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Nitrogen cycling in an estuarine upwelling
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I. Short-time-scale patterns of hydrodynamic
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ABSTRACT Nitrogen species distributions in the Ria d e Arousa, NW Spaln, during the upwelling season are strongly affected by the influence of shelf wind stress on water circulation. Intermittent
northerly winds forced large volumes of nitrate-nch Eastern North Atlantic Central Water Into the ria
u l t h a fortnightly per~odlcltya n d led to net c o m m u n ~ t yproduction maxima supported by external
nitrate. Net c o m m u n ~ t yproduction in the central segment of the estuary was hlgh (average 251 m g m-2
d.' of nitrogen] However, only 2 0 % of the total nutrient input was net taken u p d u e to rapid water
exchange. An lntenslve culture of hanging mussels favoured dissolved organic nitrogen formation
(58% of net community production) and particulate organic nitrogen sedimentation (21% of net communlty production, or 5 0 % of net particulate organic n ~ t r o g e nformation). Consequently, more than
7 5 % of the net d~ssolved+particulateorganic nltrogen production was exported from the central segment, with a dlssolved/partlculate ratio of -3. In addition, 4 0 % of phytoplankton gross primary productlon was internally recycled by pelagic+benthic ammonificat~onin the central segment, mainly during prolonged upwelllng relaxations Low rates of particulate organic nltrogen sedimentation and low
levels of conversion to dissolved organic nltrogen were observed during the development of a red tide
assemblage. This appears to b e held evidence of limited filtration by mussels in the presence of these
organisms. A strong reversal in the resldual circulation occurred In mld-October, during the transltlon
from northerly to southerly winds Ammonium released from the estuarine sediments, at a high avera g e net rate of 162 mg N m-2 d - ' , was exported towards the shelf.
~
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KEY WORDS: N ~ t r o g e nspeciatlon . Kias Baixas (NW Spain) . U p w e l l ~ n g / d o w n w e l l i n gMussel

INTRODUCTION

Estuarine and coastal areas play a major role in
global biogeochemical cycles, since biological, chemical and sedimentary processes are greatly enhanced at
these ocean margins (Wroblewski & Hoffmann 1989,
Mantoura et al. 1991). These cycles are especially
intensified in wind-driven upwelling zones, where the
higher aiiiiiial niitrieii; siippij; :G ;he photic layer aiid
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the characteristic circulation patterns control biogeochemical processes (Barber & Smith 1981). Complexity
of nitrogen biogeochemistry in the marlne environment arises from the number of chemical species in different oxidation levels and aggregation states, a n d
from the biogeochemical processes involved (Carpenter & Capone 1983, Wada & Hattori 1991). In addition,
nitrogen is usually the limiting element for net primary
piodiicti~fiin teiiipercte csastal e c o s ~ ~ t e ijiiowarth
ii~
1988, Vltousek & Howarth 1991).
The Spanish Rias Baixas are estuary-llke coastal
inlets situated along the northern boundary (42" to
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43"N) of the NW Africa u p w e h n g system, which
extends from 10" to 44" N (Wooster et al. 1976). The
density gradients along these embayments are
strongly modified by shelf wind stress (Blanton et al.
1984). Northerly winds cause Eastern North Atlantic
Central Water, ENAW, to upwell over the shelf (Fraga
1981) and enhance the 2-layer residual circulation, pattern (Prego & Fraga 1992). Southerly winds, however,
generate downwelling, thus forcing shelf surface
waters to move towards the rias. In this situation, the
balance between river discharge and shelf wind stress
will ultir~ldlelydeterrrline the flow ol wdler, yiviny rise
to a reversal in the positive circulation during strong
downwelling events.
From May to October, the prevailing northerly
winds produce a 1 to 2 wk stress/relaxation cycle
(Blanton et al. 1987), which is the main controller of
estuarine circulation, due to river discharge being
rather low during summer (Roson et al. 1991).
Upwelling lifts the cold, nutrient-rich ENAW from 150
to 200 m depth to above 50 m (Alvarez-Salgado et al.
19931, shallow enough to enter the ria.s by means of
the enhanced residual circulation. This fertilization by
uptvelling results in high rates of phytoplankton photosynthesis. Prego (1993a). using a steady-state box
model method, estimated the mean annual primary
production in the central part of the adjacent Ria de
Vigo to be about 790 mg C m-2 d-'. This value coincides with that obtained by Fraga (1976) from I4C
measurements, and it 1s close to the average proposed
by Boynton et al. (1982) for upwelling-affected
ecosystems: 300 g m-2 yr-' or 820 mg m-* d-' Average
summer primary production is almost double the
annual mean daily value (Fraga 1976), and it
increases more than 3-fold in upwelling conditions
(Prego 1993a). In the Ria de Arousa it is probably
higher, as this ecosyste~nis more affected by shelf
wind stress (Figueiras & Pazos 1991), according to
predictions from the vorticity theory (Blanton et al.
1984)
While the singularity of this coastal inlet as a
hydrodynamic system is due to the influence of winddriven upwelling on the residual circulation, nitrogen
biogeochemistry must also be strongly affected by the
intensive hanging mussel culture here: 2400 rafts
producing ca 100000 t yr-' (total wet weight) of edible mussels (Navarro et al. 1991), which represents
enough biomass to have a clear impact on the whole
ecosystem (Smaal & Prins 1993). Although zooplankton can sometimes compete with bivalves (Hanson et
al. 1986), mussels are the dominant herbivore In the
Ria de Arousa (Tenore & Gonzdlez 1975). Hanging
mussels concentrate phytoplankton biomass by filtration at high rates, but show low trophic web efficiency (5% according to Cabanas et al. 1979). They

release large amounts of ammonium into the water
column (2 to 3 pm01 g-' mussel h,'; Smaal & Prins
1993), which is recycled to nitrogen-limited phytoplankton populations. On the other hand, a large
increase in dissolved organic nitrogen (DON) can be
expected if cell lysis of filtered but not completely
ingested, digested or absorbed phytoplankton takes
place, according to the hypothesis of Jumars et al.
(1989) regarding biogenesis of dissolved organlc matter (DOM). In addition, excretion of faecal material
that sinks faster than phytoplankton cells or detritus
dlso occurs, incredsiny Lhe sedirrientalion rates (Kdspar et al. 1985, Rodhouse & Roden 1987). Faecal
material supports a large community of detritivores
over the hanging ropes and the bottom biodeposits
(Tenore et al. 1982), where an intense benthic remineralization and subsequent release of inorganic
nitrogen to the water column, mainly as ammonium,
occurs (Baudinet et al. 1990).
General studies have already been conducted to
establish interseasona1 differences in the nitrogen
cycle for the Rias Baixas (Fraga 1967, Cabanas et al.
1983, Prego 1994). These studies used sampllng intervals that greatly exceed the variability imposed by
uptvelling on the hydrographic regime of the rias.
The present work focuses on the seasonality of NH,+,
NOz-, NO, and particulate organic nitrogen (PON)
profiles at a reference station in the middle of the Ria
de Arousa, from May to October 1989. Fluxes and net
budgets of nitrogen species were cal.culated with an
improved 2-dimensional kinematic box model (Roson
et al. in press) which evaluates the relative importance
of water circculation and biogeochemical processes for
the observed distributions. New and recycled production were distinguished by comparing phytoplankton
gross primary production (GPP), calculated from P-I
curve parameters, and net community production
(NCP) estimated with the box model.
In the companion paper (Alvarez-Salgado et al.
1996-this issue), spatial differences in the hydrodynamics and biogeochemistry of nitrogen species in this
ria are considered for different hyyrographic regimes
that prevail here.

MATERIALS AND METHODS

Hydrographic sampling was carried out twice a
week in the Ria de Arousa (Fig. l ) , from May 12 to
October 30, 1989. Ten stations were occupied and
water samples were drawn from 5 to 7 depths (depending on the bathymetry) with 5 1 Niskin bottles
equipped with reversing thermometers.
Chemical analyses. Salinity was determined from
conductivity measurements (UNESCO 1983),using an
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Fig. 1 The Kia d e Arousa (NW Spain) wlth 20 and
50 m isobaths showing the locat~onof the 10 sdmpling stations during the GIZLICIA-X cruise. The r i a
was d ~ v l d c dInto seven 2-layered segments for the
calculat~onof water flows a n d nitrogen species
fluxes and budgets by applying a kinematic 2dinlensional box model

I

AUTOSAL 8400A with a precision of k0.003 psu.
Nutrients were analysed on board by segmented flow
analysis with a Technicon AA11 according to Hansen &
Grasshoff (1983), with some small modifications
(Mourino & Fraga 1985, Alvarez-Salgado et al. 1992)
The precision was k0.02 pm01 kg-' for nitrite, k 0 . 1
pm01 kg-' for nitrate, k0.05 pm01 kg-' for ammonium
and silicate, and k0.01 pm01 kg-' for phosphate.
Chlorophyll a was measured fluorometrically, using a
Turner Designs 10000 R fluororneter, after 90% acetone extraction (Yentsch & Menzel 1963). The precision was k0.05 pg 1-l. PON, collected over Whatman
GF/F filters, was analysed in a PE2400 C H N elemental
analyser wlth a, precision of k0.04 pm01 kg-' Partlculate organic phosphorus [POP) was determined by
H,SO,/HClO, digestion, at 220°C, of particulate
organic matter (POM) collected over Whatman GF/F
filters. The phosphoric acid produced was analysed,
after neutralisation, using the segmented flow analytical procedure for phosphate The precision for the
entire analysis was k0.01 pm01 kg-' POM measurements were begun on June 8 (survey 5). Consequently,
the biogeochemical budget for nitrogen could not be
traced until that date.
Upwelling Index. The Upwelling Index (I,,,),a rough
estimate of the amount of water upwelled per second
per kilometer of coast, was calculated according to
Wooster et al. (1976):
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an empirical drag coefficient (dimensionless),1.3X 103
according to Hidy (1972),f is the Coriolis parameter,
9.946 X 10-SS - ' at 43" latitude; p is the density of sea-

IcI

water, -1025 kg m-3;
IS wind speed; and V, is the
north component of wind speed. Wind data were taken
at the Cape Finisterre Meteorological Observatory.
Box model of biogeochemical circulation. Residual
flows in the ria were taken from Roson et al. (in press).
These were obtained from salinity and temperature
distributions, using an improved 2-dimensional kinematlc non-steady-state mass/heat weighted box
model. The Kia d e Arousa was divided into 7 boxes
(Fig. l ) , whose geometric characteristics are summarised in Table 1. For the upper (Qx) and lower (Go)
layers, the opposing horizontal residual flows as well
as the vertical exchange between the layers by advection (Q,) and turbulent diffusion (M,) were obtained
(Fig. 2 ) . The geometry of the ria, an input to the box
model, permits estimation of the averaged horizontal
(v,,, v,) and vertical (v,) residual velocity field and the
velocity of vertical mixing (v,,!). The latter can be
related to an averaged-over-box vertical diffusion
coefficient (k,) by means of the simple equation k, =
vA.,(Z/2),with Z being the mean depth of the box.
Table 1. Geometric characteristics of e a c h box into which the
Ria d e Arousa was segmented
Box

Volume
Surface area
(10-' km3)
(kmi)

Length
(kin)

Depth
(m)
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Fig. 2. Terms in the water budget of the 2 layers of every box
in which the Ria de Arousa was segmented. Qx, and G,:
inward and outward convective flows to the upper layer of the
box; Qxo, and Qxo,: outward and inward convective flows to
the lower layer; Q,: upward convective flow from the lower to
the upper layer; G: entrainment flow; b I Z : vertical turbulent
diffusive flow; H: heat gain from the atmosphere; P: precipitation; E: evaporation; R: continental runoff. After Roson et al.
(in press)
In each layer of each box, the net budget of inputs
and outputs (i - o) for a given nitrogen, form ( N )results
from hydr-odynamic accumul.ation, a(N.V)Iat,and biogeochemical processes, 6N:

where t is time; Q, is volume (m3 S-') a n d NI is concentration of N (m01 m-3) carried by the convective flow i;
dNL is the difference in N concentration between the
upper a n d lower layer; R a n d NR represent water flow
a n d concentration of N in continental runoff to the box
(obviously only applicable to the upper layer); a n d Vis
the volume of the layer (m". Positive values of 6Nindicate a net increase of N by bi.ogeochemica1 processes.
The net budget for N between surveys j - l and j,
I - 0, can be obtained by integrating Eq. (2)from t,-I to
t, :
I - O = Ng ~ , - N N , , - , . V , l - l - A N

where AN is the biogeochemical budget (FN) integrated between
a n d t,.
If a linear change of thermohaline properties a n d
river volume is assumed between t,-l a n d t,, a quasiparabolic variation of computed residual flows, Q,,
occurs (Roson et al. in press) In addition, if NI a n d NR
also vary linearly between t,_l and, t,, the flux of N carried by Q, from t,-, to t, can sim.ply be calcu.lated as:

where
is the residual flow i at t = 0.5(t1 + t1_,),
calculated by solving Eq. (3) for the thermohaline
properties. The same kind of calculation can be
applied to obtain the flux of N carried by M, from
to t,.
ANfor DIN, DON and PON (ADIN, 1 3 0 N and APON
respectively) can be obtained by solving Eq. (3) for
each nitrogen pool. -ADINI(t, - t,_,)IS the averaged net
rate at which uptake of DIN occurs by the community
of organisms. It represents the net community production (NCP) of the ecosystem, i.e. the gross primary production minus the respiration of autotrophs and all
heterotrophs (Platt et al. 1989) inside the volume considered during the 3 to 4 d between 2 consecutive surveys. ADON results from the balance between exudation, excretion a n d cell lysis on the one hand, a n d
uptake by both autotrophic and, mainly, heterotrophic
populations on the other, APON is affected by settlement from the upper to the lower layer and by deposition over the bottom:
APON = -ADIN - ADON - El\'

(5)

where EN includes: net PON removal by large herbivores, mainly hanging mussels (G); net PON sedimentation (S);a n d net inorganic nitrogen uptake by macrophytes ( P M ) :

Carbon content in mussel flesh represents about
2.5% of total wet weight (Tenore et al. 1982, Perez
Camacho & Gonzalez 1984). Assuming a C/N ratio of
6.8 (Tenore et al. 1982), a n annual extraction of l00000
t led to a net removal of only -5 mg m-' d-' of nitrogen
by herbivores (G). DIN uptake by macrophytes was
estim.a.ted to be negligible. Phytoplankton prod.u.ction
in the rias is more than 10-fold hlgher than macrophyte
production (Varela et al. 1984) and nitrogen only represents 2% of macrophyte total biomass (Niell &
Mourino 1981).Consequently, net PON settlement was
the main term in EN.
Box model applications to estuaries usually assume
steady-state conditions (Taft et al. 1978, Officer 1980,
Smith & Veeh 1989). In such cases. the net budget (I 0) would equal the biogeochemical activity (AN), as
the concentration of N is assumed to remain constant
inside the box. This assumption could result in large
errors if appreciable hydrographic changes occur over
short time intervals. The variability imposed by
upwel1in.g on the hyd.rographic regime of the rias just].-
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fies the need for a survey interval of 3 to 4 d, and the
development of a non-steady-state box model similar
to that used by Matsukawa & Suzuki (1985) and Suzuki
& Matsukawa (1987) for 2 bays in Japan. Moreover,
changes in the depth level of non-horizontal motion
affect the size of both layers and contribute to vertical
transport of N by a mechanism of 'entrainment' of layers (N.dV/dt), not accounted for by steady-state box
models, in addition to convection and turbulent diffusion. The entrainment flow QE (Fig. 2) can be calculated as dV/dt:
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tic tissue-culture bottles with Na2I4CO3. lncubations
were carried out at 7 light intensities for 2 h. Consequently, phytoplankton gross primary production
(GPP) can be estimated at each light intensity, as these
short incubations did not account for respiration of the
inoculated I4CC.
Photosynthesis-irradiance (P-I) curves were obtained by fitting the experlmental data to the classical
inverse exponential equation (Platt 1981). A rough
estimation of the 24 h gross primary production at each
sampling depth (GPP,) can be calculated as follows
(Platt et al. 1990):
1

-

GPP, = P,,, ~ c hal ] .D
This model defines the role of the rias as nutrient-salt
traps, evaluates the relative importance of physical
and biogeochemical processes during the upwelling
season, and constitutes a significant improvement over
the steady-state box models previously used in these
coastal embayments (Otto 1975, Prego & Fraga 1992).
ADON and phosphorus biogeochemistry. DON concentration was not measured, due to the lack of a reliable method at the time of sampling (e.g Hedges &
Lee 1993). Therefore, it was necessary to resort to the
phosphorus cycle in order to close the nitrogen cycle.
The main characteristic of the biogeochemical cycle
of phosphorus is that the element retains the oxidation
state +5: as phosphate (HP0,2-)in the DIP pool, and as
phosphoric ester in the DOP and POP pools. Since
exchange between organic and inorganic forms occurs
by means of hydrolysis/estenfication reactions, phosphorus shows faster recycling times than other nutrient
salts (Garber 1984). The PIP pool is constituted by
phosphate stored inside phytoplankton cells which can
represent as much as 40 % of cellular phosphorus (Miyata & Hattori 1986), and that which is adsorbed onto
suspended matter. Phosphorus collected over Whatman GF/F filters is POP+PIP, i.e. total particulate phosphorus (TPP). In contrast, the DOP concentration is
extremely low in the Rias Baixas, as reported by Rios
(1992) and Prego (199313).Both authors used a combined persulphate-UV oxidation technique similar to
that successfully performed by Ridal & Moore (1990).
Consequently:

where ATPP and ADIP are obtained by solving Eq. (3)
for the phosphorus species. E, can be estimated from
Eq. (8) and, from the daily averaged PON/TPP ratio,
we obtain EN,Then ADON can be calculated as:
ADON = -ADIN - APON

-

[PON]/[TPP]. E,

(9)

Estimation of gross primary production. From July
10 to September 14, water samples from 5 depths (0 to
40 m) a t Stn 4 were incubated in 70 m1 disposable plas-

e-'"'

"-*".sinI".")/ 1,

).dx

0

(10)

where P,,,,, (mg C mg-' chla h-') and Ik(PE m-' S-')are
the P-I curve parameters (Platt 1981); [chla] is the 24 h
averaged chl a concentration (mg m-3);D is daylength
(h);Iomis the underwater light intensity at 0 m depth at
12:00 h GMT (PE m-' S-'); k i s the coefficient of light attenuation with depth (m-'); and X is a fraction of 1 day.
To estimate GPP,, it was necessary to assume that
P,,,,,,. Ikand [chl a] remain constant during the integration period (24 h). Inmwas estimated using Mosby's
formula (Dietrich et al. 1980). The irradiance value
obtained was reduced roughly by 4 5 %, so that we considered only the range of photosynthetically active
radiation (PAR; Baker & Frouin 1987). Finally, light
attenuation across the air-sea interface (i.e. the ratio
Io-/Io+)was obtained to estimate Iom.Ioi is the overwater light intensity, as measured with a 2n LICOR sensor
at the time when samplings occurred. The sampling
time changed from day to day, as the station was
always occupied at the same tidal stage. Io- is the
underwater light intensity a t 0 m , calculated by adjusting the PAR profile, obtained with a 27t LICOR underwater sensor at sampling time, to the classical equation
of light attenuation with depth (I = Io- e-k ').
Consequently, GPP, as calculated from Eq. (10) cannot be used for quantitative purposes, but the qu.alitative information that can b e obtained from this estimation must not be dismissed. The average water column
GPP (mg m-' d-') was estimated by integrating GPP,
with depth.

RESULTS AND DISCUSSION
Circulation versus stratification in the ria
Tf..=t2F.pcr2! hydrcgr2ph;r .:2riabi!it;. and !hAe resid
ual flow patterns in the Ria d e Arousa during the
period studied have been thoroughly described by
Roson et al. (1995). Patterns of density (p) anomaly, y =
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successive inflows and outflows of ENAW
into the ria, driven by shelf wind stress
(Fig. 3b). However, pure ENAW was not
usually found at the bottom of the reference
Stn 4 because it mixes rapidly with other
water bodies when it enters the ria. Over the
period studied, the depth level of non-horizontal motion ranged from 27 to 7 m, 15 m
being the average. Horizontal and verti.ca1
residual flows from the box model were in
clear agreement with the previous qualitative description. During upwelling events
(maximal I,, values), the 26.7 and 26.9 isopycnals rose to shallower levels, and higher
currents were computed. In contrast, upwelling relaxations were characterised by a
blockage or even a weak reversal of the
estuarine circulation. Towards the end of the
study period, on October i5, residual currents indicated a reversal of the flow inside
the ria related to a strong downwelling event
in the shelf (Alvarez-Salgado et al. 1993).
The warmer and less saline shelf surface
water entered the ria., as can be observed in
the y profile at Stn 4 (Fig. 3a). In th.is hydrographic situation, the use of a steady-state
box model would lead to erroneous estimated flows.
I, was clearly correlated with the vertical
displacements
of the isopycnals and the
Julian Day
computed residual currents. The best fit
C
Jun
JUI
Aug
S ~ P
Oct
between I,, and Qxo(rL= 0.47) was obtained
Survey2315
101
15
19)
25
131
35 1 4 0
45
for geostrophic winds averaged from 72 h
before every sampling date, <I,,.>. Although
the influence of non-local winds in residual
currents has been reported for some fjords
and temperate estuaries (Carter et al. 1979,
Wroblewski & Hoffmann 1989), it is unusual
that half of the total variance in estuarine
circulation is controlled by shelf wind stress,
as occurs in the Ria de Arousa. Vertical and
horizontal convective flows are strongly coupled (r2= 0.90) and the Bz:Qxo ratio is high
(-0.7). This behaviour is likely due to the
abrupt change in bathymetry surrounding
Fig. 3. Time course of (a)y profile; (b) <I,> in m3 S - ' km-', inward (Qxo)and
the station (Fig. 1).
upward (Q,) convective flows in rn3 S - ' and (c) Brunt-Vdisala frequency
Changes in the Brunt-Vaisala frequency,
profile in mine' at Stn 4 . Negative values of <I,> indicate downwelling
1V, over time showed the formation of a pycnocline at -10 m depth during upwelling relaxations
p(s, t, 0) - 1000 (where s = salinity, t = temperature, 0 =
(Fig. 3c), leading to sta.bility maxlma during Surveys
atmosph.eric pressure; UNESCO 1985) distribution in
3, 10, 18, 25, 33 and 37 During upwell~ngevents this
the lower layer at the reference station (Stn 4 ) were
density boundary was eroded or even broken, resultmainly controlled by wind-driven upwelling. The
ing in homogenization (Survey 30, September 4 ) .
succession of peaks and valleys observed in the 26.7
From mid-October, the downwelling was characisoline, and the intermittent advection of water with
terised by strong vertical mixing. Water column stabildensity greater than 26.9 (Fig. 3a), served to trace the
Jun

JUI

Aug

S ~ P

O C ~
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Julian Day

Flg. 4 . Time course of the depth-averaged Brunt-Va~sbla
frequency (<N>)
in min-' at Stn 4 . This \.\!as calculatcd as
<N>= ( 4 g ( p l- p,)/[(p, + p , ; ) Z ] J 1 " w h e r ep, and p,, a r e the mean
density of the upper and lower layer calculated from the
box model; Z is the depth at Stn 4 ; and g is the gravity
acceleration

depth-averaged Brunt-Vaisiila frequency and the
upward current. The enhancement of residual flows in
the ria (Iv,l > 7.5 m d - ' ) by i.ntense upwelling (I,,, >
1000 m:' ss' km ' ) or downwelling (I, < -1000 m3 S-'
km-'j on the shelf is always accompanied by a marked
decrease in water column stability (<N>
< 1 min-l)
However, with intermediate flows (IvJ < 7.5 m d-'1,
<N>ranges from maximum values to values as low a s
those observed when estuarine circulation was
enhanced. The reason for this broad variability in stabillty is the stratification of the water column before
every upwelling event, i.e. its 'resistance' ( < N > )
against a 'deforming' agent (I,,,).An intermediate
upwelling pulse (I, < 1000 mJ S-' km-') can lift a n d
compress a strong pycnocline by vertical advection,
increasing N. In contrast, homogenization by turbulent
diffusion occurs when previous water column stability
is low, which then decreases N.

Nitrogen speciation at the reference station
ity tended to decrease linearly with time at a n avera g e rate of 5.4 X 10-"min-' d-', which explains 61 % of
the variability observed in the depth-averaged BruntValsala frequency, <N>(Fig 4 ) . This is related to the
convergence between upper and lower layer densities, owing to the decrease in river discharge and in
the net heat gained from the atmosphere during the
study period. The progressive decrease in density of
the subtropical ENAW that arrived off NW Spain during 1989 (Alvarez-Salgado et al. 1993) tended to
diminlsh lower layer density. The succession of
up\~elling/relaxationevents, with a periodicity of 14 2
4 d , was superimposed over this linear tendency
observed in <N>.
The stratification-circulation diagram in Fig. 5 shows
all the situations found in the Ria d e Arousa during the
study period, in a hydrographic matrix defined by the

Nitrate was the prevalent inorganic nitrogen species
in the lower layer at Stn 4 (Fig 6a), with an average
concentration of 5.7 + 2.2 pm01 kg-' Nitrate concentrations can exceed 9 pm01 kg-' during the strongest
upwelling events that force larger volumes of deeper
ENAW over the shelf (Fraga 1981, Blanton et al. 1987),
enhancing both water influx a n d nitrate concentrations
in the ria. Some coupling between water displacements and nitrate levels in the lower layer can be
observed in the time course of the 5 to 9 pm01 kg-'
nitrate isolines and the 26 7 to 26.9 isopycnals In the
upper layer, where the average concentration was 2.1
2 2.1 pm01 kg-', a cycle of net consumption by biological activity followed by replenishment via upwelling
can explain the observed variability. Maximum nitrate
concentration, >7 pm01 kg" at the sea surface, was
measured during the strong upwelling event on September 4 (Survey 30). The nitrite profile (Fig 6b)
showed a time course similar to that of nitrate in the
upper and lower layers, providing evidence of a common origin and common sources of variability for the
most oxidised inorganic nitrogen forms. Nitrite played
a secondary role in the nitrogen cycle, as it constituted
only -5% of 'DIN. The average concentrations in the
upper and lower layers were 0.18 ~t0.16 and 0.41
0.11 pm01 kg-' respectively. By contrast, ammonium
followed a pattern opposite to that of nitrate a n d nitrite
(Fig. 6c). It decreased below 1 pm01 kg-' during strong
upwelling events and increased over 2 pm01 kg-' when
+_
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upwelling. It can clearly be observed on Surveys 10, 25
and 37, which coincided with remarkable water column stability maxima (Fig. 3c).
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Fig. 6. Time course of ( a ) nitrate, ( b ) nitrlte, (c) ammonium and (d) particulate organic nitrogen in pm01 kg-' at Stn 4 . Interval
between PON 1i.nes is 1 pm01 k g - ' PON increases from bottom to surface waters

In upwelling conditions, the inward flow consists of
ammonium-free ENAW that has been aged on the
shelf. Although ENAW is also nitrite-free (Fraga et al.
1987), relatively high levels (>0.4 pm01 kg-') of this
form can be observed in the incoming water (Fig 6b).
This fact supports the hypothesis that rapid nitrification
processes occur over the shelf and in the ria up to the
middle Stn 4, partially at the expense of POM being
exported from the inner Ria rather than s i n k ~ n g
(Alvarez-Salgado et al. 1993, Prego 1994). In contrast,
when estuarine circulation is blocked, the bulk of the
sinking POM inside the ria may settle on the bottom.
Accordingly, high organic matter content has been
measured in surface sediments of the Ria de Arousa
(Tenore et al. 1982, Lopez-Jamar et al. 1992), as has
been observed in other estuarine and coastal areas
where mussel culture is developed (Smaal & Pnns
1993). Benthic ammonification and subsequent sediment-water exchange seem to be the most likely
mechanisms responsible for ammonium accumulation
during upwelling relaxations, when residence time of
water in the lower layer is >5 d at Stn 4 (Ros6n et al. in
press) Amonium. concentrations of 0.3 to 2.2 pm01 kg-'
would have been measured in the lower 20 m after 2 d,
provided that release of 125 to 900 pm01 m-' h-' occurred, as was calculated for the Ria the Arousa by
Tenore et al. (1982)from integrated sulphate reduction
rates. This agrees with the characteristic high diffusion
rates from sediments in areas of mussel harvesting

(Baudinet et al. 1990). In contrast, residence time dramatically decreases with upwelling to less than 1 d, and
the ammonium maxima are rapidly dispersed by the
aged ENAW. Consequently, during upwelling events
DIN consisted mainly of external nitrate, whereas internal ammonium became important during relaxations.
During the autumn downwelling event, maximum
ammonium concentrations were measured ( > 4 pm01
kg-'), while nitrate diminished below 1 pm01 kg-', both
forms being homogeneously distributed by strong vertical mixing in the whole water column. This ammonium distribution is inconsistent with the circulation
pattern, because the nutrient-free shelf surface waters
were then flowing rapidly into the ria. High ammonium
levels have dread). been reported in the Spanish nas
(Cabanas et al. 1983, Rios 1992, Figueiras et al. 1994) at
this time of year, and coincide with the characteristic
autumn maximum observed in temperate ecosystems
(Spencer 1975). Consequently, the ammonium maximum resulted from biogeochemical processes independent of water circulation, in contrast to the coupling observed during the previous succession of upwelling/
relaxation events. In the innermost part of the estuary,
this is thought to be related to the degradation of the
large population of macrophytes (Perez et al. 1992).
The distribution of PON concentrations over time at
Stn 4 (Fig. 6d) was complementary to that of nitrogen
salts, with an average concentration of 2.60 c 0.49
pm01 kg-' in the upper layer and 1.39 0.36 pm01 kg-'

*
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in the lower layer. Nitrate depletion in surface waters led to PON increase because of
the exchange between both nitrogen pools by
net phytoplankton growth. Obviously, losses
by sedimentation and conversion to DON
reduced the efficiency of this exchange,
which is evaluated below in the examination
of biogeochemical budgets. On the contrary,
during strong upwelling events, 'wash-out' of
the accumulated PON took place. The high
correlation between the average PON and chl
a in the uper and lower layers (r2= 0.81) supports this statement:

a

b

Upwelling season

Autumn Downweiling

Survey 7

[PON] = 1.0 (k0.4) + 0.45 (k0.02)[chl a] (11)

- DIN

I

-

I'

Average chl a concentration was 3.45 ?
2.27 1-14 1-I and 1.01 k 0.83 pg 1-' in the upper
and lower layers respectively. This means
that about 39% of total PON in the upper
layer consisted of heterotrophs and/or detritus. In the lower layer, these comprised 69%
of total PON, as calculated from the relative
contribution of the origin intercept term and
the slope X average [chl a] term in Eq. (11).
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Fig. 7a summarises the average net DIN
Julian Day
fluxes supplied to both layers of Box 4 (Fig. 1)
Fig. 7 Fluxes lmol N S - ' ) a n d n e t budgets (mg N m-' d-') of dissolved
during the
i n o r ~ a n i nltroqen
c
IDIN) in Box 4: f. a.) avcraqed over the u ~ w e l l i n qseaupwelling season, i e. from June 8 up to Octoson T ~ u n e8 t o b c t o b e r 1 3 ) and (b) averaged over the a i t u m n dhxvnwelling event (October 13 to 31). Values in parenthcscs indlcate amber 13, when the autumn downwelling event
monlum fluxes or net budgets (bold values correspond to fluxes). See
started.
Fig 2 for explanation of arrows. 1 - 0 is the net budget of inputs nxnus
Runoff (not shown) represented Only 0'30/o
outputs, N (= -NCP) represents production of DIN by biogeocheinlcal
of the DIN supplied to the upper layer of Box
~ r o c e s s e sI - 0 ~ l u N
s c o r r e s ~ o n d to
s the hvdrodvnarnic accumulation
4 , and is not considered in our calculations.
ierm (c) T ~ m ec o u r s e of net uptake of D ~ N(pelagic NCP), nitrate
~0~ the whole ria, the continental input con( N O ? ) , ammonlum (NH,) a n d ammonium diffused from the
sediments fNH,dif) for Box 4 d u n n g the study period ( m g N m - 2 d :)
stituted about
of the total DIN input, I t
became important in the innermost part,
Box 4 retained 21 ?G (235 mg m-2 d-l) of the external
where 20 % of the DIN (70 U/o as nitrate, and 30 % as
ammonium on average) which entered Box 1 (Fig. 1)
DIN input. When integrated over the upwelling seawas transported by the River Ulla (Perez et al. 1992).
son, DIN was almost completely trapped by biogeoConsequently, the available external DIN in Box 4
chemical processes (97%,),making the hydrodynamic
came from the shelf (17.9 m01 S-' on average, and 2- to
accumulation term (dDIN/dt) negligible. This means an
average NCP of 228 mg N m-2 d-' (or 1174 mg C m-'
3-fold higher during the strongest upwelling events).
However, the low efficiency of the inner part of the ria
d-' if a C/N molar ratio of 6 is assumed). This value
constitutes a realistic estimation of NCP for the
(4.Y9.2 = 0.5) in retaining the DIN input favoured a
significant DIN input from the upper layer of the inner
upwelling season a s it results from an average over the
boxes, driven by the 2-layer residual circulation patfortnightly succession of upwelling/relaxation events
tern. In this upper horizontal flow (water which had
that took place during this period. Prego (1993a)
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welling event. Nitrate was the most efficiently trapped
of ammonium was almost twice as high as in the lower
nitrogen salt, supporting 89% of NCP in the central
incoming flow
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segment of the Ria de Arousa. This agrees with calculations of NCP in, upwelling areas from estimations of
net nitrate consumption (Minas et al. 1986). On the
other hand, the average recycling time of ammonium
seemed to be close to the mean residence time of water
inside the box (-2 d ) as only 5 % of the total input of
ammoni.um was retained. This could explain the larger
percentage of ammonium in the upper flows. The
upper layer retained 28 % of the DIN input, accounting
for 70% of the total NCP. The main source of DIN was
the lower layer (46% by advection and 16% by turbulent diffusion). Entrdinrnent is riey liy ~ b l efor this longterm (154 d) average, as it is only significant when
changes in volume of layers over short time intervals
are considered. The net budget for the lower layer
Indicated that 8% of the total DIN input was retained
by net consumption of nitrate (30 % of total NCP in the
box). This is consistent with the relatively high average
chl a values. Ammonium was regenerated at an average net rate of 9 mg m-? d-'.
The time course of NCP in Box 4 for the upwelling
season is shown in Fig. ?c. In the present calculation
the net contribution of the sediments was considered
when EN in Eq. (6)was negati.ve. This approach distinguishes between net pelagic and net benthic amrnonification (with release to the water column) when
regeneration prevails. On the other hand, for those
periods when the removal of DIN carried by flowing
water did not compensate for pelagic organic nitrogen
(dissolved plus particulate) production, a net ammonium flux from the sediments was assumed in order to
balance the system. In these cases, a n equal amount of
PON may settle over the bottom of the box. This is
called pelagic NCP, as opposed to the total NCP presented earlier. Average pelagic NCP was 251 mg N
m-' d-l for the upwelling season, 23 mg m-* d-' (10%)
more than total NCP This excess was associated with
net ammonium release from the sediments.
Six NCP maxima can be distinguished: on June 15
(Survey 7), July 10 (Survey 14), August 3 (Survey 21)
and 24 (Survey 2 f ) , September 18 (Surle); 34) and
October 9 (Survey 40). These maxima were all related
to wind-driven upwelling events that forced DIN from
the shelf into the ria. The short-time-scale coupling
between input and net uptake of nutrient salts is investigated in the companion paper (Alvarez-Salgado et a1
1996) These maxima were interrupted by short intervals of low production or even net regeneration in the
water column, which occurred when the system was
not under wind-forced conditions. Although pelagic
NCP occurred through net uptake of allochthonous
nitrate, 26% of NCP was sustained by ammonium diffusing from the sediments for the peak centered on
August 24, when moderate upwelling compressed the
pycnocline, producing a stability maximum. This co-

incided with the final stage of a short-time-scale phytoplankton succession in which the fish-killers Gyrodinium sp. and Heterosigma akashiwo were the prevailing microplankton species (Pazos et al. 1995).
During the autumn downwelling event (Fig 7b) the
situation was quite different. Because of the persistent
reversal in estuarin.e circulation, 24.8 m01 S-' of DIN
entered the upper layer from shelf surface waters.
Much of this DIN was transferred to the lower layer by
vertical convection and returned again to the shelf.
Ammonium, represented more than 40 % of the DIN in
any flux. Net DIN regenerailon occurred in both layers, at a total average rate of 163 mg m-' d-', 92% as
ammonium. The sediments released 162 mg m-2 d-' or
480 pm01 m-' h-.', which is similar to the highest values
reported in the literature (Baudinet et al. 1990, Lerat et
al. 1990). Hydrodynamic accumulation of regenerated
ammonium took place in the upper layer at a net rate
of 34 mg m-' d-', while an equivalent net loss was
obtained in the lower layer. A net DIN transport of
15 mg m-' d-l occurred from the lower to the upper
layer by entrainment of layers.

Biogeochemical cycle of nitrogen species
The net balance of biogeochemical processes during
the upwelling season contributes mainly to increasing
the DON pool (Fig. 8a, c). As much as 146 mg m-' d-'
on average was produced in Box 4, which represents
58 ";, of pelagic NCP This is probably the result of the
low trophic web efficiency of hanging mussels and
agrees with the proposal of Jurnars et a1 (1989) on the
biological origin of DOM. About 60% (-10 pm01 kg-')
of the total organic nitrogen (TON) determined by
Fraga (1960)in the adjacent Ria de Vigo was DON (1 yr
average). This author also found a nearly constant
amount of refractory DON, -7 pm01 kg-', which was
not directly involved in the biogeochemical cycle of
nitrogen. In Marlborough Sounds (New Zealand),
where mussels are also intensively cultured, more than
80% of TON exists in dissolved, form (Kaspar et al.
1.985).The remainder of p e l a g ~ cNCP, 106 mg m-' d-',
contributed to the total PON pool, though half of that
settled over the sediment-water interface, which is in
a.greement with the high sedimen.tation rates found in
ecosystems affected by mussel harvesting (Kaspar et
al. 1985, Kautsky & Evans 1987, Rodhouse & Roden
1987). This PON came from the upper layer, where
97% of the net PON production occurred. In the lower
].ayer, the la.rge increase observed in the DON pool
almost equalled the net uptake of DIN.
However, for the maximum on August 24 (Fig. 8c),
DIN uptake led mainly to an increase in the pelagic
PON pool. Therefore, it seems that hanging mussel fil-
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In Fig 9 GPP at Stn 4 , roughly estimated
by Eq (101, is compared with NCP in Box 4
for the period when I4C incubations were
performed. In spite of the fact that GPP can
only be used for semiquantitative purposes
(see 'Material and methods'), that GPP a n d
NCP refer to different volumes ( a single station a n d a box, respectively), and that a constant C/N molar ratio of 6 has been assumed,
the comparison of both calculated variables
reveals valuable, and not previously
reported, information about the new and
recycled production in the Ria d e Arousa.
These methodological problems lead, in a
few cases, to NCP values that are slightly
higher than GPP values, which is theoi-etically impossible.

Julian Day
Aug. 3

ti-ation rate dramatically diminished when this red tide
assemblage prevailed Reduced predation on red tide
organisms by othel- herbivores such as zooplankton
has been proposed to occur (Fielder 1982, Ives 1987).
Although low growth rates of mussels fed with dinoflagellates have been observed in batch cultures (Bricelj
et al. 1993), this is likely the first evidence of such
behavioul- in the field. The low phaeopigment concentration in the water column (Pazos et al. 1995) supports
this statement. Net PON settlement did not occur, corresponding with low production of large faecal pellets
by mussels and the abillty of red tide organisms to
avoid sinking, in contrast to diatoms (Smayda & Bienfang 1983, Cushing 1989).
For the autumn downwelling event (Fig. 8b, c) net
regeneration of PON increased the DON pool at an
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fused from the sediment in both the upper (88 mg m-2
d-'1 and lower (74 mg m-' d-'1 layers accounts for the
increase in the DIN pool mentioned above.
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Fig 9. Comparative tlme evolution of integrated gross p n mary production (GPP) and net community p r o d u c t ~ o n(NCP)
fnr Rnx 4 frnm ,111lyl n to S ~ p t ~ m hl A~, l1989
GPP !r! n j t r n ~ e n
u n ~ t slvas obtained by multlply~ngGPP ( m g C m - ' d.') by
a n avel-age N/C molar ratio of 'h, then by the atomlc weight
of nltrogen dlvlded by the atomic weight of carbon
[(GPP/6)(14/12)1
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NCP clearl) converged towards GPP for the event
centered on August 3 (590 mg N m-' d-l). This indicates that in upwelling conditions, internally recycled
DIN (mainly ammonium) did not play an important role
in the primary production of the ecosystem. The same
occurred for the conspicuous primary production peak
of 410 mg m.2 d-' on August 24, although, as indicated
before, 26 % of the NCP was supported by ammonium
diffused from the sediments, i.e. by regenerated
organic nitrogen previously trapped inside the box.
GPP and NCP diverged most during upwelling relaxations, when water column stability increased and the
external input of nutrients was rather limited. This was
the situation for the periods centered on July 20,
August 14 and September 9, when regeneration (GPP
minus NCP) of 370, 115 and 60 mg m-' d-', respectively, took place. For those dates, primary production
was exclusively supported by internally recycled nitrogen (NCP was even negative).
Mean daily GPP for the period of P-I incubations
(66 d) was 1470 mg C m-' d-' (about 285 mg N m-' d-l).
For the same period, NCP was 180 mg N m-* d-'. This
means that 37 % of the phytoplankton primary production was respired by the communi.ty of organisms
inside Box 4. This must be associated with a rapid recycling of organic nitrogen to ammonium, in contrast
with the NCP (at the expense of external nitrate) which
can be equated to the new or exported production of
the pelagic ecosystem (Eppley 1989, Quiliones & Platt
1991). The average f -rati.o of Eppley & Perterson
(1979) was about 0.4, close to values obtained In highly
productive ecosystems (Eppley 1989, Chisholm 1992,
Dugdale & Wilkerson 1992).However, external cannot
be considered synonymous with allochthonous, since a
significant part of the incoming nitrate flux during
upwelling events has been regenerated over the shelf
by rapid oxidation of sinking POM partially outwelled
from the nas (Alvarez-Salgado et al. 1993, Prego 1994).
This would reduce the expected f -ratio when the riashelf system is considered as a whole. This common
mechanism of nutrient-salt trapping by the circulation
pattern in upwelling areas (Barber & Smith 1981,
Codispoti 1983) is favoured by the presence of large
coastal inlets such as the rias, in which residence time
of upwelled water is increased considerably. The total
volume of the 4 Rias Baixas, 1 36 X 10'" m3 (Fraga &
Marga.lef 1979), represents about 4 % of the adjacent
shelf.

wind-driven upwelling on estuary-like water circulation and a biogeochemlcal cycle affected by the most
intensive hanging mussel harvesting in the world.
Upwelling determines nutrient fluxes into the ria.
Northerly winds over the shelf followed a 2 wk stressrelaxation cycle, and nitrate-rich ENAW entered the
estuary with this periodicity, determining the succession of NCP maxima which were then supported
mainly by external nitrate. However, part of the nitrate
came from over-shelf recycling of organic matter partially exported from the ria. Although the segment
studled only retdins k,l of the total nutrient input, due to
the rapid water circulation, resulting NCP was high:
251 mg m-2 d-' on average over the upwelling season.
Most of this NCP led to an increase in the net or export
DON pool (58%), while 21 % contributed to the suspended PON and the remaining 21 % settled to the
sediment-water interface. Therefore, more than 3/4 of
the net organic matter produced can be exported out of
the box, with a DON/PON ratio of -3. In addition, if the
obtained NCP/GPP ratio (0.6) is extrapolated for the
whole upwelling season, 40% of the phytoplankton
gross primary production (f-ratio = 0.4) would be recycled by pelagic+benthic ammonification inside the
box. Recycling occurred mainly when the system was
under non-wind-forced conditions (high water stratification) and when low external nutrient supply took
place. The settled-PON pool includes organic matter
removed by mussel cultivation, which was roughly
estimated as 5 mg m-2 d-' (see 'Introduction'), i.e.
-10 % of the pool, or -2 % of the pelagic NCP or - l % of
the GPP. Consequently, although mussel harvesting
does not represent a significant nitrogen loss for the
system, it clearly conditions the redistribution of nitrogen pools by 'catalysing' DON formation and PON
sedimentation. By contrast, during a NCP maximum
dominated by a red tide assemblage, DIN uptake led to
an increase in the suspended-PON pool, when conversion to DON and sedimentation were largely prevented. This constitutes field evidence of low filtration
rates of harvested mussels in the presence of red tide
organisms.

During the characteristic transition from northerly to
southerly winds in mid-October, a strong downwelling
event over the shelf forced a reversal in the water circulation, with nutrient-depleted shelf surface waters
enterlng the ria. However, ammonium concentration in
the water column largely increased because of an
average net release of 480 ymol NH,' m-2 h-' from the
sediment-water interface.

SUMMARY AND CONCLUSIONS

The distribution of nitrogen species in the central
part of the Ria de Arousa is the consequence of a
hydrodynamic regime dominated by the influence of
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