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ABSTRACT: Sources of organic matter and nitrogen to the rias of Ortigueira, O Barqueiro and
Viveiro (Galicia, N Spain) were traced using stable carbon and nitrogen isotopes. Samples of
water, seston, benthic organisms and sediments were collected in summer 2007 and 2008. Instan-
taneous sources were inferred from the concentrations and isotopic composition of seston, while
averaged sources over longer time scales (months) were inferred from stable isotopes in macro-
phytes (Ascophyllum nodosum and Fucus vesiculosus) and mussels (Mytilus galloprovincialis).
Dissolved nitrate, nitrite and ammonium concentrations in surface water were low in the estuarine
zone and generally increased towards the river and the open sea in all rias. Nitrite and ammonium
values were generally low, suggesting low importance of in situ nitrification and denitrification
processes. The concentrations of ammonium, chlorophyll, and heavy nitrogen isotopes in seston
were higher only in the main river of Viveiro, suggesting local pollution. Isotopic signatures and
high nitrogen concentrations in seston discharged from the wastewater treatment plants indicated
incomplete removal of nitrogen. However, taking into account water discharge fluxes and the iso-
topic composition of all compartments analysed, all rias shared similar biogeochemical and
trophic diversity and showed a low impact of anthropogenic sources at both short and long time
scales. Dominance of marine waters, low river flow, and small urban population sizes in the water-
shed all contribute to the maintenance of the relatively pristine status of northern Galician rias.
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INTRODUCTION

Coastal marine ecosystems integrate the varying
influence of both the land and the ocean. In addition,
since most human populations are concentrated on
the coast, coastal ecosystems are under increasing
pressures of eutrophication and pollution (Vidal et al.
1999). Differentiation of the contributions of the vari-
ous sources of nutrients and organic matter is impor-
tant for understanding coastal biogeochemistry and
food webs, as well as for management purposes.
Anthropogenic nutrients have been shown to alter
coastal food webs through a change in the dominant
nutrient sources (McClelland & Valiela 1998, Castro
et al. 2007). These changes lead to an acceleration of
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nutrient cycles and a dominance of macroalgae and
phytoplankton over seagrasses.

Among the most successful methods employed for
discriminating between different nutrient sources is
the determination of natural abundance of stable iso-
topes which allows for the study of the propagation of
nutrients through coastal food webs. The differential
mobility of heavy versus light isotopes in chemical
reactions (i.e. isotopic fractionation) causes the pro-
gressive enrichment of heavy isotopes in the reac-
tant substance and their depletion in the reaction
product (Mariotti et al. 1981). Stable isotopes char-
acteristically label different molecules according to
the chemical pathways followed in their formation.
Thus, terrestrial and marine sources can be traced in
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marine systems through the analysis of the stable iso-
tope composition of organic matter as a mixture of 2
or more end-members of distinctive isotopic signa-
ture (e.g. Peterson & Fry 1987, McClelland & Valiela
1998, Bode et al. 2006, Castro et al. 2007, Silva et al.
2011). Moreover, the isotopic composition of organ-
isms reflects their nutrient inputs integrated at the
time scales proportional to the renewal time of the
organ considered. Thus, analysing different organ-
isms and organs allows for the estimation of nutrient
inputs at scales of days to years (Jennings et al. 2008).

At the northern limit of the eastern boundary up-
welling system of the Atlantic (Barton 1998), the rias
of Galicia (NW Spain) are coastal inlets originating
from submersed deep river valleys sustaining high
levels of biological production (Figueiras et al. 2002).
The low flow of the tributary rivers implies that most
of the driving nutrients are of marine origin and the
resulting organic matter is recycled in the nearby
shelf (Alvarez-Salgado et al. 1993, Prego 1994).
Oceanographic and biogeochemical research has
largely been focussed on the large and populated
western rias (Rias Baixas), which are characterised by
high yields of local fisheries as well as mussel and fish
aquaculture (Figueiras et al. 2002). In these rias, nutri-
ent dynamics are governed by marine circulation pro-
cesses, which are ultimately driven by wind regimes
producing the highest frequency and intensity of up-
welling events in spring and summer (e.g. Alvarez-
Salgado et al. 1993, Prego 1994, Dale & Prego 2002,
Alvarez-Salgado & Gilcoto 2004, Varela et al. 2004,
Piedracoba et al. 2008). The calculated flushing times
of the rias (e.g. Prego 1994, Alvarez-Salgado & Gilcoto
2004, Dale et al. 2004) are generally short enough to
prevent significant accumulation of land derived nu-
trients, including anthropogenic ones. However, the
decrease in upwelling-favourable winds observed in
recent decades may have increased the residence
time of water inside the rias, thus favouring eutrophi-
cation (Alvarez-Salgado et al. 2008). In contrast, rias
located in the northern coast of Galicia are smaller in
size, and have different upwelling-favourable wind
conditions than those in the western coast (Alvarez
et al. 2009, Ospina-Alvarez et al. 2010). While the
spring—summer pattern in the western coast is char-
acterized by a high south-westward Ekman transport,
Ekman transport in the northern coast is of lower
magnitude and oblique to the shoreline (Gémez-
Gesteira et al. 2006). Consequently, upwelling in the
north is only detected near the major capes (Prego &
Bao 1997, Alvarez et al. 2009). The main northern
Galician rias (locally named 'Rias Altas') are Or-
tigueira (38 km?), O Barqueiro (10 km?) and Viveiro

(27 km?), which are much smaller in size than most of
the western rias (125-230 km?). They are dominated
by marine processes except at the inner estuarine
zone, are partially enclosed by well developed beach
barriers, and receive low fluvial discharges (Alvarez
et al. 2009). In contrast to western rias, northern rias
support much less urban pressure, although their hu-
man population nearly doubles during summer be-
cause they are popular vacation resorts, and are sur-
rounded by agricultural and forestry landscapes.
These characteristics of northern rias offer a unique
opportunity to study nutrient and organic inputs in a
relatively pristine region. Studies in the northern rias
are still very scarce, and the first descriptions of their
hydrography and nutrient stocks were published only
recently (Alvarez et al. 2009, Xunta de Galicia 2009,
Alvarez et al. 2010, Ospina-Alvarez et al. 2010).

The objective of the present study is to assess the
importance of land and marine sources of organic
matter and nutrients to coastal ecosystems in 3 rias of
northern Galicia using stable isotopes. For this pur-
pose, a comparative analysis was made using surface
water nutrient concentrations and stable carbon (C)
and nitrogen (N) isotopes in seston samples represen-
tative of the different river, estuarine and marine
environments of each ria. The study was done in sum-
mer, when maximum influence of both upwelling and
anthropogenic nutrient sources is expected. This
analysis aimed to illustrate the effect of upwelling on
the composition of seston at the time scale of events
(days). In addition, the stable isotope composition of
intertidal brown algae and mussels was analysed to
investigate the assimilation of terrestrial versus
marine nutrients at longer time scales (months).

MATERIALS AND METHODS
Water and seston

Samples of surface water and seston were collected
using an oceanographic rosette onboard RV ‘Mytilus'
from 15 to 17 July 2008 in the rias of Ortigueira, O
Barqueiro and Viveiro (Fig. 1). Samples were also ob-
tained from the main tributary rivers and wastewater
treatment plants (WTP). At the O Barqueiro ria, parti-
cle samples were also collected from a particle inter-
ceptor trap deployed at 15 m (bottom depth 20 m) for
24 h. Water sampling stations were arranged from the
coast to the offshore sections to represent the salinity
gradient in each ria. Measurements of temperature
and salinity (practical salinity scale) were concurrently
done with rosette bottle sampling using a Seabird
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SBE-25 CTD and also at hourly intervals for recording
tidal cycles in one station for each ria (Stn P).

Water samples for dissolved nutrients (nitrate, ni-
trite, ammonium, phosphate and silicate) were frozen
onboard at —20°C and later analyzed in the laboratory
using segmented flow analysis in a Futura Autoana-
lyzer system (Aliance Instruments) following the pro-
cedures of Grasshoff et al. (1983). Chl a was analysed
in Whatman GF/F filtered samples, extracted in 90 %
acetone overnight and analysed fluorometrically
(Neveux & Panouse 1987). Up to 1 1 of water was
GF/F filtered to collect seston samples. Filters with
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Fig. 1. Sampling sites for (a) seston and (b) sediments in the

rias of Ortigueira, O Barqueiro and Viveiro, and their main

tributary rivers. WTP: wastewater treatment plants; P: tidal

cycle station; T: sediment trap station. (M) estuarine sedi-
ment samples, (O) ria sediment samples

seston were stored frozen (-20°C) before the determi-
nation of C and N total mass and stable isotope com-
position. Seston was also collected at the outlet of the
local WTP in Ortigueira and Viveiro (Fig. 1). Recently
sedimented particles were collected in O Barqueiro
(Stn T, Fig. 1) using a particle interceptor trap (6 cm
diam.) that was deployed for 24 h at 5 m above the
bottom (Bode et al. 1998, Varela et al. 2004).

Benthos and sediments

Intertidal macrophytes (Ascophyllum nodosum and
Fucus vesiculosus) and mussels Mytilus galloprovin-
cialis were collected in all rias, where available, near
the tidal cycle water sampling station (Stn P). Three
individuals of each macrophyte species and 5 mus-
sels were analysed in each ria for C and N content
and stable isotope composition.

Surface (10 cm deep) sediment samples from the
same rias were collected using Van Veen grabs in the
previous summer (July 2007), when a more detailed
study of benthic communities was made. Sediment
samples were stored frozen (—20°C) before analysis.
Samples were grouped for estuarine (surface water
salinity <35) and ria (salinity >35) environments. No
large interannual changes are expected in the com-
position of surface sediment samples as the average
sedimentation rate of these riasis ~1 cm yr~! (Lorenzo
et al. 2007).

Stable isotopes

The natural abundance of stable C and N isotopes
was determined in seston, sediments and intertidal
benthic organisms. Sample manipulation and analyt-
ical procedures followed those described by Bode et
al. (2006). Briefly, samples were defrosted and dried
(50°C, 24 h) before grinding, and encapsulated for
analysis. The amounts of sample analysed ranged
from 1 mg (seston and benthic organisms) to 3 mg of
dry mass (sediments) to ensure a minimum of 10 pg
of C and N per sample. All benthic specimens were
carefully rinsed with filtered seawater to remove
debris and sediments. For macrophytes, both basal
and distal parts of the thallus were analysed, while
only samples from the adductor muscle of mussels
were considered. Dry sediment was sieved through a
63 pm mesh to collect the mud fraction for subse-
quent elemental and isotopic analysis. Organic C and
N were analysed separately in these samples to avoid
changes due to the removal of carbonates (e.g. Jacob
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et al. 2005). Sediment aliquots for organic C analysis
were first acidified with drops of concentrated HCI
until no more CO, was released (i.e. no more bubbles
after 24 h) and re-dried. Aliquots for N determination
were not acidified. All samples were introduced into
an isotope-ratio mass spectrometer (Thermo Finni-
gan Mat Delta Plus) via an elemental analyser (Carlo
Erba CHNSO 1108). Isotopic results are expressed in
delta notation:

X = [(Rsample/Rstd) - 1] x 1000

where §X is 8"3C or 8'°N, Ryympie is the ratio between
13C:12C or N:N in the sample and Rgq is a cali-
brated standard (Vienna PeeDee Belemnite Standard
13C or atmospheric °N). The total C and N contents
of samples were determined using acetanilide and
urea standards. Precision (SE of 5 replicates) was
better than 0.05%. for isotopic determinations and
better than 5 pg for elemental composition of either C
or N. The coefficient of variation of replicated sample
aliquots was always <2 %.

Differences in the isotopic composition of benthic
species between rias were studied by analysis of
variance (ANOVA) and a posteriori Dunnett-C tests
for multiple comparisons (SPSS Statistical Software).
For comparative purposes, linear regression and
ecosystem-wide metrics for each ria were computed
from plots of §'3C vs. §'°N for all compartments ana-
lysed. Differences in the regression lines between
rias were determined using analysis of covariance
(ANCOVA). Ecosystem-wide metrics were based on
the niche theory and were initially applied to the
analysis of food webs using stable isotope composi-
tion of individual species (Layman et al. 2007). In our
approach, this procedure was intended as a stan-
dardisation of the isotopic information and an overall
characterisation of food web structure and dynamics
in each ria and not to determine precise trophic posi-
tions of a particular species. We included ecosystem
compartments representative of basal resources—
seston and sediments —to take into account the vari-
ability in the isotopic signature of these sources
(Schmidt et al. 2007). The metrics employed included
the ranges of 8'°N (NR) and §'3C (CR), the total area
encompassed by all compartments (TA), the average
euclidean distance of each compartment to the cen-
troid of the plot (CD), the mean nearest-neighbor
distance between compartments (NND) and its stan-
dard deviation (SDNND). Each of these metrics pro-
vide a measure of trophic diversity and complexity of
the food web. Large values of NR generally indicate
a high number of trophic levels, while large values of
CR suggest a large variety of carbon sources at the

base of the food web. An overall estimation of the
trophic complexity (or niche space) is provided by
TA, generally correlated to NR and CR. However,
high values of TA can be due to a few outliers while
most compartments are grouped in the centre of the
plot. In this case CD indicates the average trophic
diversity of compartments, while NND expresses its
degree of packing. As NND is influenced by sample
size, SDNND indicates the evenness in the distribu-
tion of trophic niches. This method is particularly
suited to comparisons of estuarine food webs be-
cause the large number of potential sources in these
ecosystems complicates the estimation of trophic
links (Phillips & Gregg 2003), while the dominant
sources for the overall ecosystem can be summarized
as the marine and terrestrial end-members, as in our
case. Samples from WTP and sediment traps were
not included in this analysis as they were determined
only in some rias.

RESULTS
Dissolved nutrients

The variability of nutrient concentrations along the
main axis of the rias indicates low river influence in
all rias (Fig. 2). The gradual decrease in temperature
from the inner to the outer zones, along with the
rapid increase in surface salinity with values >33 in
most of the rias (not shown), suggests the presence of
upwelling waters in the shelf up to the mouths of rias.
Furthermore, nutrients were not correlated with
salinity (Fig. 3), except for the increase in nitrate with
salinity in Ortigueira (r = 0.867, p < 0.01), and there
was a decrease in silicate and temperature, from high
values in rivers (up to 264 pM in river Landro; Fig. 4)
to ~1 pM outside the rias. Nutrient concentrations,
however, showed the different behaviours among
rias (Fig. 2). Nitrate first decreased in O Barqueiro
and Viveiro, reaching undetectable levels in O Bar-
queiro, and then increased to ~1 pM in mid ria with
another decrease towards the open sea. In contrast,
high nitrate values were found in rivers (between 32
and 47 pM; Fig. 4). In Ortigueira, there was a contin-
uous increase in nitrate from the inner ria to the sea,
where it reached 4.1 pM. Nitrite values were always
low in the rias (<0.4 pM) and also in the rivers
(~0.2 nM). Ammonium was generally <2 pM in both
rias and rivers but reached ~4 pM in the inner part of
O Barqueiro and Viveiro, and in river Landro (Fig. 4).
Phosphate values were generally low, but increased
above 1 pM in the inner zone of Ortigueira and
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Fig. 2. Variations in (a) surface temperature (°C), (b) nitrate, (c) phosphate, (d) nitrite, (e) silicate, and (f) ammonium along the
main longitudinal axis of the rias. All nutrients are in pM. Distance was measured from Stn P

O Barqueiro. The rivers also had values similar to
those of rias except for the river Landro (2.9 pM; Fig. 4).

Seston and sediments

Chl a was generally highest in Ortigueira, although
the maximum value (>3 mg chl a m~3) was found in
the innermost station of O Barqueiro (Fig. 5a). In con-
trast, most of the stations in Viveiro and O Barqueiro
had low chlorophyll values (<0.5 mg chl a m~3). The
rivers had comparable chl a values as the corre-
sponding rias, except again in the river Landro
where ~1 mg chl a m~ was measured (Table 1).

Notwithstanding the high values of the innermost
stations in all rias, POC and PON values for all
stations and rias were similar despite differences in
chl a (Fig. 5¢,d). However, phytoplankton contributed
more to seston in Ortigueira than in the other rias, as
mean (+SD) POC:chl a values for Ortigueira, O Bar-
queiro and Viveiro stations (except Stn P) were

5.4+2.6, 17.8+7.6 and 12.7+4.2 pmol C (ug chl a)},
respectively. C:N values increased towards the sea in
O Barqueiro and Viveiro, but not in Ortigueira, where
POC and PON varied less than in the other rias. Ses-
ton in rivers had POC values similar to those of the in-
ner ria, except in O Barqueiro where the rivers had
lower POC and PON than the inner ria. In contrast,
river PON was lower (and C:N higher) than PON in
the inner and middle parts of the rias (Table 1). Parti-
cles collected at the outlet of WTPs had POC and
PON values that were tenfold those of rias and rivers.
Local differences between WTPs were displayed by
C:N ratios, as N was more depleted in samples from
Ortigueira than in those from Viveiro. The sediment
trap in O Barqueiro revealed high fluxes of organic
matter with a C:N value of 6.6 (Table 1), which is sim-
ilar to seston in the nearby stations in this ria.

Sands dominate the grain composition of sediments
in the rias while mud dominated in the estuarine
parts (Table 2). Correspondingly, the organic content
was higher in estuarine than in outer ria zones, par-
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Fig. 3. Relationships between salinity (practical salinity ally en.rlched m C relatlye t?s seston and to sedi
scale) and (a) nitrate (M) or (b) ammonium (M) in surface ments in the estuaries, while §'°N values were more
waters of the rias. Only the regression line for nitrate in variable (Table 2). The largest differences in sedi-
Ortigueira was significant (r = 0.869, p < 0.01, n = 8) ment &N between the estuarine zone (more
enriched than seston) and the ria (similar to seston)
ticularly in Viveiro. However, POC values were al- were measured in Ortigueira.
ways <5% by weight. Sediment C:N values were
higher than those of seston in rivers and rias because Table 1. Characteristics of seston in rivers, wastewater treatment
of the very low N content of sediments (<0.4 %). plants (WTP) and sediment trap particles. POC and PON: particulate

organic carbon and nitrogen (nuM, except fluxes in sediment trap),
C:N: molar POC:PON ratio, 8'°N and §'°C: natural abundance of N
and C isotopes
Stable isotopes

13 Site Chl a POC PON CN &8C BYN
Seston 8'°C generally decreased towards the open (mgm™®) (@M) (M) (%) (%o)
sea (Fig. 5e). All stations in Ortigueira had higher
values than stations in the other rias while river ses- Lourido river - 1083 0.67 161 -276 3.7
ton was depleted in '*C compared to marine seston Landoi river N 1345 1.00 135 -282 37
.. 15 . Mera river 0.622 9.46 063 149 -282 3.8
(Table 1). In contrast, minimum &N values in seston Sor river 0.412 1054 041 26.0 -26.9 3.7
were generally found in central zones of the rias, Landro river 0.915 17.33 1.18 14.7 -274 5.5
except in Ortigueira (Fig. 5f). Samples from O Bar- WTP Ortigueira - 177.26 14.26 124 -262 -4.1
queiro were enriched in >N by ~2 %o relative to those WTP Viveiro - 130'1:1 21-98 5.9 =256 7.5
from other rias and rivers, except the river Landro Sediment trap N 8.657 130° 66 -226 53
(Table 1). Particles from the WTP in Ortigueira were amol m~2 d-!
very depleted in N but those from the WTP in
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Values of §'°N and §'3C in macroalgae also showed
significant variations between species and rias
(Fig. 6a—-d). Fucus vesiculosus was more enriched in
heavy C and N isotopes than Ascophyllum nodosum
in O Barqueiro but not in Viveiro (ANOVA; p = 0.002
for 8N, p = 0.035 for 8'°C, n = 6). In F. vesiculosus,
differences between rias were only significant for
8N with maximum values in O Barqueiro, while
mean 3°C values were equivalent in all rias. In con-
trast to macroalgae, mussels displayed significantly
higher 8'°N and §'*C values in Viveiro than in the
other rias (Fig. 6e,f).

Overall isotope composition

C and N isotopes were significantly correlated in all
rias (covariate 8'°N in Table 3). The resulting regres-
sion lines (Fig. 7) indicated a similar relationship in all
cases, since there were no significant differences in
slopes (interaction between factor ria and covariate in

Table 3) or intercepts (factor ria in Table 3). These re-
sults suggest that the studied rias do not differ in the
biogeochemical processing of C and N sources.

The bidimensional space delimited by all isotopic
determinations was higher in Ortigueira than in the
other rias (TA in Table 4). This was due to the larger
range of both §'°N and §"3C in Ortigueira, which was
caused by the high value (8%o) of 8!°N in estuarine
sediments (Table 2) and the low values of 8°C in
riverine seston (Table 1). These results together indi-
cate multiple sources of C at the base of the food web
and, in principle, a more complex food web in
Ortigueira than in the other rias. Conversely, O Bar-
queiro and Viveiro samples occupied equivalent
areas in the isotopic space, but Viveiro had the low-
est range in 8°N (NR in Table 4), suggesting less
trophic complexity. The mean distance of samples to
the centroid of the isotopic area increased slightly
from Ortigueira to Viveiro, while mean distance and
variability between neighbouring samples was high-
est in the former due to extreme values in seston and
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Table 2. Characteristics of superficial sediments in the study area. Samples were grouped as ria or estuarine. %mud: fraction
<63 nm by weight, %POC and %PON: percent particulate organic carbon and nitrogen (by weight), C:N: molar POC:PON ra-
tio, 3'°N and 8'*C: natural abundance of nitrogen and C isotopes (%o). Data are mean + SE (number of samples in parentheses)

Group % mud %POC %PON C:N 315N dBc
Ortigueira
Ria 36.0 £32.0 (3) 3.13 £0.13 (3) 0.16 +0.14 (3) 10.8 =1.0 3) 2.5 =2.0 (3) -19.4 +2.6 (3)
Estuary 1000 - (1) 0.95 +£0.53 (2) 0.10 £0.03 (2) 9.7 £2.5 (2) 8.0 1.7 (2) -18.6 x1.1 (2)
O Barqueiro
Ria 1.5 - (1) 333 - (1 0.04 - (1 107 - (1) 53 - -16.8 - (1)
Estuary 1000 - (1) 239 - (1) 0.14 - (1) 133 - (1) 4.2 - -198 - (1)
Viveiro
Ria 49 - (1) 253 - (1) 0.03 - (1) 96 - (1) S50 - (1) -172.5 - (1)
Estuary 84.5 +15.5 (4) 1.44 £1.03 (4) 0.26 +0.09 (4) 145 1.2 (4) 52 =03 (4) -20.8 +1.2 (4)
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Fig. 6. Mean (= SE) §'N and §'3C (%.) in (a,b) Fucus vesiculosus, (c,d) Ascophyllum nodosum and (e,f) Mytilus galloprovincialis
collected in the rias. O: Ortigueira; OB: O Barqueiro; V: Viveiro. (*, +) significantly different means (ANOVA and Dunnett-
C test; p<0.05, n 26)
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Table 3. Analysis of covariance (ANCOVA) comparing the
regression lines between §°C and §'°N (covariate) when
grouped by rias (fixed factor)

Factor SS df MS F P
Constant 4364.6 1 4364.6  458.7 0.000
Ria 11.0 2 5.5 0.6 0.564
31N 3529 1 3529 37.1 0.000
Ria x 8N 11.3 2 5.7 0.6  0.553
Error 999.0 105 9.5

Total 43141.2 111

estuarine sediments. Minimum values of both mean
and variability of distance to neighbouring samples
were found in O Barqueiro. Thus, the apparent
larger complexity of the food web in Ortigueira can
be attributed to the extreme values measured in ses-
ton and sediments, while most of the other samples
were more closely packed in the trophic space (CA,
NND and SDNND values) than in the other rias.
O Barqueiro displayed an intermediate degree of
trophic diversity but had the highest similarity be-
tween samples, while Viveiro had a relatively high
value of mean trophic diversity (CA value) but was
less tightly packed than O Barqueiro (Fig. 7) due to a
large variability of samples (large distance between
neighbouring samples, Table 4).

DISCUSSION

The present study documents for the first time the
differential inputs of organic matter and N in 3 of the
less studied rias in Galicia. Among the multiple pos-
sible sources (rivers, runoff, urban and agricultural
wastewater, seawater inputs), our results support a
dominant role of marine sources in determining the
composition of organic matter in seston, sediments
and key benthic species.

Sources at short time scales

Upwelling in this region is generally associated
with the western coast of Galicia (e.g. Barton 1998)
but it also occurs in the northern coast (Alvarez et al.
2009). A detailed analysis of the cruise in 2008 re-
vealed significant upwelling effects in the northern
Galician shelf (Ospina-Alvarez et al. 2010), as indi-
cated by the presence of cold waters, particularly near
Ortigueira (Fig. 2). Previous studies also indicated
that upwelling is a prevalent characteristic of this
shelf even in winter (Alvarez et al. 2009). However,
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Fig. 7. Linear regression between 3N and 8°C (%o) in all
compartments sampled for (a) Ortigueira, (b) O Barqueiro
and (c) Viveiro rias. (@) seston, (O) sediments, (M) Fucus
vesiculosus, () Ascophyllum nodosum, (A) Mytilus gallo-
provincialis. The polygons (dashed line) indicate the area
used in the computation of ecosystem-wide metrics (Table 4)
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Table 4. Metrics of ecosystem-wide stable isotope composi-
tion as displayed in Fig. 7. NR: §!°N range; CR: §'°C range;
TA: total area of polygon in Fig. 7; CD: mean Euclidean dis-
tance to centroid; NND: mean nearest-neighbour Euclidean
distance; SDNND: standard deviation of NND

Ria NR CR TA CD NND SDNND

Ortigueira  7.68 14.47 61.70 0.05 1.38 1.40
O Barqueiro 6.29 13.06 56.28 0.06 1.14 0.86
Viveiro 528 13.88 54.88 0.07 1.21 1.08

the nutrient enrichment provided by upwelling in
these rias differs from that observed in other rias off
the western coast where upwelling waters often reach
the innermost and shallow zones, with a large fertiliz-
ing effect on the rias by injection of new nutrients (Al-
varez-Salgado et al. 1993, Prego 1994, Piedracoba et
al. 2008). Moreover, the outflow of the organically rich
upper layer to the nearby shelf allows for rapid in situ
remineralisation of nutrients that re-enter the ria with
the conveyor-belt circulation typical of upwelling—
downwelling cycles. In contrast, upwelling waters in
the outer reaches of the northern rias are restricted to
the shelf (Ospina-Alvarez et al. 2010). In this case, the
effect of upwelling on nutrient dynamics is mainly re-
lated to the retention of coastal, mesohaline waters
within the rias, where the existing nutrients can sus-
tain relatively high levels of primary production. This
is indicated by the nutrient concentrations in most of
these rias, which are lower than those typical of re-
cently upwelled waters (>8 pM nitrate; Alvarez-Sal-
gado et al. 1993, Prego et al. 1999). The resulting
phytoplankton biomass, as indicated by chlorophyll
concentrations, was also lower than those observed in
western rias after upwelling (e.g. Varela et al. 2004).
In situ remineralisation appears to be of low impor-
tance, at least for the upper photic layer, as the ob-
served concentrations of nitrite and ammonium in
surface waters were generally low (Fig. 2). Exceptions
were some stations in O Barqueiro where nitrite con-
centrations exceeded those of nitrate that had unde-
tectable levels (<0.01 pM). No significant benthic
remineralisation can be expected because of the rela-
tively low organic matter content in sediments, even in
estuarine areas (Table 2), and the high oxygen content
of the waters in these rias (Xunta de Galicia 2009).
Despite the generally higher measured nutrient
concentrations in rivers than in the rias, the overall
effect of river water in the nutrient enrichment of the
rias can be considered small for 2 reasons. First, river
flow is low compared to the water volume exchanged
by tides. The mean annual flows of the Mera, Sor and

Landro rivers are 4.2, 6.0 and 7.1 m® s7!, respectively

(Rio-Barja & Rodriguez-Lestegas 1996), with summer
values being much smaller (Ospina-Alvarez et al.
2010). In contrast, the volume of seawater exchanged
exceeds river water by 50- (neap tides) to 200-fold
(spring tides) in these rias (Xunta de Galicia 2009). In
these conditions, the maximum nutrient concentra-
tions measured in rivers (46.9 pM nitrate in river
Mera and 2.9 pM phosphate in river Landro) are
rapidly diluted in surface waters of the innermost
zone of the ria, where nitrate was almost unde-
tectable (Fig. 2). Furthermore, nutrient concentra-
tions in this study were not linearly related to salinity,
except for the positive correlation found in Orti-
gueira, which is related to the stronger influence of
upwelling in this ria. This lack of linearity contrasts
with the negative linear relationships between major
nutrients (nitrate and phosphate) found in a previous
study of the same rias but restricted to the partially
mixed, estuarine waters (Xunta de Galicia 2009).
Both results support the rapid mixing of fresh and
marine waters in the inner zone of these rias with
consequent dilution of riverine nutrients. Local accu-
mulation of floating detritus, however, may occasion-
ally produce relatively high values of some nutrients
(e.g. ~1 pM phosphate in the inner zone of Ortigueira
and Viveiro).

Second, the influence of anthropogenic nutrients or
organic matter appears small when compared to con-
centration values observed in rivers flowing through
more populated areas. Extrapolation of nutrient mea-
surements in partially mixed, estuarine waters of
these rias to zero salinity (as a proxy for nutrient load
in river waters) led to the conclusion of an increase in
excess N from Ortigueira to Viveiro in a previous
study (Xunta de Galicia 2009). The excess nutrients
were attributed to increasing agricultural and urban-
ization pressures, but actual concentration values
were typical of uncontaminated rivers in this region
(Prego & Vergara 1998, Gago et al. 2005). In the pre-
sent study, ammonium and nitrite concentrations in
rivers were quite low (0.2 pM nitrite and up to 4 pM
ammonium) compared to values measured in rivers
and estuaries with strong anthropogenic pressure
(Paerl et al. 2006, Castro et al. 2007). While a linear
decrease in ammonium with salinity would be ex-
pected if there were sustained large inputs of N de-
rived from manure, ammonium was not related to
salinity (Fig. 3) and maximum values (besides those of
rivers) were measured in partially mixed waters (Or-
tigueira) or outside the rias (O Barqueiro, Viveiro).
These local maxima in ammonium, along with high
phosphate values measured in this study in the
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Landro river and in the nearby estuarine area, how-
ever, point to local sources of anthropogenic nutrients
for the ria of Viveiro. This agrees with previous
reports of local enrichments in the estuarine zone of
this ria (Xunta de Galicia 2009), while all the studied
rias generally seem to receive small loads of riverine
and runoff nutrients.

The same small influence may also apply to the
input of organic matter from terrestrial sources, as
chlorophyll in the rivers was <1 mg m~, and was
generally equivalent to that found in the rias. An
exception was again found in the Landro river, which
had higher phytoplankton biomass than the ria likely
due to the excess nutrients. Phytoplankton from the
ria was the main component of seston in Ortigueira,
as deduced from low POC:chl a values, while other C
sources (i.e. heterotrophic plankton and detritus)
were more important in the other rias. Furthermore,
C:N values of seston in the inner zone of all rias were
close to 6.6, which is characteristic of phytoplankton
cells. In contrast, estuaries with high influence of
land vegetation have high C:N ratios reflecting the
large content of structural carbohydrates of terres-
trial plants (Keefe 1994). The increase in C:N values
towards the shelf is indicative of food web processing
of phytoplankton-derived matter. Similarly, the C:N
values of sediments, although higher than those of
seston, were generally characteristic of degradation
of organic matter of mainly planktonic origin. Sedi-
ments with C:N >10 can be expected if most of the
organic matter comes from macrophytes and values
>20 are generally associated with detritus from vas-
cular and terrestrial plants (Cifuentes et al. 1988).

The results obtained for stable isotopes confirmed
the dominant marine origin of N and the planktonic
origin of organic matter in the rias. Isotopic enrich-
ment in N of seston from the ria generally showed val-
ues between 4 and 6 %o, which is typical of coastal and
shelf waters in the N Atlantic (Tucker et al. 1999,
McKinney et al. 2010) and similar to values reported
for Galicia (Bode et al. 2006). This is consistent with a
predominant use of marine inorganic nitrogen, with
8N generally between 5%. (nitrate; Liu & Kaplan
1989) and 7 %0 (ammonium; Holmes et al. 1998), in pri-
mary production. In contrast, N from rivers or aquifers
not affected by sewage or manure have §°N values of
~4%o (Kendall 1998), which is very similar to those
measured in riverine seston in this study (Table 1). In
the estuarine zone (salinity <35), the application of a
simple mixing model from 2 sources using end-mem-
ber 8N values of 4%. (river) and 6%. (sea) (e.g.
Phillips & Gregg 2003) revealed that N from the river
would have maximum contributions of 60, 80 and

3% to seston samples in Ortigueira, O Barqueiro and
Viveiro, respectively. Contributions of WTP N would
be even lower, as the application of §'°N values mea-
sured in WTP seston (Table 1) and those of marine
waters to the 2-source mixing model indicated maxi-
mum WTP contributions of 12% (Ortigueira) and
3% (Viveiro). Similarly, using the measured §°C in
seston, we estimated organic C contributions from
rivers of up to 6% (O Barqueiro) and 8% (Viveiro),
while WTP contributions would reach 18 % in Viveiro.
All seston samples in Ortigueira were enriched in 3C
compared to either river or WTP seston, suggesting a
major contribution of diatoms in this ria during the
study. Marine diatoms are characteristically *C-en-
riched compared to other phytoplankton (Fry & Wain-
right 1991) and high 8'3C values were measured in
Galicia during plankton blooms (Bode et al. 2006).
The existence of a diatom bloom in Ortigueira is con-
sistent with the relatively high nutrient (Fig. 2) and
chlorophyll concentrations (Fig. 5) and thermohaline
properties characteristic of upwelling (Ospina-Alvarez
et al. 2010). Moreover, phytoplankton counts from
samples of O Barqueiro collected during this study re-
vealed the general dominance of diatoms over other
groups, although no counts were made in Ortigueira
(Ospina-Alvarez et al. 2010).

The low contribution of residual waters to both N
and organic C sources for the rias, despite their high
concentrations (Table 1) may be explained by the rel-
atively low average flows at WTPs (1800 and 6239 m®
d™! at Ortigueira and Viveiro, respectively) (http://
augasdegalicia.xunta.es/). However, 8'°N values ob-
served in seston indicate large differences between
WTPs in the efficiency of N removal, while POC,
PON and 8'C values of samples from both WTPs
were similar. The negative 8°N value observed in
Ortigueira is characteristic of raw residual waters
directly discharged into the ria (e.g. —3.87 %o; Daskin
et al. 2008), while the value measured in Viveiro
agrees with values observed in seston from WTPs
with effective biological reactors for N remineralisa-
tion (e.g. 7%o; Piola et al. 2006). The enrichment of
heavy isotopes in seston released from such WTPs
would be the result of intense isotopic fractionation
during ammonification and nitrification in the reac-
tors, as the preferential production of N ammonium
and nitrate would leave the remaining organic N
enriched in °N. In contrast to N, C isotope signatures
of WTP seston (~—26%o; Table 1) are consistent with
an effective removal of organic C in WTPs with ter-
tiary (biological) treatments (Piola et al. 2006), as un-
treated waters are relatively enriched in *C (Kwak &
Zedler 1997). Therefore, although both WTPs have
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biological reactors for organic matter remineralisa-
tion, our results point to local differences in their per-
formance due to differences in either the nature of
the treated wastewaters (i.e. the proportion of urban
and industrial residuals) or their capacity (much
larger in Viveiro).

Sources at long time scales

Sediments continuously receive organic matter
inputs from seston and thus integrate the contribu-
tions from the different terrestrial and marine
sources at time scales longer than those in seston.
The measured sedimentation rates in the sediment
trap deployed in this study (Table 1) are low com-
pared to those of western Galician rias (Varela et al.
2003, 2004) and coastal waters (Bode et al. 1998, Olli
et al. 2001). Even if it comes from a single date, this
result implies a reduced input of organic matter to
sediments with low organic content (Table 2). Fur-
thermore, the relatively low 8N in sediments com-
pared to that of seston indicates that nitrification and
denitrification processes are of low importance
except in the estuarine zone of Ortigueira, where
mean values exceeded those of seston. Nitrification
preferentially removes light isotopes as nitrite and
nitrate and leaves the reactant, in this case sedimen-
tary organic matter, enriched in heavy isotopes (Mar-
iotti et al. 1981). However, the measured §'°N values
of sediments are consistent with values measured in
other nonpolluted estuaries (Castro et al. 2007). In
contrast, high nitrification rates were estimated in
bottom layers of the more productive ria of Vigo in
south-western Galicia (Alvarez-Salgado & Gilcoto
2004). Denitrification (N,O production from nitrate)
would have caused the depletion of heavy isotopes in
the reactant (Mariotti et al. 1981) but also an enrich-
ment in the organic matter remaining in the sedi-
ment. Therefore, the sediments of northern rias are
indicative of moderate to low denitrification and rem-
ineralisation of organic N. C isotope signatures and
C:N values suggest, however, that the organic C
remaining in the sediments is highly processed.
Mean 83C was generally above —20%. (Table 2), ex-
ceeding values typical of estuaries with large organic
load and fresh detritus (Thornton & McManus 1994,
Graham et al. 2001). The high excess of organic C, as
found in other coastal inlets (e.g. Cook et al. 2004,
Silva et al. 2011), suggest the presence of either
hydrocarbons or, more likely, remains of terrestrial
plants. Microbial respiration of labile C (i.e. carbohy-
drates, lipids, amino acids) would have preferentially

removed the light C isotopes and thus enriched the
remaining non-labile fraction.

Up the food web, isotopic signatures confirm the
dominant use of marine N sources. Macroalgae and
mussels were only moderately enriched in N com-
pared to seston, and mean 8'°N values were even
lower than those found in the same species located in
rias with larger human pressure. The ria de A
Coruna, for instance, supports an urban population of
>240000 inhabitants, while Viveiro, the most popu-
lated ria in our study, supports a population barely
reaching 17 000 (Spanish Official Population Census,
www.ine.es). Values of mean (+SE) §!°N in Ascophyl-
Ilum nodosum in A Coruha were 11.4+0.2%o (Bode et
al. 2006), while those in our study were much lower
(6.6+0.1, 5.9+0.0 and 6.2+0.1% for Viveiro, Or-
tigueira and O Barqueiro, respectively). Muscular tis-
sues of molluscs, like those of the analysed mussels,
displayed low variability in 8!°N through the year,
thus reflecting an integrated animal diet despite sea-
sonal variations in food sources and metabolism (Lor-
rain et al. 2002, Deudero et al. 2009). In Viveiro, the
significant isotopic enrichment of mussels suggests a
persistent, but moderate local input of anthropogenic
N and organic matter; values from the other rias were
within those reported for rocky-shore intertidal habi-
tats in Galicia (Bode et al. 2006) but lower than those
reported for tidal flats (Page & Lastra 2003).

The selected macroalgae also provide estimates of
long term inputs. Both species have a life span of sev-
eral years (up to 16 yr in Ascophyllum nodosum,; Niell
1979) and have been shown to display increasing §'°N
values with increasing urban pressure (Bode et al.
2006, Viana et al. 2011) and WTP inputs (Savage &
Elmgren 2004). A. nodosum would be more sensitive
to anthropogenic N because it is restricted to estuarine
areas, whereas Fucus vesiculosus can be found in a
wide range of habitats (Bode et al. 2006, Viana et al.
2011). However, even for A. nodosum, the measured
8!°N values did not reach those observed in the more
populated ria of A Coruna (Bode et al. 2006), again
suggesting low inputs of anthropogenic N. The rela-
tively high 8*°N of F. vesiculosus in O Barqueiro com-
pared to Viveiro may indicate local, but low inputs of
urban residual water or sewage. These results agree
with the general decrease in §'°N measured in Fucus
spp. from Galician rias since 1990 (Viana et al. 2011)
that could be attributed to an improvement in WTP fa-
cilities along the coast.

Considering all compartments analysed, the inputs
of the different sources of nutrients and organic mat-
ter for all rias may be considered comparable. The
linear relationship between §'°N and §'3C (Fig. 7) did
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not vary significantly among rias, suggesting a bal-
anced input of essentially the same C and N sources.
The patterns of the areas defined by 3'°N and §'3C
plots, however, indicate important differences. The
results indicate that overall trophic complexity (in-
cluding number of trophic levels and diversity of car-
bon sources) decreased from west to east. Ortigueira,
for instance, displayed a large variety of sources, as
indicated by the large range in §'°N and 8'°C that can
be attributed to its large salt marsh area (Xunta de
Galicia 2009). However, most samples in this ria
were closely packed around the centroid of the distri-
bution, indicating low trophic diversity and, there-
fore, marginal influence of the additional salt marsh
sources. In contrast, Viveiro displayed a small range
of 8°N and 8"C but samples were more evenly
distributed than in the other rias, revealing higher
trophic diversity likely due to inputs at small spatial
or temporal scales. O Barqueiro was an intermedi-
ate case with measures of trophic diversity in be-
tween those of the other rias. Notwithstanding the
representativeness of samples characterising nutri-
ent sources at very different time scales (days to
years) in our plots, the derived metrics support the
general homogeneity of biogeochemical and trophic
processes in these rias, along with the generally low
impact of anthropogenic sources.

CONCLUSIONS

The strong influence of marine nutrients, low
urban population pressure and low industrialisation
have cushioned the studied northern Galician rias
from large impacts of anthropogenic nutrients as also
found in other Galician rias (Bode et al. 2006) and
Portuguese estuaries (Castro et al. 2007). However,
there are indications of potential threats to these pris-
tine environments, e.g. the extreme stable isotope
signatures that can be associated with the most pop-
ulated areas. The combination of measurements of
nutrient stocks and stable isotope composition in
compartments characterised by different renewal
times allowed for more complete estimations of the
importance of the various nutrient and organic
sources for coastal food webs.
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