyg — Qs X Ts. (6)

Two sets of water fluxes can be obtained, from the equa-
tions of water (1) and salt (5) conservation, (Qs)s,_and the
equations of water (1) and heat (6) conservation, (Qg)+:

- RX S, + VX %ts

(Qg)s = S-S , (7)
) ﬁx@_fg_ﬁ+vw%

Qo) = . (8)
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Fig. 3. (a) Time course of continental runoff, R, and offshore
Ekman transport, —Q,, (b) salinity, (d) temperature, and (f) DOC
profiles at Sta. 3. (c) Average sdlinity, (€) temperature, and (g) DOC
profiles along the central axes of the Ria de Vigo during the first
sampling period: 7-23 April 1997. Rinm® s, —Q,inm3 st km,
salinity in pss, temperature in °C, and DOC in umol C L.

Finaly, the mass-heat—weighted water flux, 65, is esti-
mated as

Qs = Qs X (L = W) + (Q)r X W, ©)
where w is a dimensionless factor that weights the contri-

bution of salinity and temperature to the density gradient,
the responsible of the observed water fluxes:

(-FB — -Fs)z

W = — (10)
(-FB - 1_—3)2 + <€> (§B - és)z

o
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The ratio of the coefficients of haline contraction and ther-
mal expansion, B/a, is used to convert the salinity gradient

into temperature units:
1 d
= [P
P <BS)T

= (11
1y <3P>
p aT )

B/a was calculated from the equation of state of seawater
(UNESCO 1985) for the average salinity and temperature of
each boundary between t, and t,.

Once water fluxes are known, the average budget of DOC
outputs minus inputs (O — I, mol C s*) between two con-
secutive surveys can be calculated as
O—1=Q, X DOCs — (Qs — R) x DOC,

—~ R x DOC, — W X DOC,,
= Q. X (DOC, — DOC,)
- R x (DOC, — DOC,) — W x DOC,,,

QI

(12

where DOC; and DOC, are the average concentration of
DOC in the surface and bottom horizontal fluxes and W and
DOC,, are the average flux of water and the concentration
of DOC in the sewage from the city of Vigo (Fig. 1). DOC,
and DOC,, are set to 400 and 3.6 X 10° umol C L7, re-
spectively (Doval et a. 1997).

Finaly, the average net ecosystem production of DOC,
NER in the study system is

ADOC

NEP =V X ——+ 0 — |. 13
AT (13

The box-model approach might involve large potential er-
rors in the estimation of the NEP of DOC, but it is a unique
method to measure the whole community metabolism di-
rectly (Smith and Hollibaugh 1997) and avoids most of the
problems associated with in vitro methods: reduced turbu-
lence, unnatural light fields, and altered grazer communities.
Therefore, box-model estimations of rate measurements are
probably less accurate than in vitro techniques, but the re-
sulting values are ready for direct interpretation at the eco-
system level.

Results

The Ria de Vigo was intensively sasmpled during four dis-
tinct periods during 1997, looking for contrasting hydrody-
namic (upwelling and downwelling) and biogeochemical
(ecosystem production and respiration of DOC) conditions.
The short time and space variability of the salinity, temper-
ature, and DOC profiles and the corresponding outputs from
the two-dimensional box model (water and DOC fluxes and
net DOC production and accumulation) are presented for
each period. The results are appraised on the light of the
response to the external forces acting on the embayment
(continental runoff, offshore Ekman transport).
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Fig. 4. Time course of cumulative water flows and DOC surface
fluxes in the outer boundary of the ria during the (&) first sampling
period: 7-23 April 1997, (c) second sampling period: 1-18 July
1997, (e) third sampling period: 15 September—2 October 1997; and
(g) fourth sampling period: 1-11 December 1997. Also included are
time course of the net O — | balance, the accumulation term (V X
ADOC/At) and NEP in the system during the (b) first sampling
period: 7-23 April 1997, (d) second sampling period: 1-18 July
1997, (f), third sampling period: 15 September—2 October 1997,
and (h) fourth sampling period: 1-11 December 1997. To convert
kmol C into mmol C m=2 d-*. multiply by 8.55 10-3/At, where At
is the corresponding time interval in days.

Soring: consumption of DOC imported from the shelf during
downwelling—Shelf winds were moderate in intensity and
variable in direction during the spring survey, producing off-
shore Ekman transport absolute values <300 m?® s-* km*
(Fig. 3a). Continental runoff was rather low, increasing from
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Fig. 5. (a) Time course of continental runoff, R, and offshore
Ekman transport, —Q,, (b) salinity, (d) temperature, and (f) DOC
profiles at Sta. 3. (c) Average salinity, (€) temperature, and (g) DOC
profiles along the central axes of the Ria de Vigo during the second
sampling period: 1-18 July 1997. Rin m® s, —Q, in m3 s~ km1,
salinity in pss, temperature in °C, and DOC in umol C L.

4 to 17 mé s *. Since the surface layer of the outer boundary
of the Ria de Vigo is ~10 km wide, the relative contribution
of the offshore Ekman transport to water circulation in the
embayment was ~2 orders of magnitude larger than the con-
tribution of continental runoff.

The short-timescale evolution of the salinity (Fig. 3b) and
temperature (Fig. 3d) profilesin the middle Riade Vigo (Sta.
3) reacted to the observed meteorological variability. The
evolution of the 35.8 pss and 15°C isolines were parallel,
showing a net entry of eastern North Atlantic Central Water
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Fig. 6. (a) Time course of continental runoff, R, and offshore
Ekman transport, —Q,, (b) salinity, (d) temperature, and (f) DOC
profiles at Sta. 3. (c) Average salinity, (€) temperature, and (g) DOC
profiles along the central axes of the Ria de Vigo during the third
sampling period: 15 September—2 October 1997. Rin m3 s71, —Qy
in m3 st km-%, salinity in pss, temperature in °C, and DOC in wmol
CL

(ENACW) from the bottom shelf between 10 and 14 April
that corresponds with a brief upwelling-favorable wind peak.
Subsequent wind relaxation was accompanied by dramatic
withdraw of ENACW from 17 to 21 April, which was par-
tially restored by upwelling-favorable winds at the end of
the period (21-23 April). Salinity decreased and temperature
increased in the surface layer along the period. The time
evolution of DOC (Fig. 3f) was paralel to salinity and tem-
perature. The 70-umol C L-* isoline resembled ENACW
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Fig. 7. (a) Time course of continental runoff, R, and offshore
Ekman transport, —Q,, (b) salinity, (d) temperature, and (f) DOC
profiles at Sta. 3. (c) Average salinity, (e) temperature, and (g)
DOC profiles along the central axes of the Ria de Vigo during the
fourth sampling period: 1-11 December 1997. Rin m?® s, —Q,
in m® st km-1, salinity in pss, temperature in °C, and DOC in
umol C L1

displacements inferred above. In the surface layer, increasing
stratification from 14 April was accompanied by DOC ac-
cumulation.

The 7-23 April average sdlinity (Fig. 3c), temperature
(Fig. 3e), and DOC (Fig. 3g) profiles along the main channel

of the inlet illustrate marked spatial differences, which fitted
with relative location in regard to the external forces: runoff
in the inner boundary and Ekman transport in the outer
boundary. It is worth noting the wide DOC range, from <70
pmol C L in upwelled ENACW colder than 14°C to >95
umol C L=t in DOC outwelled from San Simon Bay.

Figure 4a shows the cumulative surface water flux at the
outer boundary of the ria, obtained with the two-dimensional
box model. Despite the outgoing direction of the flux from
10 to 14 and 21 to 23 April, the ria imported 1.42 km? of
shelf surface waters during the whole period (Table 2),
~51% of its volume (2.76 km?). On the other hand, 0.80
km? of San Simon Bay water were introduced in the surface
layer of the ria across the inner boundary. Continental runoff
and sewage contributions were negligible. The flushing time
of the system was ~20 d (renewa rate, 5% d-*). The DOC
surface flux at the outer boundary (Fig. 4a) compasses the
water flux, denoting a net entry of 114.7 X 10° kmol C
(average 81 umol C L-*) from shelf surface waters, 58.2%
of the total DOC input (Table 2). San Simén Bay contributed
with 79.6 X 10° kmol C (average 100 umol C L-1), 40.3%
of the total input. Continental runoff and sewage from the
city of Vigo were minor DOC donors, 1.5% of the tota
input.

The cumulative net balance of DOC outputs minus inputs
(O — I; Fig. 4b) resembled the DOC surface flux across the
outer boundary of the ria (Fig. 4a), yielding a net difference
of —20.0 10 kmol C, i.e,, —10% of the total input. There-
fore, during the spring period the riaimported DOC, mainly
from shelf surface waters at the outer boundary and San
Simén Bay at the inner boundary. The cumulative NEP of
DOC parallels the net O — | balance, demonstrating an in-
depth short-timescale (2—4 d) coupling between net DOC
import and oxidation. The largest DOC net consumption
rates, NEP = —49.8 mol C s ¢, occurred between 7 and 10
April (Table 3), when ~93% of the DOC that entered the
ria came from shelf surface waters accompanying a strong
reversal of the positive circulation in the outer boundary.
During these 3 d, it oxidized ~50% of the total amount of
DOC consumed along the whole 16-d period. The net O —
| balance represents 80% of the net ecosystem consumption
of DOC in the system (NEP = —25 X 10°® kmol C). The
remaining 20% came from the DOC previously accumulated
in the ria (V X ADOC/At = =5 X 10° kmol C).

Summer: export to the shelf of DOC produced during up-
welling—The summer period—in the middle of the upwell-
ing season—coincided with upwelling-favorable northerly
winds that produce offshore Ekman transport values ranging
between 85 and 860 m?®* s~* km~* (Fig. 5a). On the contrary,
continental runoff was extremely low: <7 m3 s

The short-timescale evolution of the salinity (Fig. 5b) and
temperature (Fig. 5d) profiles indicate water displacements
in agreement with shelf-wind forcing (Fig. 5a). Upwelling-
favorable winds from 1 to 8 July produced the entry of EN-
ACW that was colder (<14°C) and saltier (>35.9 pss) than
that during the spring period. Wind relaxation from 8 to 11
July was accompanied by the corresponding isopleths deep-
ening. Finally, strong upwelling-favorable winds from 11 to
18 July produced the massive entry of ENACW colder than



142 Alvarez-Salgado et al.

Table 2. Summary of the cumulative water flows (in km3) and DOC fluxes (in 10 kmol C) in the surface and bottom, inner and outer
boundaries of the Ria de Vigo (Qg, Qg1 Qs Qsa). river (R) and sewage discharges during the four study periods. See Fig. 2 for reference.

Survey period Qss Qs Qq Qe R Sewage
Spring 07-23 Apr Water —-1.42 —1.44 0.80 0.79 1.1 X 103 0.7 X 1073
DOC —114.7 —105.2 79.6 72.0 0.45 25
Summer 01-18 Jul Water 4.87 4.86 031 0.30 26 X 108 0.7 X 1073
DOC 367.6 312.9 30.9 271 1.08 2.64
Autumn 15 Sep—2 Oct Water —0.78 —-0.78 0.48 0.47 23 X 103 0.7 X 103
DOC —57.6 —53.3 44.3 40.8 0.92 2.64
Winter 01-11 Dec Water —2.36 —242 0.20 0.17 155 X 1073 04 x 108
DOC —193.6 —192.3 17.2 13.7 6.17 155

13°C in the middle ria. DOC profiles (Fig. 5f) followed the
variability of the thermohaline properties. The 70 umol C
L-* isoline is paralel to the 14°C-15°C isopleths, and DOC
concentrations <60 umol C L-* were recorded for temper-
atures <13°C. On the other hand, DOC levels >90 umol C
L-* were observed in stratified surface waters during up-
welling relaxation. The average effect of upwelling on the
salinity (Fig. 5c¢), temperature (Fig. 5e), and DOC (Fig. 5g)
profiles along the main axis of the embayment can be clearly
observed. Bottom water saltier than 35.8 pss, colder than
14°C, and with DOC concentration <70 umol C L-* pene-
trated up to the shallow reaches of the inner ria.

As a result of the prevailing northerly winds over the
shelf, water circulation at both the inner and outer bound-
aries of the ria was positive (Fig. 4c, Table 2). A volume of
4.86 km® of ENACW upwelled over the shelf entered theria
across the bottom outer boundary from 1 to 18 July. On the
contrary, only 0.31 km?® of San Simbn Bay water entered
across the surface inner boundary. The contributions of con-
tinental runoff and sewage were again negligible. The flush-
ing time of the system during this period reduced to only 9
d (renewal rate, 11% d—*), and the exchange across the outer
boundary accounted for 94% of the total renewal. The cir-
culation was particularly intensified from 11 to 18 July. In
agreement with the circulation pattern, the main DOC source
to the ria was the DOC-poor ENACW (average 64 umol C
L-1) that represented 90.0% of the total DOC influx. DOC
entering the ria from San Simoén Bay (average 100 pwmol C
L-1) amounted 8.9% of the total input (Table 2).

The cumulative O — | balance of DOC (Fig. 4d) yields a
net difference of +47.1 X 10° kmol C, revealing that the ria
was acting as a DOC source to shelf surface waters. The
cumulative NEP of DOC is coupled with the net O — |
balance that, in turn, goes with the surface water flow in the
outer boundary (Fig. 4a). The DOC produced within the ria
at the timescale of the flushing time (r = 9 d) represented
~80% of the total amount of DOC exported to the shelf.
The exported material was produced during the vigorous up-
welling episodes of 4-8 and 15-18 July, when the NEP of
DOC was 56.5 and 66.5 mol C s, respectively (average
60.9 mol C s*; Table 3). The final 20% of DOC exported
to the shelf came from materials previously accumulated in
the ria and involved a 5% reduction of the DOC amount in
the ria at the beginning of the period.

Autumn: in situ production and consumption of DOC dur-
ing wind relaxation—A prolonged (>10-d) wind calm—
characteristic of the transition from the upwelling- to the
downwelling-favorable season (Nogueira et al. 1997)—was
monitored during this period. The offshore Ekman transport
ranged from —30 to 160 m® s * km~* (Fig. 6a). Continental
runoff was also quite limited: <5 m?® s~*. Under these con-
ditions, the time evolution of the salinity (Fig. 6b), temper-
ature (Fig. 6d), and DOC (Fig. 6f) profiles indicate a broad
trend to withdraw the salty, cold, and DOC-poor ENACW
in the bottom layer of the middle ria However, from 18 to
28 September the 14°C isobath pointed to a transitory re-
entry of ENACW into the ria. In the surface layer, stratifi-

Table 3. Summary of the DOC standing stocks (umol C L-%), O — | and NEP rates (mol C s%), and DOC turnover times (% d-*) for
the spring, summer, autumn, and winter surveys. Average values for the selected time intervals described in the text for each period. The
turnover time of the entire DOC pool has been calculated as NEP X 86,400 X 100/(DOC X 2.76 X 10°). To convert mol C s-* into mmol
C m=2d, vauesin mol C s have to be multiplied by 1000 X 86,400/(117 10°). Volume of the ria: 2.76 10° m?, surface of the ria 117

10° m2,
Survey period DOC o -1 NEP Turnover time
Spring 07-10 Apr 77 —-38.9 —-49.8 -20
10-23 Apr 76 -8.8 -111 -05
Summer 01-04/08-15 Jul 72 +16.8 -0.1 -0.0
04-08/15-18 Jul 71 +53.8 +60.9 +2.7
Autumn 15-29 Sep 73 —4.2 +20.3 +0.9
29 Sep-02 Oct 76 +24.4 —85.6 -3.6
Winter 01-05 Dec 77 +33.7 —18.6 -0.8
05-11 Dec 76 —46.8 -10.9 -04
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cation increased with time, and it was accompanied by a
marked accumulation of DOC (>85 umol C L-%). The av-
erage salinity (Fig. 6¢), temperature (Fig. 6€), and DOC (Fig.
6g) distributions along the main axis of the ria show limited
haline and strong temperature and DOC gradients, similar to
the observations made during the spring period (Fig. 3c,e,).

Prolonged wind relaxation produced limited water ex-
change across the outer boundary of the ria through this
period (Fig. 4e, Table 2). Only 17% and 28% of the volume
of the ria was renewed with San Simén Bay and continental
shelf surface waters, respectively. Therefore, the flushing
time was extremely large: 38 d (renewa rate, 2.6% d-3).
Accordingly, DOC exchange fluxes were very limited, com-
pared with the spring and summer periods. Only 57.6 10°
kmol C entered from shelf surface waters (average 74 wmol
CL"%Y and 44.3 X 10° kmol C from San Simon Bay (average
92 pmol C L-%). Continental runoff and sewage represented
0.9% and 2.5% of the total DOC input to the ria (Table 2).

Progressive accumulation of the DOC produced from 15
to 29 September, at an average NEP rate of +20.3 mol C
s, was observed (Fig. 4f; Table 3). By 29 September, the
NEP of DOC amounted +24.6 X 10° kmol C, which rep-
resents 83% of the total DOC accumulation. It is interesting
to note that, during these 11 d, a slow-moving positive cir-
culation was restored, producing a net entry of 0.45 km? of
DOC-poor ENACW from the bottom shelf. DOC produced
during this third period was not exported as in the summer
period but accumulated into the ria. The remaining 17% of
accumulated DOC came from the net import of extrinsic
materials, accounted by the O — | balance. The close cou-
pling between the surface water and DOC fluxes at the outer
boundary and the O — | balance suggests that most of the
externa DOC accumulated in the system came from the
shelf. The initial DOC amount in the ria at the beginning of
the study period (188.4 X 10° kmol C) increased by +16%
on 29 September. However, during the subsequent reversal
of the circulation pattern from 29 September to 2 October,
~90% of the DOC produced during the previous days was
consumed at the extremely high net rate of 85.6 mol C s*
(Table 3).

Winter: exchange and accumulation of DOC during the
unproductive season—Dramatic changes occurred during
this period in the wind regime (Fig. 7a), evolving from up-
welling favourable northerly winds on 1-5 December (200
mis-t km-1) to downwelling-favorable southerly winds on
8-11 December (—1500 m® st km~1). Continental runoff
was high, ranging from 52 m® s-* on 1-5 December to 26
mé st on 8-11 December.

Time changes in the salinity (Fig. 7b), temperature (Fig.
7d), and DOC (Fig. 7f) profiles are concomitant with the
wind regime, showing dramatic changes in the orientation
of the isopleths (see 35.0 pss, 17.0 °C, and 75 umol C L
for reference). Despite the winter conditions, bottom waters
of the ria were warm and salty, as expected in the Iberian
upwelling system at this time of the year. A poleward-flow-
ing slope current of warm and salty subtropical water is usu-
aly observed (Haynes and Barton 1990). Under strong
downwelling conditions, these subtropical waters enter the
rias, as occurs from 5 to 11 December. Downwelling was so

intense that water column homogenisation in the middle ria
was amost complete. This contrast with the situation ob-
served from 1 to 5 December, when the positive circulation
pattern accompanying the initial upwelling displaced the
fresh and DOC-rich water from San Simoén Bay to the mid-
die ria (Sta. 3). The average distributions along the main
axis show the westward extension of the fresh (Fig. 7c) and
DOC-rich (Fig. 7g) water outwelled from San Simbn Bay
and the thermal homogenization (Fig. 7€) accompanying the
entry of warm subtropical surface waters from the shelf.

Intense positive circulation occurred at the outer boundary
of the ria at the beginning of this period (Fig. 4g). Water
exchange with the adjacent shelf, at the extremely high av-
erage rate of 7.6 X 10 m?® st from 1 to 5 December,
equalled the whole volume of the ria. However, from 5 to
11 December, a dramatic reversal of the circulation pattern
accompanied the dominant downwelling-favorable southerly
winds. As much as 5.50 km? entered the ria across the sur-
face outer boundary, reintroducing twice the volume ex-
ported during the initial upwelling episode. Consequently,
for the whole period, the ria imported 2.36 km? of shelf
surface water (Table 2), i.e., 86% of its volume. The flushing
time during this period was 11 days (renewal rate, 9% d-1).
DOC fluxes followed the circulation pattern (Fig. 49, Table
2), with 193.6 10° kmol C (average 82 umol L-*) entering
the surface outer boundary (88.6%) and 17.2 X 10° kmol C
(average 85 umol L) entering the surface inner boundary
(7.9%). Continental runoff and sewage represented 2.8% and
0.7% of the total DOC input, respectively.

The O — | balance of DOC (Fig. 4h) was again parallel
to the water and DOC fluxes across the surface outer bound-
ary, in such a way that 11.7 X 10° kmol C of DOC were
exported to the shelf between 1 and 5 December, whereas
24.3 10° kmol C were imported from 5 to 11 December
(Table 3). short-timescale changes in the accumulation term
(V X ADOC/At) were opposite to the O — | balance. Export
to the shelf during the initial upwelling episode reduced the
DOC content of the ria and import during the subsequent
downwelling episode restored the previous deficit. The total
reduction of the DOC content of the riafrom 1 to 5 Decem-
ber was due to export (64%) and oxidation (36%) at an av-
erage NEP of —18.6 mol C s* (Table 3). On the other hand,
23% of the DOC imported from shelf surface waters be-
tween 5 and 11 December was oxidized at an average NEP
of —10.9 mol C s°%, and 77% accumulated into the ria. It is
worth noting that the net DOC-consumption rates by the
community of organisms within the ria were much lower
than those during the spring downwelling episode (NEP =
—49.8 mol C s™%). As a consequence, the O — | balance of
DOC was coupled with the oxidation term (NEP) during the
spring and with the accumulation term (V X ADOC/At) dur-
ing the winter.

Discussion and conclusions

The four contrasting survey periods present exemplar hy-
drographic and biogeochemical situations for the northwest-
ern lberian Peninsula, the northern boundary of the coastal
upwelling system that associates to the Canary Current (Bak-
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un and Nelson 1991). The Iberian margin system has simi-
larities with the other three major eastern boundary current
regions of the world ocean—California, Benguela, and Perl/
Humboldt—at comparable latitudes: off Oregon, Republic of
South Africa, and Chile, respectively. The study site allowed
us to learn about DOC cycling in a coastal upwelling area
within an easily accessible coastal inlet in which exchange
fluxes can be readily approached and the sampling program
is not disturbed by stormy wind conditions.

Quality of DOC produced/consumed by the community of
organisms—The spring situation illustrates the rapid con-
sumption—at the timescale of the sampling frequency (2—4
d)—of the DOC imported by the system under downwelling
conditions. From 7 to 10 April, imported DOC is consumed
at the high average net rate of —0.37 mmol C m-2 d-*. Con-
sidering the flushing time for this short event (~5 days), the
consumed material has to be judged as labile DOC. Al-
though this material represents a minor (~8%) fraction of
the total amount of DOC imported by the ria, it fuels the
intense bacterial activity associated to the estimated net con-
sumption rate.

Labile DOC was probably formed in the ria and exported
to the shelf during an upwelling episode on the previous
days (offshore Ekman transport +0.5 X 10° m® s~* km~* for
3-6 April) and reintroduced into the embayment during the
7-10 April downwelling event. Mid-February to early April
is atime of intense net primary production in the study area
because of the concurrency of the onset of both the spring
bloom and the upwelling-favorable season (Nogueira et a.
1997). Intense net primary production enhances microbial
production (exudation and grazing) of labile DOC (Norrman
et a. 1995), which can be subsequently consumed by bac-
teria under favorable conditions for their growth. Down-
welling episodes, when the nitracline deepens well below
the 1% of photosynthetically active radiation, seem to favor
the succession from net production to net respiration regimes
in coastal upwelling areas (Pérez et al. 2000). Nutrient de-
pletion affects both phytoplankton and bacterial net growth
(Thingstad et al. 1997), but the excess of labile DOC acti-
vates bacterial respiration. In fact, the efficiency of conver-
sion of labile DOC into bacterial biomass reduced from
30%-50% in nutrient-rich to <5% in nutrient-limited sys-
tems (Kirchman et al. 1991; Fuhrman 1992).

In contrast to the spring survey, the summer situation typ-
ifies the extensive production of labile DOC under the phy-
toplankton-dominated regime characteristic of upwelling
conditions. Net DOC production exceeded +42 mmol C m—2
d~* during the intense upwelling episodes of 4-8 and 15-18
July. Average flushing times in the system for these episodes
were <7 d. Average net primary production in the ria during
the April—October upwelling season is 100-125 mmol C m—2
d-*. It increases to >250 mmol C m~2 d-* during upwelling
episodes, during which the nitrate-rich ENACW is promoted
to surface waters (Moncoiffé et a. 2000). Primary produc-
tion rates are similar in other coastal upwelling systems of
the world ocean (Wollast 1993). Therefore, it is expected
that ~20% of the net primary production in the ria trans-
forms into exportable DOC under upwelling conditions. This
percentage is within the 10%—40% range observed in the

equatorial Pacific and other eutrophic systems (Hansell and
Carlson 1998). For comparison, these authors obtain per-
centages of 59%—70% during the spring bloom in the oli-
gotrophic Sargasso Sea. Our percentage is also within the
range of much DOC excretion for phytoplankton in coastal
areas, 0%—-30% (Norrman et al. 1995).

The sustained DOC production of +15 mmol C m=2 d-*
from 15 to 29 September was associated with slow positive
circulation provoked by weak coastal upwelling. Such cir-
culation pattern has to produce the gentle injection of nutri-
ents into the surface layer of the riathat supports the primary
production rates responsible for the estimated DOC produc-
tion. The observed thermal stratification, shallow mixed lay-
er, and limited nutrient input through weak upwelling are all
favorable to the onset of red-tide assemblages (Cullen et al.
1982; Chang and Carpenter 1985). In fact, red tides used to
occur in the Iberian upwelling system at the end of the up-
welling season (Figueiras and Rios 1993), in response to
increased stratification, as in other upwelling regions (Barber
and Smith 1981). The flushing time in the period 18-29
September is as high as 2 months, which causes the rapid
accumulation of the produced DOC. The lability of the ac-
cumulated material is confirmed by the extensive consump-
tion of this pool during the reversal of the circulation oc-
curred from 29 September to 2 October. The change in the
circulation pattern causes the sudden succession from phy-
toplankton- to bacteria-dominated regimes and the accumu-
lated labile DOC was consumed at the extremely high net
rate of —63 mmol C m~2 d-*. This net consumption rate is
almost twice the rate observed during the spring survey. La-
bility of the materials and/or bacterial activity can be the
causes behind the difference. In this sense, surface temper-
atures were <15.5°C in the spring episode and >17.5°C in
the autumn episode.

Most of the DOC exchange between the ria and the ad-
jacent shelf during the winter survey is coupled with the
accumulation term (V X ADOC/At). Thisisin clear contrast
with the coupling between production and export during up-
welling episodes (summer) and between respiration and im-
port during downwelling episodes (spring). DOC exchanged
across the outer boundary of the ria has recycling times lon-
ger than the average 1-11 December flushing time in the
study volume (11 d), and must be considered semilabile. Net
DOC respiration rates during this period were <14 mmol C
m-2d-t, i.e, <1/3 of the rate recorded during the consump-
tion of imported labile DOC during spring. Limited produc-
tion of labile materials seems to be the reason behind these
low respiration rates. The average 1987—1993 December—
February nitrate in the surface waters of the riais ~7 umol
N L%, and chlorophyll is <1 mg m—3 (Nogueira et al. 1997),
which indicates reduced net primary production rates. Mal-
functioning of the microbial loop by nutrient limitation
(Thingstad et a. 1997) can be discarded in this case. In
addition, it must be highlighted that cold surface waters are
not the reason behind the low bacterial activity, since surface
temperature during the winter survey was about the same
than during the spring period. As indicated before, this is
due to the entry in the ria of warm surface waters transported
from subtropical latitudes by the recurrent poleward slope
current observed during the winter months. This circulation
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pattern is also common in the other three major upwelling
systems during the corresponding winter period (Bakun and
Nelson 1991).

Smith and Hollibaugh (1997) studied the net ecosystem
metabolism of Tomales Bay, a very small (8.4 X 10-2 km?)
and shallow (3-m deep) well-mixed estuary in the upwelling
region of California, which exchanges water slowly with the
adjacent shelf (flushing time, ~3 wk). For the case of DOC,
they observed insignificant NEP rates either in the summer
(maximum offshore Ekman transport) or winter (offshore
Ekman transport near zero). Whereas Tomales Bay is avery
particular ecosystem within the Californian upwelling, the
Ria de Vigo contains a large volume of shelf waters (2.76
km?, mean depth 20 m, flushing time ~1 wk) representative
for carbon cycling in the whole Iberian upwelling system.
Therefore, our results are likely representative for the other
major upwelling systems of the world ocean.

Accumulation versus export: hydrodynamic control of the
NEP of DOC—Equation (13) in the **Materials and Meth-
ods’ section express numerically the possible fate of the
NEP of labile DOC in the study ecosystem: (1) increase the
DOC standing stock, to make this labile material available
to bacterial populations into the system; and/or (2) export
out of the ecosystem where the labile material was gener-
ated, to serve as new substrate for bacteria in adjacent eco-
systems. The ecological implications of the two alternatives
are antagonistic, and they are connected to the key issue of
regenerated and new production in marine systems (Eppley
and Peterson 1979).

The term ““NEP”’ has been throughoutly used in the lit-
erature as a synonymous with “‘new’” and *‘export’” produc-
tion (Quifones and Platt 1989; Hansell and Carlson 1998).
Strictly speaking, NEP and new production have the same
meaning: the fraction of the total production supported by
nutrients entering from the boundaries of the study ecosys-
tem. However, NEP and export production are equa only
under steady-state conditions, i.e., when NEP did not con-
tribute to modify DOC standing stocks in the study volume.
The steady —state assumption is operative when appropriate-
ly large space (>10%2 km) and time (>102-2 d) scales are
considered, as in the case of global annual estimates (Walsh
1991; Wollast 1993; Hansell and Carlson 1998). However,
at the short time and space scales of the present study the
steady-state assumption can lead to severe misinterpretation
of the ecosystem functioning.

For steady-state conditions, V X ADOC/At = 0 and NEP
= O — |. Therefore, the error associated to the steady-state
assumption does not affect the qualitative interpretation of
the results during the spring (Fig. 4b) and summer (Fig. 4d)
surveys because of the close coupling between hydrodynam-
ics (solid dots) and biogeochemistry (open dots) at the short
timescale. This is the expected response when the biologi-
cally driven recycling time of the materials produced or con-
sumed are shorter than the hydrodynamically driven flushing
time of the study volume. Therefore, export to the adjacent
ocean is the major fate of labile DOC produced under the
very active wind—driven circulation pattern during summer
in the Iberian margin (Haynes et al. 1993) and other coastal

upwelling systems (Barber and Smith 1981; Bakun and Nel-
son 1991).

However, during the autumn (Fig. 4f) and winter (Fig. 4h)
surveys, the steady-state assumption would lead to erroneous
interpretations. Consideration that the O — | balance ex-
presses NEP on the study system during the autumn survey
would indicate reduced biological activity in response to
limited circulation during a period of wind relaxation. How-
ever, asmuch as +9 umol C L~ of labile DOC accumulated
in the study volume during the initial 11 d and bacteria sub-
sequently consumed them in the fina 3 d. Therefore, the
autumn situation is a good example of how high NEP at the
expense of the nutrient stock accumulated in the ria is not
necessarily synonymous with high export. Our transient ap-
proach alowed us to observe the time segregation between
DOC phytoplankton production and subsequent in situ bac-
terial degradation.

Contrary to the autumn, wind-driven circulation was very
active during the winter survey. However, reduced light-lim-
ited phytoplankton production at this time of year precluded
the intense DOC production/degradation cycle suggested by
the O — | balance. DOC exchange across the boundaries of
the study system is mainly due to changes in the standing
stock of accumulated materials with recycling time larger
than the flushing time.

Implication for the carbon balance in upwelling regions—
The net consumption of inorganic carbon by the community
of organisms in a given system transforms into CaCO, and
suspended, dissolved, and sedimented organic carbon. The
almost 20-yr-old controversy on the fate of new organic ma-
terials produced in ocean margins, horizontal export versus
in situ oxidation, has centered around organic particles and
their direct sedimentation on the shelf or export to continen-
tal slope sediments (Walsh et al. 1988; Biscaye et al. 1994).
In parallel to this discussion, many marine biogeochemists
focused their efforts on the minor but very reactive fraction
of the DOM pool that contributes to carbon cycling in the
oceans. Although the key role played by bioreactive DOM
is widely recognized nowadays (e.g., Kirchman et al. 1993;
Carlson et al. 1994; Hansell and Carlson 1998), it has not
been properly incorporated in the discussion about the fate
of organics in continental shelves. The net production of
bioreactive DOM adds a new possible fate for the new pro-
duction in ocean margins: the horizontal export to the ad-
jacent ocean surface waters. This new route has to be im-
portant in coastal upwelling regions, in which horizontal
export is magnified by the offshore Ekman transport, espe-
cialy at sites where filaments develop. In this sense, alarge
filament is recurrently observed off the Ria de Vigo during
the upwelling season (Haynes et al. 1993). Our results in-
dicate that ~20% of the net primary production in the study
volume transform into labile DOC during upwelling epi-
sodes. This number agrees very well with the 20% value
assumed by Hansell and Carlson (1998) for coastal upwell-
ing systems of the world ocean in their global estimates of
the NEP of DOC. The fate of organic materials in the global
coastal upwelling zone has to be revisited under the light of
these recent estimates.

Labile DOC exported to the adjacent ocean surface waters
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will ultimately serve as a substrate for growth and respira-
tion of bacterial populations there. The impact of exported
DOC to the activation of the microbial loop is especialy
important when the receptor ecosystem is oligotrophic. This
is the case of the subtropical gyres surrounding the highly
productive belt of the equatorial Pacific (Hansell and Wa-
terhouse 1997). Therefore, horizontal export of labile DOC
must also be considered in the recent controversy of the
autotrophic (Williams 1998) or heterotrophic (Duarte and
Agusti 1998) status of open ocean waters. Considering re-
cent estimates (Hansell and Carlson 1998), global new pro-
duction of coastal upwelling areas is 0.8 Gt C yr—t. Under
the assumption that 20% transforms into labile DOC, ~0.16
Gt C yr—* could be exported from coastal upwelling systems
to the adjacent open ocean waters to fuel heterotrophic pro-
cesses there.
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