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ABSTRACT: From September 1994 to September 1995 a time-series station in the Ria d e Vigo (NW
Spain) was monitored fortnightly. Dissolved organic carbon (DOC) was analysed by high temperature
catalytic oxidation. Dissolved organic nitrogen (DON) was determined by the Kjeldahl method, after
removal of inorganic nitrogen from the sample. The time courses of DOC and DON changes were parallel. The average C/N molar ratio of dissolved organic matter (DOM) was -15. DOM was strongly
influenced by physical and biological processes. During the upwelling season, the entry of DOM-poor
Eastern North Atlantic Central Water (ENACW) controlled DOM levels in subsurface waters. Biologically produced DOM excess in surface waters was uncoupled with chlorophyll a on a daily time-scale.
A tentative partitioning of DOM during the upwelling season h a s been inferred from mixing of oceanic
and freshwater endmembers. T h e refractory pool, -70% of total DOC in surface water, was carried by
upwelled ENACW (6Oor>,10%) of which was semi-refractory) and continental water (10%). Net production of semi-labile DOC occurred in the bottom layer (-10 pM C) The average DOC excess in surface waters coinparcd to bottom waters was 21 pM C ,with a C/N molar ratio of 12 The excess was a
mixture of labile and semi-labile material wlth a recycling tlme > S d, which represented -23 and -13 %)
of the net primary production for C a n d N respectively. T h e average DOM excess/[POM (particulate
organic matter) + DOM excess] ratio in surface waters was -0.4 a n d -0.3 for C a n d N respectively, indicating that POM was the most important pool of organic matter net produced in the inner ria. During
the downwelllng season DOM was balanced by the external inputs and the DOM excess in surface
waters was due to the freshwater contribut~on.
KEY WORDS: DOC - DON . Upwelling . Down\velling Ria d e Vigo . NW Spain

INTRODUCTION
Recent studies indicate that a considerable fraction
of the dissolved organic matter (DOM)pool in seasonal
thermocline waters is highly labile ( t l l Z= hours to days)
and/or semi-labile (tT12= months), and is generated in
situ by biological processes (Kirchman et al. 1993,
Carlson & Ducklow 1995). The few estimates of this
fraction are in the range of 1 to 50% of the total dissolved organic carbon, DOC (Chen & Wangersky
1996).The highly labile DOM fuels the 'microbial loop'
(Azam et al. 1983, Jumars et al. 1989, Kirchman et al.
1991).The semi-labile DOM, which escapes utilisation
in the microbial food web, accumulates in seasonal
thermocline waters and it is exported to the deep
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ocean mainly during winter mixing. Annual downward
transport of semi-labile DOC can be greater than the
particulate organic carbon (POC) flux in oligotrophic
areas (Copin-Montegut & Avril 1993, Carlson et al.
1994, Murray et al. 1994, Lefevre et al. 1996). Consequently, highly labile and semi-labile DOM play a
major role in the regenerated and new production of
marine systems, and need to be considered in biogeochemical models (Kirchman et al. 1993, Bronk et al.
1994). DOM lability can be approached through the
C/N ratio (Cherrier et al. 1996).In this sense, observed
seasonal accumulation of carbon-rich DOM (high C/N
ratio) can be due to reduced bacterial activity in inorganic nitrogen depleted waters during the summer
(Williams 1995).
The most intense production of organic matter in the
ocean occurs in the coastal zone. Although it comprises
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only ca 8 % of the total surface area of the ocean, the
coastal zone accounts for 18 to 28% of ocean primary
production because of large atmospheric, riverine and,
most importantly, ocean inputs (Wollast 1991, 1993).
Enhanced primary production increases fluxes between carbon pools (LC02, POC and DOC) through
biogeochemical processes. Ocean inputs are greatly
intensified in upwelling areas (Walsh 1991).
The NW Africa upwelling system extends from 10" to
44" N (Wooster et al. 1976). The northern boundary, on
the western coast of the Iberian Peninsula (42" to
43" N), is occupied by the Rias Baixas. These are 4
large coastal embayments (2.7 to 4.3 km3), freely connected (open to the oceanic influence) with the adjacent shelf. They gradually deepen and widen towards
the mouth, thus favouring export (Odum et al. 1979).
From April to October (the upwelling season),
northerly winds cause Eastern North Atlantic Central
Water (ENACW) to upwell over the shelf with a 10 to
15 d periodicity (Blanton et al. 1987, ~ l v a r e z - ~ a l g a d o
et al. 1993). Nutrient-rich ENACW enters the rias by
means of the enhanced positive residual circulation
(Prego & Fraga 1992, Roson et al. 1997).The rias allow
increased residence time of upwelled water in the
photic layer and, in comparison with adjacent shelf
surface waters, enhance the influence of solar heating
on thermocline formation and of phytoplankton on
nutrient uptake (~lvarez-Salgadoet al. 1996b). Periodic nutrient pulses induce a succession of new production maxima, supported mainly by external nitrate.
The average ratio of new to total production (f,,,,) is
very high (-0.5 to 0.6) during the upwelling season
(Rios 1992, Moncoiffe 1995, ~lvarez-Salgadoet al.
1996a). However, part of the inflowing nitrate comes
from shelf mineralisation of organic matter part of
which was exported from the rias (Fraga 1981, Prego
1994, ~lvarez-Salgadoet al. 1996a, 1997). The mean
annual new production is about 800 mg C m-2 d-'
(Prego 1993a). It increases to 1200-1500 mg C m-2 d-'
during the upwelling season (Fraga 1976, Moncoiffe
1995, ~lvarez-Salgadoet al. 1996a) and to >3000 mg C
m-' d-' during upwelling pulses, when the f,,,,, is -1
(~lvarez-Salgadoet al. 1996a).
During the autumn transition from northerly to
southerly winds (October-November), strong reversal
of the positive circulation occurs, displacing the downwelling front on the shelf towards the nas. In this situation, the ammonium concentration in the water column is increased because of net release from the
sediment-water interface, and high sed~mentation
rates result from intense transport of particulate matter
to the lower layer ( ~ l v a r e z - ~ a l g a et
d oal. 1996b).
From November to February (the downwelling season), southerly winds prevail. During the winter, positive residual circulation is resumed due to strong con-

tinental inputs to the rias (Roson et al. 1991, Prego &
Fraga 1992, Rios et al. 1992), which keep the downwelling front on the shelf Haline stratification prevents vertical homogenisation resulting from temperature inversion. Mixing of nutrient-rich continental and
shelf waters characterises nutrient distributions in the
surface layer. Contrary to the behaviour during the
upwelling season, nutrient concentrations in bottom
waters are lower than in the surface (Fraga 1967,
Mourino et al. 1984, Prego 199313, 1994). The maximum nutnent excess occurs by January. The average
excess is -4 pm01 kg-' for dissolved inorganic nitrogen
(DIN) at the time-series station, in the middle of the Ria
de Vigo (Nogueira et al. 1997a).
The transition from southerly to northerly winds
(February-March) is accompanied by a sharp decrease in surface nutrient concentrations (Nogueira et
al. 1997a),characteristic of spring bloom conditions. In
summary, the balance between river discharge and
shelf wind-stress determines the residual flows and,
ultimately, the nutnent biogeochemistry in the rias.
These coastal inlets behave like an extension of the
shelf during the upwelling season and like a partially
mixed estuary during the downwelling season (Doval
et al. 1997b).
In spite of our knowledge on nutrient dynamics in
the Rias Baixas, the key contribution of organic matter,
particularly DOM, towards balancing nutrient budgets
(~lvarez-Salgadoet al. 1996a, b) has not been rigorously assessed. Dissolved and particulate organic
nitrogen (DON and PON) (Fraga 1960, 1967, Fraga &
Vives 1961), total organic carbon and nitrogen (TOC
and TON) (Prego 1993a, 1994), and POC and PON
(Figueiras & Niell 1987, Rios 1992, Alvarez-Salgado et
al. 1996a, b) distributions have been produced in the
rias. However, this is the first time that all carbon and
nitrogen pools have been quantified simultaneously.
The present work focuses on the annual cycle of DOC
and DON in the Ria de Vigo. The influence of meteorologically forced hydrography and biogeochemistry
on changes in DOM is examined.

MATERIALS AND METHODS

The time-series station, in the main channel of the
Ria de Vigo (42" 14.5' N, 8" 45.8' W), was visited twice
a week beginning in 1987 (Fig. l ) . The sampling site,
45 m depth, is sensitive to both continental and ocean
influences and has 2 advantages over a station on the
shelf: (1) it is easily accessible and well protected
against inclement weather conditions in wintertime;
and (2) circulation can be successfully characterised
using a 2-dimensional approach. Abundant hydrographic data from the time-series station (salinity,
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Flg 1 Map of t h e Ria d e Vlgo showing t h e l o c a t ~ o nof t h e t ~ m e
S ) stations T h e bathymetry (In
serles (T S S ) a n d shelf (0
meters) 1s also shoivn
temperature, nutrients and chlorophyll a) are essential for a n understanding of the nutrient dynamics of
the nas on both seasonal and short time scales
(Figueiras et al. 1994, Nogueira et al. 1997a, b, in
press). From September 1994 to September 1995 additional samples for DOC, DON, POC, PON, pH and
alkalinity were taken at 2 wk intervals at depths of 1,
15 and 40 m at the time-series station. The survey
numbers (from 9 to 34) indicate the date of sampling
In addition, samples were taken in a shelf station
(0,s.)to estimate the DOM concentration of upwelled
ENACW.
Analytical details. A Seabird Electronics 25-01 CTD
(conductivity/ten~perature/depthprofiler) was dipped
before the bottles were cast. Samples were drawn from
3 depths (0, 15 and 40 m) with 5 1 Niskin bottles. Salinity was determined from conductivity measurements
with an AUTOSAL 8400 A (UNESCO 1985) in order to
calibrate the probe. Temperature was tested with
reversing thermometers.
Samples for nutrient analyses were collected in polyethylene containers. They were frozen to -20°C until
analysis in the laboratory using standard segmented
flow analysis (SFA) procedures (Hansen & Crashoff
1983, Mourino & Fraga 1985, ~ l v a r e z - s a l g a d oet al.
1992). Chlorophyll a was determlned fluorometrically,
with a Turner Designs lO00OR fluorometer. pH (National Bureau of Standards, NBS) was measured potentiometrically according to Pei-ez & Fraga (1987a).Alkalinity was determined by acid titration to pH 4.4
following Perez & Fraga (198713).Dissolved inorganic
carbon (CCO,) was calculated by substituting pH and
alkalinity in the carbonic acid systems equations, using
the constants proposed by Mehrbach et al. (1973) and
in agreement with Takahashi et al. (1993).

A volume of 1 1 of sample was filtered through a n oilless vacuum filtration system. POC a n d PON were collected on Whatman GF/F filters, which were dried on
silica gel a n d frozen to -20°C until analysis in the laboratory. Measurements were carried out with a Perkin
Elmer 2400 CHN analyser. Combustion to CO, a n d
NO, was performed at 900°C and reduction of NO, to
NZ at 640°C. Aliquots of the filtrate were taken for
DOC and DON analyses.
DOC determination was performed by high temperature catalytic oxidation (HTCO) with a commercial
Shimadzu TOC-5000. The combustion quartz tube was
filled with a 0.5 % Pt on Al2O3catalyst. Three to 5 replicate injections of 200 p1 were performed per sample.
The concentration of DOC was determlned by subtracting the average peak area from the instrument
blank area a n d dividing by the slope of the standard
curve (Thomas et al. 1995).The instrument blank is the
system blank plus the filtration blank. The system
blank was determined by subtracting the DOC in UVMilli-Q from the total blank. Measurements made with
the high sensitivity catalyst (Pt on silica wool) produced values < 2 FM C for fresh UV-Mllli-Q water. The
filtration blank was determined by filtering UV-Milli-Q
water through the filtration system. The filtration blank
was -5 pM C. Before sample analyses, the catalyst was
washed by injecting UV-Milli-Q, for at least 12 h, until
the system blank was low and stable. The system
blank was < 8 PM C; when it was higher, w e washed or
even replaced the catalyst. The system was standardised with potassiun~hydrogen phthalate (KHP). The
coefficient of variation (CV) of the peak area for the 3
to 5 replicates of each sample was -1 %. We participated in the international intercalibration exercise
conducted by J. Sharp (Univ. of Delaware), obtaining
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satisfactory results (within +10%; J. Sharp pers.
comm.).
DON was directly measured by an updated Kjeldahl
method (Doval et al. 1997a). A volume of 100 m1 of
sample was introduced into a 300 m1 Pyrex Kjeldahl
flask. To eliminate ammonium, 1 m1 of 0.5 N NaOH
was added and the solution was boiled until the sample was reduced by half. Next, 10 m1 of H2S04-FeS04
reagent was added to concentrate the sample and
remove nitrogen oxides. The heating must be continued to convert DON to ammonium in acid medium.
The residue was diluted with UV-Milli-Q water and
carried to a distillation device, where 20 m1 of 33%
NaOH was added and the resulting ammonia was codistilled with water vapour until 20 m1 was collected
over 5 m1 of 10-3 M HC1. Finally, ammonium concentration on the distillate, which is directly related to
DON in the sample, was determined with the SFA
system. The most common biochemicals and most of
the identified major constituents of seawater DON
are accurately measured (recovery 1 9 5 % ) with this
method, except for antipyrine (73%). The average
blank was -2 pM N. We analysed duplicate seawater
samples, the CV being -5 %.
Meteorological and hydrographic indices. The
upwelling index (I,) is a gross estimation of the flow of
upwelled water per kilometre of coast. According to
Wooster et al. (1976):

column, NZ = (g/p)(dp/dz),where g is gravity, p is density and zis depth. The average NZintegrated over the
can be calculated as:
water column (NZ)

where Z is water depth (45 m), p, is surface density,
and pb is bottom density.
Linear regression. The best fit between any pair of
dependent (Y) and independent (X) variables was obtained by minimising

z[(xi-%)"'
(V.
I

where ru, and w yare weights for the independent and
dependent variables respectively, with W,, w y2 0 and
w x + W , = 1. The weight factors must be a function of
the estimated experimental error of the measured variable (er)compared to the standard deviation (SD) of
the whole set of measurements of this variable. For a
given pair of variables,

In order to simplify the linear regression analyses, all
possible cases were condensed to 2 categories or models: (I) W , = 0, W, = 1; and (11) W,X= w y= 0.5 (Sokal &
Rohlf 1995). Model I was used when X was temperature or salinity and Y was any biological or chemical
variable. In these cases, w y w x ,while model I1 was
used when both X and Y were chemical or biological
Differences between models I
variables and W, = w,~.
and I1 increase as the correlation coefficient (r) decreases.

*

where p, is the density of air, 1.2 kg m-3 at 15°C; C i s an
empirical drag coefficient (dimensionless), 1.3 X IO-~;f
is the Conolis parameter, 9.9 X 10-S S-' at 43" latitude;
p, is the density of seawater, 1025 kg mm3;
is wind
speed and VN is the north component of wind speed.
The upwelling index was calculated using daily averaged geostrophic winds deduced from surface pressure charts following Bakun (1973). Negative values
indicate downwelling. <I,> is the average I,, from the
current day to 2 d before, which correlates better with
the vertlcal displacement of the isopycnals, due to the
inertia of coastal circulation to wind-stress (Roson et al.
1997).
Continental runoff, Q R ,was estimated as the sum of
a function of precipitation in the drainage basin,
-480 km2 (Rios et al. 1992),and the flow from the river
Oitaben, regulated by the Eiras reservoir. <QR> was
calculated by averaging the daily flows from the current date to 4 d before. This was because the flushing
time of the inner n a up to the time-series station is -5 d,
based on water flows calculated by Rios (1992).
The Brunt-Vaisala frequency (Millard at al. 1990) is
commonly used for evaluating the stability of the water

RESULTS

Hydrographic scenarios and associated nutrient
distributions
The characteristic wind features in the NW Iberian
upwell~ngsystem can be seasondlly identified from the
time course of <Iw> (Fig. 2a). The upwelling season
was in September 1994 (surveys 9 and 10) and from
March to September 1995 (surveys 22 to 34) and the
downwelling season from November 1994 to February
1995 (surveys 13 to 20). Transient conditions from upwelling to downwelling, the autumn transition (October 1994, surveys 11 and 12),and from downwelling to
upwelling, the spring transition (March 1995, surveys
21 and 22), were sampled too. The mean <Iw> dunng
the upwelling season was 353 m3 S-' km-', very close to
the long-term average of 333 m%-' km- from 1966 to
1995 (Lavin et al. 1991, Nogueira et al. 1997a).

'
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Fig 2 Tlrne course of ( a ) average
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The response of the water column to alternative upwelling and relaxation conditions during the upwelling
season can be appreciated in the peaks and troughs of
the 13°C isotherm (Fig. 3a), approximately the upper
limit of ENACW (Fraga 1981, Fraga et al. 1982). Upwelling conditions were sampled during surveys 10,
22, 24, 27, 31, 32 and 34. The upwelling season was
characterised by limited runoff (Fig. 2b), although high
flows occurred in May 1995 (surveys 25 and 26), coinciding with fluctuating northerly-southerly winds, as
during transient periods. N2 (Fig. 3c) decreased dunng
upwelling conditions, and increased during upwelliny
relaxations (surveys 9, 23, 25, 26, 29 and 30). The pycnocline was located between 6 and 12 m (Fig 3a).
Therefore, the sample at 15 m was usually in the lower
layer.
During the downwelling season, the highest <QR>
were observed by October-November 1994 (surveys
12 to 14),although surface salinity at the time-series station was not the lowest. Lower surface salinity during
February 1995 (surveys 18 and 19) showed that the convergence associated with the downwelling front
moved to the shelf. Anomalous upwelling conditions
were sampled during January (survey 17).High stabhty
during the downwelling season (N2> 2
was maintained by strong continental runoff (Fig. 2b). The pycno c h e was also observed between 6 and 12 m, except for
surveys 15 (strong homogenisation) and 18 and 19 (high
runoff) during which the pycnocline was deeper.
Dunilg the autumn transition lower N2 and a deeper
pycnocline ( > l 4 m) were observed, due to strong verti-

I

I

Nov Dec Jan95

I

I

Feb

I

Mar

I

Apr

I

May

I

Jun

I

Jul

I

Aug

Sep

month

cal mixing generated by the reversed estuarine circulation (Roson et al. 1997). In contrast, higher NZ and a
shallower pycnocline (-10 m) were sampled during the
spring transition. The relatively high runbff (Fig. 2b)
increased the stability of the water column. The rising
solar insolation and the high discharge from the rias
can mask the effect of upwelling during the spring
transition (Blanton et al. 1984, McClain et al. 1986,
Tenore et al. 1995).
The time courses of 1 C 0 2 and DIN (Fig. 4a, b) in the
lower layer were obviously tied to the variability of the
thermohaline properties (Fig. 3a, b ) . The inflows and
outflows of ENACW during the upwelling season can
be observed in the vertical displacement of the DIN
and CCOz isolines. In addition, mineralization processes and sediment-water exchange, more evident
during relaxation and moderate downwelling conditions, increased DIN and CCOz in the lower layer.
Nutrients were transported to the surface layer during
strong upwelling conditions. Relative NH,' maxima
were sampled d u n n g upwelling relaxations (surveys 9,
25, 26, 29 and 30; Fig. 4c) due to rapid ammonification
of sinking particulate organic matter (POM), and during downwelling conditions (survey 33) due to net
release from the sediments ( ~ l v a r e z - ~ a l g a deto al.
1996a). During the downwelling season, the highest
DIN and lowest 1 C 0 2 were sampled in January (surveys 18 and 19) due to the strong freshwater influence.
During November 1994 (survey 14), NH,' maxima
were found in both layers, because of the composite
effect of advection of waters regenerated in the inner-
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Dec Jan95
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survey 10

most part of the ria and ammonium released from the
sediments (Perez et al. 1992, ~ l v a r e z - ~ a l g a deto al.
199613).
Chlorophyll a (chl a) maxima (Fig. 4d) appeared in
the surface layer during the upwelling season (surveys
11, 22, 24, 25, 27, 29, 30, 31 and 34). Several maxima
coincided with upwelling relaxations (surveys 11, 29
and 30), when growing phytoplankton accumulates in
the upper layer just after a n upwelling event because
of reduced 'washout' compared to cells doubling time
(Roson et al. 1995, ~ l v a r e z - S a l g a d oet al. 1996a). During the other relaxation periods high chl a was not
sampled. This was likely because the surveyed days
were at the end of prolonged periods of relaxation
( > l 0 d ) , when nutrient replenishment was rather limited and the phytoplankton population succeeded to
dinoflagellates (Figueiras & Rios 1993, Pazos et al.

June

July

Aug SepQ5

Fig. 3. Time course of (a) temperature
('C), (b) salinity, and (c)average stability N2 (rnirr2) at the time-series station
in the Ria de Vigo from September
1994 to September 1995. (0)
Position of
pycnocline; ( V ) upwelling conditions
and ( V ) relaxation periods during the
upwelllng season

1995). On the other hand, several chl a maxima
occurred during upwelling conditions (surveys 22, 24,
31 and 34). These surveys coincided with the 'spin
down' of upwelling pulses, after the lag time for adaptation of phytoplankton to the nutrient and light conditlons of upwelling (Zimmerman et al. 1987). Finally,
the chl a maximum observed during May 1995 (survey
27) developed under moderate upwelling conditions
after a minor runoff event (Fig. 2b). Chl a was low in
bottom waters except in surveys 23 and 28, due to sedimentation of the surface chl a maxima or strong bottom resuspension. During the downwelllng sea.son
chl a was extremely low, as primary production was
severely light limited (Fraga 1967. Nogueira et al.
1997a). However, an anomalous winter bloom (chl a
> 3 pg l-l) was sampled in surface waters during
December 1994 (survey 15).
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(d) chlorophyll a (\igI"] distributions at the time-series station in
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1994 to September 1995. (V) Upwelling conditions and ( V )relaxation periods during the upwelling season
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Particulate and dissolved organic matter
distributions
The distributions of POC and PON (Fig, 5a, b)
showed the expected decrease with depth. The avera g e concentrations were 27.1 p M C and 4.0 pM N in
the surface layer, 12.9 pM C and 1.8 pM N at 15 m and
16.9 pM C and 2.0 pM N at 40 m (Fig. 6a, b). Slightly

Dec Jan95

Feb March A w l

May

June

July

Aug Sep95

higher average concentrations were recorded in the
bottom than at 15 m. POM maxima were observed in
the surface layer (surveys 12, 19, 20, 26, 27, 29, 30, 31
a n d 34), a n d in the bottom layer during surveys 22, 23
a n d 28. In general, POM maxima coincided with chl a
maxima, as phytoplankton is the primary source of
POM in the marine environment (Middelburg et al.
1993). However, chl a maxima sampled during the
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downwelling season (survey 15) and during MarchApril 1995 (surveys 22 and 24) did not indicate high
POM values, and the POM maximum during survey 19
(high continental runoff) did not show high chl a. The
rest of the downwelling season was characterised by
low POM values. In spite of these differences, the
direct correlation (model 11) between PON and chl a
yielded 0.70 (regression 1, Table 1). The correlation
between POC and chl a was slightly lower (r2 = 0.60;
regression 2,Table 1). The average PON/chl a ratios
were 1.3 (k0.8)m01 N g-' chl a in the surface layer, 1.6
(21.2)m01 N g-' chl a at 15 m and 2.8 (*l.?) m01 N g-'
chl a at 40 m.
The C/N molar ratio of POM (Fig. 5c) increased
markedly with depth. The average C/N ratios were 6.9
in the surface layer. 7.4 at 15 m and 8.7 at 40 m
(Fig 6c). The highest variability was observed at 40 m.
Maximum values ( > g ) were recorded in the bottom

June

July

Aug Sep95

Fig 5. Time course of (a)
POC (pm01 l'.'), ( b ) PON
(pm01 1 - l ) , and (c) POC/
PON distributions at the
time-series station in the
Ria d e Vigo from September 1994 to September
1995. ( V ) Upwelling conditions and ( V ) relaxation
periods during the upwelling season

layer during the downwelling season (surveys 16 to
20). POC and PON were obviously coupled, and the r2
of the direct correlation (model 11) was 0.92 (regression
3, Table 1).The origin intercept was not significantly
different from zero.
All profiles showed a slgnlficant decrease of DOC
and DON with depth (Fig. ?a, b). The average concentrations were 100 yM C and 6.8 pM N in surface
waters, 83 pM C and 5.6 PM N at 15 In and 76 pM C
and 5.0 pM N in bottom waters (Fig. 6d, e ) . Several
high values of surface DOC caused a wide range of
variation. Extreme concentrations were recorded during the upwelling season: the highest values (> 100 pM
C and > 7 pM N) in the surface layer in upwelling
relaxation conditions (surveys 9, 25, 26, 29 and 30) and
the lowest values (c70 p M C and <4 pM N) in bottom
upwelled waters. During the upwelling season, the
vertical displacements of isolines from 60 to 75 pM C
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and from 5 to 6 pM N traced the succession of
upwelling and relaxation conditions.
During the downwelling season, the reversal in circulation provoked DOM homogenization and a subsurface maximum of 110 pM C and 8.5 VM N at 15 m
during November 1994 (survey 13), coinciding with a
relative chl a maximum. The rest of the downwelling
season showed lower values of DOM with relative
maxima during surveys 15 and 16 (coinciding with the
winter bloom) a n d surveys 18 and 19 (coinciding with
the surface salinity minimum).
The distribution of DOM (Fig. 7a, b) resembles that
of temperature (T) (Fig. 3a), the latter being used a s a
marker of hydrographic changes. In fact, r2 of the
direct correlation between DOC and T (model I) for all
samples was 0.46 (regression 4 , Table 1). The origin
intercept was not significantly different from zero. The
correlation between DON and T was slightly lower
(r2 = 0.43; regression 5, Table 1). Phytoplankton production is also the ultimate source of DOM in the sea
(Kirchman et al. 1991).However, the direct correlation
between DOC and chl a (model 11) yielded only r2 =
0.26. Therefore, DOC a n d chl a distributions were not
coupled over a short time scale. As the distribution of
DOC was influenced by both physical and biological
variables, the total correlation of DOC with T ( model I)
a n d chl a (model 11) was considered too (r2 = 0.53;
regression 6, Table 1).
The distribution of the C/N molar ratio of DOM
(Fig. ?c) did not change significantly with depth. The
range of variation was 12 to 20, with a n average
value of -15 for the whole data set (Fig. 6f). The time
courses of DOC and DON distributions were similar:
r2 of the direct regression between DOC a n d DON
(model 11) was 0.57 (regression 7, Table 1). The correlation obtained between both variables a n d the substantial difference between the direct DOC/DON
ratio (-15) a n d the slope of the regression line (-12)
are noteworthy. The origin intercept (17 PM) is the

a

POC (PM)

DOC (PM)

Fig. 6. Box and whisker plot of (a) POC, (b) PON, (C) POC/
PON, (d) DOC, (e) DON, and (f) DOC/DON at the surface,
15 m and 40 m depth. Fifty percent of the data are included
within the l ~ m iof
t the boxes and the caps represents the 10th
and 90th percentiles. (-) Median; ( - -- - ) mean. The mean protile is also shown

Table 1. Selected h e a r regressions among the different variables related to organic matter pools: particulate organic nitrogen
(PON), particulate organlc carbon (POC), dissolved organic carbon (DOC), dissolved organic nitrogen (DON), chlorophyll a
(chl a ) and temperature (T).n = 76, p < 0.001. Numbers in brackets are the standard error of the dependent variable estimate and
the standard errors of the coefficients
No.

Variables

Equation

PON vs chl a
POC vs chl a
POC vs PON
DOC vs T
DON vs T
DOC vs T, chl a
DOC vs DON
DOC vs T, DON

r2
-

-

PON (21.1) = O.g(k0.2)+ 0.68(20.05)chla
POC (k7.3) = 8.4(+1.3)+ 3.1(*0.3)chla
POC (k3.5)= 7.2(*0.1)PON
DOC (k13) = 5 9 ( + 0 . 1 ) T
DON (k1.1) = 0.39(20.01)T
DOC (*12) = -7.5(20.8) + 5.6(*0.2)T+ 4.9(+0.5)chla
DOC (k12) = 17(?10) + 12(+-1)DON
DOC (k11) = -30(*13) + 3 . 3 ( ? 0 . 4 ) 7 +12(+1)DON
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DOC not associated with DON, i.e. carbonaceous
material.
In order to examine independently the effect of temperature and DON in the DOC distribution, the correlation of DOC with T (model I) and DON (model 11) was
considered, r2 for t h ~ scorrelation was 0.62 (regression
8, Table 1).Consequently, up to 62% of the variability
observed in the DOC distribution can be explained by
a linear combination of the T a n d DON distributions. It
also showed that the origin intercept was temperature
dependent (it increased with increasing temperature).
In addition, the coefficient for DON, independent of
the variation of temperature, was kept at 12. It is
remarkable that if model I had been considered for
both T a n d DON, the coefficient for DON would have
been as low as 6.5, leading to a quite different discussion. Therefore, the correct choice of the regression
model is crucial.

June

July

Aug Sep95

Fig. 7. T ~ m ecourse of (a)
DOC (pmol l-'), (b) DON
(pmol I-'), and (c) DOC/
DON distributions at the
time-series station in the
Ria de Vigo from September 1994 to September 1995. ( V ) Upwelling
conditions and ( V )relaxation penods during the
upwelling season

Estimation of surface 'DOM excess'

A DOM excess was observed in surface waters as
compared to bottom waters at the time-series station
(Fig. ? a , b) throughout the study period. A rough estimation of thls excess could be performed with a simple
2-endmember mixing model, one endmember being
the freshwater input (F),and the other endmember the
bottom water at the time-series station (B). For DOC
we can write:

where DOCExc is DOC excess, DOCs and Ss are DOC
and salinity at the surface, DOCBand SBare DOC and
salinity at the bottom, and DOCF is DOC in the freshwater discharge (see Fig. 8a). The same equation can
be written for DON. The freshwater contribution to the
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n
Fig. 8. (a) Schematic diagram of the characteristic 2-D
circulation and mixing pattern and (b) tentative partitioning of DOC pools in surface and bottom waters
of the time-series station in the Ria d e Vigo during
the upwelling season. Subscripts indicate: S, surface;
0 , oceanic ENACW; B, bottom; F, freshwater input.
'F.: recycling time

time-series station was the sum of continental runoff
(R) and waste water (W). So, DOC, can be estimated
as:

The average runoff (QR)was 44.7 m3 s-l for the downwelling season and 15 m3 s-' for the upwelling season
(Fig. 2a). The waste water flow (QbV)was -0.5 m3 S-'
(Prego et al. 1990).The evaporation-precipitation budget has been neglected in our discussion. Annual average DOC and DON concentrations on R and W were
400 pM C , 20 pM N and 3600 pM C, 325 pM N respectively. DOCR and DONR were estimated from samples
taken in the innermost part of the ria, and extrapolated
to zero salinity. DOCw and DONw were calculated
from samples taken near the domestic waste poured
into the commercial port of Vigo (Doval & Perez 1997).
Average DOCF and DONF were 435 pM C and 23 pM
N for the downwelling season and 503 pM C and
30 pM N for the upwelling season.
To calculate the DOM excess we need to assume that
steady-state conditions occurred during the flushing
time from the river mouth u p to the time-series station,

allochthonous
(ENACW)

semi-labile labile
(VS5d)
semi-labile
('F.

15-30 d)

-5 d (Rios 1992).The average excess for the upwelling
season was 21 pM C and 1.7 pM N, the freshwater contribution to the time-series station being 9 pM C and
0.6 pM N. In contrast, for the downwelling season the
DOC and DON excess in surface waters was slightly
negative: -6 pM C and -0.1 pM N. The freshwater contribution, as high as 25 pM C and 2.1 pM N, was
responsible for the higher DOM levels in the surface
layer as compared to the bottom layer during the
downwelling season. Consequently, during the upwelling season a net export of DOM (the DOM excess)
occurred via surface waters with an average C/N
molar ratio of -12 (= 21/1.7).

Estimation of DOM pools during the upwelling
season
The labile and semi-labile pools are the most interesting fractions of DOM due to the biogeocheniical
properties associated with them. DOM partitioning has
been made in oligotrophic gyres by several authors
using a simple l-dimensional model (Copin-Montegut
& Avril 1993, Carlson & Ducklow 1995, Cherrier et al.
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1996). However, the influence of horizontal advection
on DOM distributions at the time-series station of the
Ria de Vigo must be considered. Therefore, a 2-endmember mixing model was used to characterise the
DOM pool during the upwelling season, when net production occurred.
The DOC in bottom waters of the time-series station
expected from mixing of oceanic ENACW and surface
water of this station (DOC'B)can be estimated as:

where So and DOCo are salinity and DOC in upwelled
oceanic ENACW. The ENACW sampled during the
same period on shelf bottom waters off the Ria d e Vigo
(42" 7.8' N, 9" 7.5' W, 140 m depth; O.S. in Fig. 1) was
advected to the time-series station by the upwellingenhanced residual circulation. The average So, DOCo
and DONo during the upwelling season are shown in
Fig. 8a. Such upwelled DOM was clearly allochthonous to the ria, and must be essentially refractory.
We observed that the average DOC in the lower
layer of the time-series station (DoCB;Fig. 8a) was
higher than the calculated DOCIB (67 pM C). The difference, -10 pM C (Fig. 8b), was the net increase of
DOC due to net production in bottom waters within the
time necessary to cover the 31 km distance between
the shelf station and the time-series station (Fig. 1).
Assuming an average velocity in the range of 1 to 2 km
d-l, the produced DOC must have a recycling time > l 5
to 30 d. This is semi-labile DOC. The difference between DOCo and DOCIBis the increase of DOC due to
mixing of ENACW with the overlying water by turbulent vertical mixing (-2 pM C). Finally, the total DOC
excess in surface waters as compared to bottom waters
of the time-series station, -30 pM C (Fig. 8b), was due
to the freshwater contribution (-9 pM C) and the DOC
produced in the inner ria (-21 pM C) durj.ng the flushing time (-5 d; see previous section).
With respect to DON, the calculated DONIB was
4.5 pM N and the semi-labile DON produced in the bottom layer between the 2 reference stations was 0.4 pM
N. The increase of DON due to mixing was 0.2 pM N.
Finally, the total DON excess in surface waters of the
time-series station (-2.2 phI N) arises from the freshwater contributions (-0.5 p.M N) and DON produced in the
inner n a (-1.7 pM N). The C/N ratio of DOM was much
higher in the allochthonous ENACW (-15) than in the
more labile fraction (-12), as expected.

DISCUSSION

The higher average values of POC and PON at 40 m
than at 15 m could be due to the sedimentation of sur-

face blooms, resuspension of organic-rich sediment
(driven by the effects of upwelling and tides, -3 m) or
zooplankton accumulation (Fraga & Vives 1961, Fraga
1967).The observed increase of the C/N ratio of POM
towards the bottom (from 6.7 to 8) was due to the more
intense recycling of nitrogenous as compared to carbonaceous compounds and the resuspension of C-rich
POM (Copin-Montegut & Copin-Montegut 1983). Relatively high bottom DOM concentrations were measured too at the time-series station during OctoberNovember 1994 and between July and September
1995. Bottom resuspension of DOM associated with
nutrient fluxes from the sediments and partial degradation of settled POM could, be the reasons behind the
net production of DOM in the bottom layer as compared to upwelled ENACW (Prego 1993a, ~ l v a r e z - s a l gad0 et al. 1996a). Following regression 1 (Table l),
autotrophs represented about 65 % of the total PON in
the whole water column. This percentage was estimated from the relative contribution of the slope multiplied by the average chl a compared to the average
PON concentration. The direct PON/chl a ratio showed
a marked increase between 15 and 40 m (from 1.6 to
2.8 m01 N g-' chl a), indicating a higher contribution of
heterotrophs and, especially, detritus at 40 m.
Following the description of the time course of
organic matter pools, nutrient-rich and DOM-poor
subsurface waters are transported to the surface layer
during the 'spin up' phase of upwelling events. Phytoplankton growth and accumulation occurs at the
expense of the upwelled nutrients during the 'spin
down' phase, as indicated by chl a and POM. Finally,
DOM accumulation in the surface layer takes place at
the end of the bloom, after several days of non-windforced conditions. This sequence of events takes place
periodically during the upwelling season in response
to the wind regime. Hydrographic control of phytoplankton growth and accumulation is a common phenomenon in coastal upwelling systems at temperate
latitudes (Barber & Smith 1981, Zimmerman et al.
1987, ~ l v a r e z - s a l g a d oet al. 199613). DOC accumulation at the end of blooms seems to be a quite general
pattern too (Kirchman et al. 1991, 1994, Norrman et al.
1995, Chen et al. 1996). Although Carlson & Ducklow
(1995) found that physical control has an important
influence on the DOC distribution in the equatorial
upwelling of the Central Pacific, the lack of DOM data
in coastal upwelling areas does not allow one to generalise this expectable behaviour. This behaviour is also
observed in DON accumulation during the upwelling
season, which is an interesting issue as nitrogen is usually the limlting element of primary product~onin
upwelling areas. Surface DON excess in these systems
(mainly after prolonged relaxations, when surface
nutrients are depleted) implies the presence of DON
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not immediately available (recycling time > 5 d ) to the
microbial loop organisms. However, the C/N ratio of
the DOM excess, about twice the Redfield ratio,
pointed to a higher accumulation of DOC rather than
DON or to a more efficient utilisation of produced
DON in nitrogen limited systems.
The high C/N ratio of DOM (Jackson & Williams
1985, Hansell et al. 1993, Sambrotto et al. 1993, Williams 1995, Chen et al. 1996) is usually related to a carbohydrate excess (Ittekkot et al. 1981, Benner et al.
1992). The wide range of C/N values is d u e to the variable molecular composition of DOM (Jackson & Williams 1985), which explains the lower correlation
between DOC and DON compared to the correlation
between POC and PON. The origin intercept, i.e. the
fraction of DOC that does not covary with nitrogen,
increased with temperature (regression 8, Table 1).
Considering the average temperature for bottom and
surface waters, the origin intercept ranged from 15 to
23 pM C. This was 20 a n d 23 % of the total DOC in bottom and surface waters respectively. [The origin intercept is responsible for the large difference between the
D0C:DON molar ratios (15) observed from the averaging of the data and from the regression slope (12;
regression 7, Table l ) . ] These fractions were similar to
the percentage of total carbohydrate as compared to
DOC reported by Pakulski & Benner (1994) in surface
ocean waters (21 k 7 ' X , ) .
The DOPI freshwater contribution to the time-series
station was relevant for the whole period studied. The
average contribution represented -30% of the total
surface DOC excess (30 pM C ) during the upwelling
season. During the downwelling season, the freshwater contribution exceeded the DOM excess in surface
waters. Several authors have suggested that riverine
inputs a r e a source of DOC accumulation in coastal
waters (Aminot et al. 1990, Zweifel et al. 1995). The
estimated riverine DOC (-400 pM C ) was similar to
the average concentration in European rivers, -350 to
420 pM C (Meybeck 1982, Ludwig et al. 1996). The
relative DOM contribution from waste water a s compared to the total freshwater contribution was 23 and
35% for DOC and DON respectively during the
upwelling season and 9 and 15% during the downwelling season.
With respect to the lability of DOM, considering the
allochthonous freshwater a n d ENACW contributions
as refractory, the inert pool was 72 FM C and 4.8 pM
N during the upwelling season. Therefore, it made up
about 70% of the DOC and DON levels in surface
waters. These amounts a r e similar to the percentage
of refractory DOC reported in different areas worldwide (Copin-Montegut & Avril 1993, Carlson & Ducklow 1995, Thomas et al. 1995, Chen et al. 1996). However, part of the allochthonous DOC carried by
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ENACW was semi-refractory. DOC of oceanic
ENACW at 300 to 400 m was -60 pM C, a n d DOC
decreased to -50 pM C in deeper waters of the Eastern North Atlantic (X. A. ~ l v a r e z - s a l g a d o& A. E. J.
Miller unpubl.). So, considering that the properly
refractory oceanic pool is only 50 pM C , the estimated
percentage of refractory DOC in the Ria d e Vigo
should be lowered to -60% In addition, part of the
refractory DOC in ENACW upwelled to the surface
could be photochemically degraded by the ultraviolet
radiation (UVR) into biologically labile compounds
(Kieber et al. 1990, Mopper et al. 1991, Wetzel et al.
1995). On the other hand, semi-refractory properties
of the riverine DOM have been recently proposed too
(Carlsson & Graneh 1993, Carlsson et al. 1995, Zweifel et al. 1995). Moreover, refractory riverine DOM
could b e photochemically degraded into biologically
available compounds (Bushaw et al. 1996). Photochemical degradation of DON to NH,' (Bushaw et al.
1996) could be especially important in nitrogen limited areas. We d o not know the photochemically
degradable fractions. For these reasons, further studies are necessary, particularly in areas where upwelling of subsurface water is favoured.
Labile DOC turnover was estimated to be between 2
and 11 d (Kirchman et al. 1991, Norrman et al. 1995,
Cherrier et al. 1996). As w e have estimated that the
DOM excess in surface waters during the upwelling
season was produced in -5 d ; this excess can be considered a mixture of labile and semilabile material. In
fact, the C/N molar ratio of the DOM excess (-12),
which coincides with the slope of the direct regression
between DOC and DON (regression 7, Table l ) ,was
much lower than the dlrect C/N molar ratio of DOM
(-15). Bacterial production and respiration yields must
b e performed to properly quantity the lability of the
DOM excess (Norrman et al. 1995, Cherrier et al. 1996,
Giorgio et al. 1997).
The average net primary production in surface
waters at the time-series station during the upwelllng
season was estimated by Moncoiffe (1995) a s 25.2 pM
O2 d-l, using the 0, incubation method. If the stoichiometr~cratio RC = 1.4, characteristic of a system in
which n ~ t r a t esupports net primary production (Fraga
& Perez 1990, Laws 1991, Anderson 1995) is used,
then the average net production will be 18 pM C d-'
The net DOC excess in surface waters (21 pM C ) was
produced in the inner ria within -5 d. Therefore, the
net average DOC production, 4.2 FM C d-', was
-23% of net carbon production in surface waters of
the time-series station. This percentage was in the
range of DOC excretion for phytoplankton, 0 to 30%,
measured by other researchers (Norrman et al. 1995).
For nitrogen, based on the C / N ratio of surface POM
(6.9), the average net production would be 2.61 pM N
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d-' (= 1W6.9) The average DON production was
0.34 pM N d-' (= 1.7/5),i.e. -13% of net nitrogen pro-

duction in surface waters.
About 80% of the TOC and 7 0 % of the TON was
DOC and DON for the whole water column. If only the
DOMExc were considered, the numbers would be as
low as -40% for carbon and 30% for nitrogen. These
values indicate that POM was the most important fraction of net total organic matter produced in the inner
ria. This is because the Ria de Vigo is a highly productive ecosystems in which production of POM is largely
favoured. Higher contributions of DOCExc to TOC
were estimated in ollgotrophic areas (Copin-Montegut
& Avril 1993, Carlson & Ducklow 1995, Cherrier et al.
1996).

CONCLUSIONS

DOM in the central part of the Ria de Vigo was
strongly influenced by physical and biological
processes. Observed DOM levels are partially due to
the external inputs to the embayment: (1) oceanic
ENACW; (2) continental runoff; and (3) waste water. In
addition, net accumulation of DOM in surface waters
has been observed during the upwelling season, while
the system was close to balance during the downwelling season. Phytoplankton growth and accumulation occurs following nutrient transport to the surface
during the 'spin up' phase of an upwelling pulse. Biomass decays and DOM accumulates during the subsequent upwelling relaxation. From the point of view of
nutrients and chlorophyll a changes, the Ria de Vigo
paralleled other coastal upwelling systems in temperate waters. Observed DOM changes could be a general pattern for upwelling systems.
The DOM excess was a mixture of labile and semilabile material which recycled in > 5 d. DOC and DON
excess represented -23 and -13 % of net primary production, respectively. The average DOCExc/(DOCExc+
POC) ratio in surface waters was -0.40. For nitrogen it
was -0.30. These fractions indicated that net POM production exceeded DOM production in the inner ria. In
contrast, DOC and DON were about 77 and 60%,
respectively, of organic matter in surface waters dunng
the upwelling season. Therefore, the partition~ngof
DOM is essential to correctly estimate DOM export
from surface waters.
In the case of nitrogen, the limiting nutrient in these
embayments, the DON excess in surface waters dunng
the upwelling season indicates the accumulation of a
fraction of DON not immediately available to microbial
loop organisms. However, the C/N ratio of DOM
excess (- 12) showed a relatively higher accumulation
of C-rich biomolecules.
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