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ABSTRACT
Carbon fluxes in a coastal area of northern Portugal

Estuaries have been the focus of several studies of the carbon biogeochemical cycle. Despite their small area compared
with other coastal regions, estuaries may play a significant role in the carbon biogeochemical cycle due to their intense
biogeochemical activity resulting from river and anthropogenic inputs of organic and inorganic matter. Most of these studies
suggest that estuaries are sources of carbon inputs to the atmosphere. This study describes a study conducted in the Ave
estuary (northern Portugal) in summer 2011 and winter 2012 to quantify the air-water CO, fluxes. Surface waters were always
oversaturated in CO, relative to the atmosphere. CO, partial pressure ranged from ~ 689 to = 1111 patm in summer during
the flood and the ebb, respectively, whereas winter values ranged from =~ 767 to ~ 1021 patm during the ebb and the flood,
respectively. These results suggest that the Ave estuary releases CO; to the atmosphere at rates ranging from 6 to 34 mmol C
m~2d~', in summer and from 13 to 40 mmol C m2d~! in winter. These values are lower than estimates for other Portuguese
estuaries, such as the Tagus, Douro or Sado.
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RESUMEN
Los flujos de carbono en una zona costera del norte de Portugal

Los estuarios han sido objeto de varios estudios sobre el ciclo biogeoquimico del carbono. A pesar de su reducida superficie,
en comparacion con otras regiones costeras, los estuarios pueden jugar un papel importante en el ciclo biogeoquimico del
carbono debido a su intensa actividad biogeoquimica como resultado de las entradas de carbono por el rio y de las emisiones
antropogénicas de materia orgdnica e inorgdnica. La mayoria de estos estudios sugieren que los estuarios son fuentes de
carbono a la atmdsfera. Este trabajo describe un estudio llevado a cabo en el estuario del Ave (norte de Portugal) en el
verano de 2011 e invierno 2012, donde los flujos aire-agua de CO; fueron cuantificados. Las aguas superficiales estaban
sobresaturadas siempre en CO; con respecto a la atmosfera. La presion parcial de CO; vario de =~ 689 a ~ 1111 patm en
verano, durante el flujo y reflujo, respectivamente, mientras que los valores de invierno van desde ~ 767 a ~ 1021 patm,
durante el reflujo y flujo, respectivamente. Estos resultados sugieren que el estuario del Ave libera CO;, a la atmdsfera con
una tasa media entre 6 y 34 mmol C m>2d™" en verano, y entre 13 y 40 mmol C m~d™" en invierno. Estos valores son mds
bajos que los obtenidos para otros estuarios portugueses como el Tajo, Duero y Sado.

Palabras clave: Estuarios, CO,, ciclo del carbono, fuente, sumidero.
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INTRODUCTION

The CO, fluxes in the coastal ocean are poorly
known. The coastal ocean is the portion of the
global ocean where physical, biological and bio-
geochemical processes are directly affected by
land drainage (Gazeau et al., 2004), limited off-
shore by the ocean margin, corresponding to the
abrupt bathymetric change that occurs between
the shelf and the slope at an average depth of
130 m (Gattuso et al., 1998; Wollast, 1998). Es-
timates of the uptake of CO, in this zone vary
significantly (Orr et al., 2001; Thomas et al.,
2001; Borges, 2005; Borges et al., 2005; Bozec
et al., 2005; Orr et al., 2005; Chen & Borges,
2009; Laruelle et al., 2010). Coastal zones may
have a disproportionately high contribution to the
ocean storage of CO, (Thomas et al., 2004) via a
mechanism called the “continental shelf pump”
(Tsunogai et al., 1999). However, this hypothesis
deserves further investigation due to the very low
spatial and temporal resolution of available data
on CO, fluxes (Borges & Frankignoulle, 2002).
Furthermore, it is expected that these fluxes are
influenced by upwelling, land drainage, sea sur-
face warming and pH decreasing trends (Borges,
2011). The continental shelf pump hypothesis
has been a topic of considerable debate (e.g., Cai
& Dai, 2004; Thomas et al., 2004, 2008).

Abril & Borges (2004) provide a summary
of estuarine definitions, ranging from the classic
definition of Pritchard (1967) as “semi-enclosed
coastal bodies of water that have a free con-
nection with the open sea and within which sea
water is measurably diluted with fresh water de-
rived from land drainage” to the more complete
definition of Perillo (1995) that specifies the
upstream limit of estuaries as the limit of tidal in-
fluence and refer some of its biological aspects,
as the presence of euryhaline species. These
dynamic systems and the coastal seas play an
important role in the global carbon cycle
(Mackenzie et al., 2004) despite their small area
compared to the global ocean (Borges, 2005). In
estuaries and coastal zones, high fluxes of CO,
between the surface water and the atmosphere
are expected due to their high biogeochemical
activity (Abril et al., 2000). Globally, the surface

area of estuaries is approximately 20 times
smaller than the surface area of continental
shelves. However, the air-water fluxes of CO, in
temperate estuaries are approximately two orders
of magnitude higher than those over temperate
continental shelves (Borges et al., 2004a).

Ketchum (1983, cit. in Gazeau et al., 2004)
states that estuaries are extremely dynamic
systems; they are usually characterised by
strong physico-chemical gradients, enhanced
biological activity and intense sedimentation
and resuspension because they receive large
amounts of inorganic nutrients (nitrogen, phos-
phorus and silica), organic matter and suspended
particles. Estuarine ecosystems have a net het-
erotrophic metabolism, consuming more organic
carbon than the autochthonous gross primary
production (Borges, 2011).

Recent studies suggest that estuaries are
significant sources of CO, to the atmosphere,
with carbon dioxide partial pressure (pCO,)
varying from 400 to 9500 patm (Frankignoulle
et al., 1998; Borges et al., 2003; Abril & Borges,
2004; Wang & Cai, 2004, Borges, 2005; Borges et
al., 2005, Laruelle et al., 2010; Borges & Abril,
2011). It is argued that this source role (Borges
2005; Borges et al., 2005) can be counterbalanced
by the continental shelf CO, sink (Tsunogai et
al., 1999; Borges et al., 2005; Cai et al., 2006).
However, reported air-water CO, fluxes can
lead to biased interpretations due to insufficient
spatial or temporal coverage (Borges, 2011).

Frankignoulle et al. (1998), Borges (2005 and
2011) and Borges et al. (2005) state that most es-
tuaries where CO, fluxes have been evaluated are
macrotidal estuaries, whereas data on microti-
dal and mesotidal estuaries (and other estuarine
environments) are scarce. Despite this lack of
data, it is accepted that microtidal systems are
usually highly stratified and are lower sources
of CO, to the atmosphere than macrotidal sys-
tems, which are usually permanently or partly
well mixed (Koné et al., 2009; Borges, 2011;
Borges & Abril, 2011).

Highly variable organic carbon production
and degradation are expected in estuaries relative
to other coastal environments, with effects on
chlorophyll a (Chl a), dissolved organic carbon
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Figure 1. The study site and sampling stations. Area de estu-
dio y estaciones de muestreo.

(DOC) and oxygen saturation (% O,) (Borges
& Abril, 2011) leading to high pCO, variabil-
ity. Carbon enters estuaries in various forms: dis-
solved inorganic and organic (DIC and DOC, re-
spectively) or particulate inorganic and organic
(PIC and POC, respectively) (Meybeck, 1993).
All these forms contribute to the source/sink CO,
role of estuaries.

To tackle the temporal and spatial lack of data
on microtidal estuaries, the main objective of this
study was to evaluate CO, transfer between the
water and the atmosphere of the Ave estuary as
a function of the season, distance from the sea
and tide based on the CO, saturation level of the
surface waters.

METHODS

Study area

This study was conducted in the Ave estuary,
a small estuary with a surface area of approxi-
mately 0.28 km? located in northwestern Portugal
(41°34’ N, 08°74" W) (Fig. 1). Its upstream limit

is marked by a dam near the N13 road bridge. The
Ave estuary is approximately 1.5 km in length,
with a minimum width of 75 m and a maximum
width of 200 m. The maximum depth of this
estuary during the flood is approximately 9 m.
The tidal regime is semidiurnal, with a period of
c.a. 12 h 33 min and a tidal range from = 1 m to
3 m (Hidrogréfico, 2011) (Table 1).

The hydrographic conditions of the estuary
are essentially determined by river discharges,
which show marked seasonal variation, as well
as by the intrusion of saline water from the
Atlantic Ocean. The intrusion of freshwater is
mainly carried out by the Ave river discharge,
ranging between approximately 8 and 45 m?
s~! (Snirh, 2011) (Table 1). The average current
speed in summer is approximately 0.3 m s~!,
with maximum values of 1.2 m s™! at the inlet.
The relatively low flow in the Ave estuary allows
the formation of a thermocline and a halocline,
typical of a salt-wedge estuary. The prevailing
winds are from the south and southwest in winter
and from the northwest in spring and summer
(Carvalho et al., 2011).

Sampling strategy

Data for this study were obtained from two
cruises conducted in July 2011 and January
2012. A total of 24 stations were sampled in
the estuary (Fig. 1). The study area was divided
into three sections: lower (mouth), middle and
upper (near the upper limit of the estuary) to test
for differences in the CO, source/sink processes
along the estuary. During each sampling survey,
a total of six sites were sampled during the ebb,
and another six sites were sampled during the
flood. Therefore, two replicate stations were
sampled in each of the mentioned three zones.

In situ measurements and sampling

Temperature, depth, salinity, dissolved oxygen,
pH, chlorophyll @ and Photosynthetically Active
Radiation (PAR) were determined in situ with
a conductivity-temperature-depth device (CTD)
(Sea and Sun CTD 90M Multiparameter Memory
Probe). Samples were collected at all sites with a
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Van Dorn bottle at the surface and at the bottom
to analyse suspended particulate matter (SPM)
and total alkalinity (TA).

Atmospheric and meteorological data

Atmospheric CO, concentration data and air
temperatures were collected in situ using an
air CO, sensor (Kimo Instruments) for the
winter sampling. In summer, atmospheric CO,
data were obtained from the Terceira Island
reference station (Azores, Portugal, 38°46" N
27°23" W). This station is a component of the
network of the National Oceanic and Atmo-
spheric Administration (NOAA)/Climate Moni-
toring and Diagnostics Laboratory/Carbon Cycle
Greenhouse Gases Group (CarbonTracker 2011,
http://carbontracker.noaa.gov). Wind speed and
direction data were obtained from a public
database (www.windguru.cz/pt). The atmosphe-
ric CO, concentrations data, in winter, collected
with a CO, sensor, are in the range 397 + 7 patm,
consistent with data obtained from the Terceira
Island reference station (391.6 patm, latest avail-
able values from January 2010).

Laboratory analysis

SPM was determined gravimetrically following
the standard procedures described previously (e.g.,
Filgueira et al., 2009). The samples were filtered
with previously treated Whatman GF/F filters
(2 h at 450 °C and weighed). After filtration, the
filters with the particulate material were again
weighed after drying at 70 °C for 24 h in an oven.

Samples for TA determinations were filtered
through Whatman GF/F filters (0.7 um) and
titrated with HCI (~ 0.25 M HCl in a solution of
0.45 M NaCl) past the endpoint of 4.5 (Dickson
et al., 2007) with an accuracy of + 25 pumol kg~!.

Calculations

DIC and pCO, in water were estimated from in
situ temperature, pH and TA using the carbonic
acid dissociation constants given by Millero et al.
(2006) and the CO, solubility coefficientof Weiss
(1974) (Abril et al., 2000; Borges et al., 2004a).

Errors associated with pCO, calculations were
estimated to be + 30 patm (accumulated errors on
TA and pH). The air-water CO, fluxes (CO,Flux)
were computed according to the equation

COFlux =k - Ky - ApCO,,

where k is the gas transfer velocity, Kj is the sol-
ubility coefficient of CO, (a function of temper-
ature and salinity) and ApCO, is the air-water
gradient of pCO,. A positive CO, flux indicates a
transfer of CO, from the water to the atmosphere.

The gas transfer velocity plays an important
role in the CO, flux equation. At the air-water in-
terface, turbulence is the most important process
controlling k (Borges et al., 2004b). In the open
ocean, the gas transfer velocity of CO, is usu-
ally parameterised as a function of wind speed
because wind stress is the main generator of sur-
face turbulence in these systems (Borges et al.,
2004b, Abril et al., 2009). In estuaries, k is highly
variable over time and space and is in?uenced by
local meteorological and hydrological conditions
(Kremer et al., 2003; Borges et al., 2004a, Abril
et al., 2009). The value of k tends to be greater in
estuaries than in the open ocean due to the greater
current speeds in the estuaries. The gas transfer
velocity of CO; increases more rapidly with wind
speed in large estuaries than in small estuaries
due to a fetch effect (Marino & Howarth, 1993;
Zappa et al., 2003, 2007; Borges et al., 2004a,
b). Abril et al. (2009) proposed an equation for
k that depends on wind and current velocity, es-
tuarine surface area and the concentration of to-
tal suspended solids. Recently, Ho ef al. (2011)
suggested that a parameterisation between wind
speed and gas exchange developed for the ocean
is able to predict gas exchange in tidal rivers
with high accuracy. The choice of a particular
value for k will, therefore, affect the overall es-
timates of gas transfer across the air-water inter-
face. In this study, k was not determined in situ
but was calculated with four different formula-
tions: (1) Carini et al. (1996) (hereafter referred
as kcog), (2) Raymond et al. (2000) (hereafter re-
ferred as kgoo), (3) Borges et al. (2004b) (here-
after referred as kpy4) and (4) Abril et al. (2009)
(hereafter referred as kyo9).
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Figure 2. Longitudinal variation of surface and bottom temperature (T), salinity (S) and suspended particulate matter (SPM) in
summer and winter during the two surveys conducted along the Ave estuary. Variacion longitudinal en la superficie y en el fondo de
la temperatura (T), salinidad (S) y materia particulada en suspension (SPM), en verano e invierno, durante los 2 muestreos en el

estuario del Ave.
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Figure 3. Thermoclines and haloclines observed in the three sections of the Ave estuary. Termoclinas y haloclinas en las tres
secciones del estuario del Ave.
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Table 1. Sampling dates and ranges of hydrologic and meteorological data for each sampling period in the Ave estuary. ujo
represents Ave River wind speed referenced to a height of 10 m. Fechas de muestreo y rangos de datos hidrologicos y meteorologicos
para cada periodo de muestreo en el estuario del Ave. Q representa el flujo del rio Ave y u,y la velocidad del viento referenciada a

una altura de 10 m.

Season Sampling Number of Tidal Tide Tidal Flowg, e “[170
Dates samples current amplitude (m) (m?s™") (ms™)

6 Ebb 1.1
Summer 19 July 2011 Between spring and neap 24 8.5

6 Flood 1.1

6 Ebb 0.5
Winter 19 January 2012 Between spring and neap 1.7 45.2

6 Flood 2.6

A three-way ANOVA was used to test the
effects of time of sampling (winter vs. summer),
tide (ebb vs. flood) and local (upper, middle and
lower estuary) on CO, fluxes across the air-water
interface. SPSS Statistics Version 21 software
was used for this analysis. Different ANOVAs
were performed with the fluxes obtained using
the four different transfer velocity formulations
described in the previous paragraph.

RESULTS

The results presented in Figure 2 show that tem-
perature decreased towards the sea during sum-
mer, whereas the opposite trend was observed
in winter. At the bottom, temperature varies less
than 1°C. Surface salinity decreased from the
sea towards the upper estuary, and the lowest
values were observed in winter. At the bottom,
salinity varied very little. In winter, it decreases
towards the river, as expected. The distribution
of suspended particulate matter (SPM) along the
estuary does not show a well-defined pattern.
However, SPM tends to decrease towards the
sea in summer (Fig. 2).

The water column was always stratified, with
a marked thermocline and halocline at similar
depths throughout the estuary. The thermocline was
reversed from summer to winter. In summer, the
halocline was shallower (approximately 1 m depth)
than in winter (approximately 2 m depth) (Fig. 3).

The surface waters were always well oxy-
genated, with values above 75 % of saturation
(Table 2). Lower values were observed at the

bottom (Table 3 and Fig. 4), perhaps due to the
oxidation of organic matter. The analysis of
chlorophyll (a proxy for phytoplankton biomass)
showed a maximum value of 9.8 ug 1-! in sum-
mer and a minimum value of 3.0 ug 1"! in winter
(Fig. 4, Table 2).

TA showed the same type of behaviour ob-
served for DIC (Fig. 4). In summer, both during
the ebb and the flood, the values obtained for
these variables were always higher than in win-
ter. In summer, the DIC surface and bottom val-
ues differed less than in winter (Table 2 and 3)
(Fig. 4). DIC values were generally lower in the
fluvial zone (1783 to 2183 wmol kg™' in sum-
mer and 751 to 833 wmol kg™' in winter) than
in the marine zone (1903 to 2423 umol kg! in
summer and 853 to 963 umol kg™' in winter),
indicating the presence of DIC sources within
the estuary or the introduction of oceanic waters
enriched in DIC (Fig. 5).

The pCO, values of the surface waters var-
ied between 530 and 1694 patm, with higher val-
ues recorded during the ebb in summer. The low-
est values occurred in summer during the flood
(Fig. 4, Table 2). pCO, was higher in the up-
per section of the estuary and decreased towards
the mouth (Fig. 5).

As stated above, the magnitude of the CO,
fluxes emitted from the Ave estuary differs de-
pending on the gas transfer velocity used. As
shown by Table 4 and Figure 5, surface waters
were always oversaturated in CO, relative to the
atmosphere (pCO,, air = 380 patm), in contrast
to surface water in the estuarine plume and the
coastal zone (approximately 4-5 km offshore),
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Figure 4. Box-Whisker plot of pH, chlorophyll a (Chl a), dissolved oxygen (DO), total alkalinity (TA), dissolved inorganic carbon
(DIC) and CO, partial pressure (pCO,) in the Ave estuary. Diagramas de caja de pH, clorofila a (Chl a), oxigeno disuelto (DO),
alcalinidad total (TA), carbono inorgdnico disuelto (DIC) y la presion parcial de CO;, (pCO,) en el estuario del Ave.



C fluxes in an estuary 237

Surface Bottom
3000 - 3000
2500 - o o 2500 ¢ 5 s
Pawow{ o © 8 & [T 1 8 g £ °
3 s A
E 1500 - ilsm | X
o o
o 1000 - & 2 1000
X &
500 - 500 -
0+ T T T A 0 - +
1400 1 700 %
1200 - 600 { ©
* 2 o
_E,“m . o -g 500 a o o
& ol g . guam ;
2 X 4
400 - & 200 - & A A
200 - A £ 100 -
0 0 : : : . .
\Q
50 qp"'d .@'ﬁ 6‘55\ o"‘& ap&
- qét. & & i\&& c?‘}%
g &
w
E 30 - o b
E ..
X 2 < o
e ol 2 ¢ summer 2011 - Ebb
S o A 8 @ summer 2011 - Flood
0 - 5 ! & winter 2011/12 - Ebb
i 8 ¥ winter 2011/12 - Flood
& g .,:?‘?6 &*F é’ﬁa o
& & & o t.P's;?
@ ¢<°‘ Q;-‘"*

Figure 5. Longitudinal distributions of surface and bottom dissolved inorganic carbon (DIC), CO, partial pressure (pCO,) and CO,
Fluxes (CO,Flux) in summer and winter during the 2 surveys conducted along the Ave estuary. Data from the estuarine plume and
offshore waters are also included for comparative purposes. Distribuciones longitudinales en la superficie y el fondo del carbono
inorgdnico disuelto (DIC), presion parcial de CO, (pCO;) y flujos de CO, (CO,Flux) en verano 'y en invierno, durante los muestreos
en el estuario del Ave. Se incluyen también datos en la pluma del estuario y en el mar para comparar.
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Table 2. Range of physical-chemical and biological properties of surface waters in the Ave estuary for each sampling date. Rango
de las propiedades fisico-quimicas y biologicas de las aguas superficiales en el estuario del Ave para cada fecha de muestreo.

Seas Tid S T¢0) SPM Chla - oD (%) TA DIC pCO,
cason - ide mgl™h gl P " (umolkg™) (umolkg™)  (uatm)
S Ebb  3.68-23.90 17.2-22.7 10.5-35.6 1.3-9.8 7.58-7.88 78.8-99.4  1741-2539  1783-2476 751-1694

ummer
Flood 11.26-29.12 16.5-19.0 26.0-55.5 0.9-3.2 7.74-7.92 89.8-100.8 2016-2296  1903-2246  530-841
Winter Ebb 2.93-489 10.5-109 7.4-12.1 0.5-1.2 7.43-7.66 95.3-96.8 709-916 751-944 611-906
Flood 1.77-7.70  10.0-10.6 7.1-13.1 0.1-3.9 7.38-7.65 91.3-97.7 721-953 773-963 590-1187
as shown in Figure 5 simply for comparison DISCUSSION

(Carvalho et al., unpublished data). The values
for the four different gas transfer velocities
described above (cf.-Methodology-Calculations)
and the corresponding CO, fluxes calculated for
each sampling occasion and tide are presented in
Table 4. The estimated CO, fluxes for the Ave
ranged from 6 to 34 mmol C m?d' in summer
and from 13 to 40 mmol C m~2d~! in winter.
The results obtained with the three-way
ANOVAs depended on the gas transfer velocity
formulations used. In all cases, there were no
significant (p > 0.05) synergistic effects between
the different combinations of the three inde-
pendent effects (cf-Methodology-Calculations).
This result allowed each factor to be tested
separately. In the case of the kcos formulation
(cf. Methodology-Calculations and Table 4),
significant effects (p < 0.05) were obtained for
the time of sampling (winter vs. summer) and
the tide (ebb vs. flood) effects. No significant
effects were obtained with the kzgy formulation.
For the kg4 formulation, significant effects were
obtained for the time of sampling. No significant
effects were obtained with the kc9¢ formulation.

The CO, partial pressure ranged from = 689 to
~ 1111 patm in summer during the flood and
the ebb, respectively, whereas the winter values
ranged from =~ 767 to ~ 1021 patm during the
ebb and the flood, respectively. The pCO, val-
ues obtained for the Ave estuary are within the
range of values recorded for other coastal sys-
tems (Chen & Borges, 2009), although they are
lower than the values measured in other Por-
tuguese estuaries such as the Douro, the Tagus
and the Sado (Oliveira et al., 2012). These re-
sults suggest that the Ave estuary releases CO, to
the atmosphere, consistent with previous obser-
vations in other estuaries (e.g., Raymond et al.,
2000; Borges, 2011). The results obtained along
the Portuguese shore, at the Sado and Tagus es-
tuaries and in the adjacent coastal zones point
to a dominance of heterotrophic metabolism and
CO, outgassing, especially in winter, in direct
association with river organic loads (Cabecadas
& Oliveira, 2005; Oliveira et al., 2006). A study
of the Douro estuary (Azevedo et al., 2006) has
shown heterotrophic metabolism to be dominant.

Table 3. Range of physical, chemical and biological properties of bottom waters in the Ave estuary for each sampling date. Rango
de las propiedades fisico-quimicas y biologicas de las aguas del fondo de estuario del Ave para cada fecha de muestreo.

SPM Chla TA DIC pCO,

Season  Tide S T (°C) pH OD (%)
(mgl™) (ugl™) (umol kg™!)  (umol kg™')  (natm)
S Ebb  35.36-36.00 13.8-15.1 25.4-56.2 2.3-5.3 7.85-7.99 52.4-83.0 2259-2769 2099-2588  527-678

ummer

Flood 35.62-35.99 14.0-144 24.2-84.7 1.3-3.3 7.95-7.99 72.1-83.0 2095-2320 1908-2125  399-490
Winter Ebb  31.69-34.07 13.7-14.3 26.6-50.8 1.0-1.9 7.84-8.25 62.6-96.3 1552-2240 1460-1965  209-446
Flood 31.54-35.77 13.7-14.7 26.0-48.7 0.8-1.7 8.02-8.30 61.7-97.7 1562-2368 1414-1984 191-284
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The large uncertainty associated with the gas
transfer coefficient prevents an accurate com-
parison between CO, flux estimates across the
air-water interface obtained in different studies
(Raymond & Cole, 2001). Several authors have
previously addressed these uncertainties (Carini
et al., 1996; Raymond & Cole, 2001; Borges
et al., 2004b; Abril et al., 2009). The equation
obtained by Carini et al. (1996) for the Parker
River estuary (USA) is based on wind speed
and precipitation. The formulation proposed
by Raymond et al. (2000) is based on wind
speed. In a later study, Borges et al. (2004a)
concluded that a simple parameterisation of k as
a function of wind speed is site specific, related
to water turbulence at the air-water interface and
to fetch. According to the same authors, this site
specificity may lead to substantial errors in flux
computations if a generic relationship is em-
ployed for the gas transfer velocity as a function
of wind speed. Similarly, Borges er al. (2004b)
has proposed a formulation based on current
velocity, wind speed and depth. More recently,
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Abril et al. (2009) concluded that turbidity
may also influence gas transfer velocities and
proposed a new generic equation as a function
of current velocity, wind speed, estuarine surface
area and total suspended matter concentration.
The results presented in Table 4 for the CO, gas
transfer velocities show a reasonable agreement
among all but kg, described in Borges et al.
(2004b), which produced larger estimates than
the remaining three formulations. Interestingly,
the simpler formulations of Carini et al. (1996)
and Raymond et al. (2000) produced results
more closely resembling the most sophisticated
formulation of Abril et al. (2009), which was
validated for estuaries with surface areas less
than 500 km?. The estimated CO, fluxes for
the Ave are lower than those observed in other
estuaries. For example, the Tagus estuary emits
87 mmol C m~2d~! in summer and 110 mmol C
m?d' in winter (Oliveira, 2011), and the average
CO, flow rate of inner estuaries studied to date
is approximately 84 mmol C m™2d~' (Borges,
2011). However, these estimates for the Ave

Table 4. Wind speed, carbon dioxide partial pressure (pCO,) and its gradient across the air-water interface (A pCO,), gas transfer
velocities calculated with the formulations mentioned in the text (cf.-Methodology-Calculations) and air-water CO, fluxes in the Ave
estuary for each sampling date, calculated with the different gas transfer velocities (+ 1 standard deviation). Velocidad del viento,
presion parcial del dioxido de carbono y su gradiente a través de la interfase agua-aire, coeficientes de transferencia de masa,
calculados conforme a lo descrito en el texto (cf.-Metodologia-Cdlculos) y flujos aire-agua de CO, en estuario del Ave para cada
fecha de muestreo, calculados con los diferentes coeficientes de transferencia de masa (+ 1 desviacion estdndar).

Summer Winter
Ebb Flood Ebb Flood
Wind speed (ms™") 1.08 1.08 0.51 2.57

PCOs, yarer(1atm) 111+ 322 689+ 137 767+ 100 1021 + 220

A pCO,(patm) 729+ 323 307 + 137 370 + 96 624+ 216

keos (cmh™") 23+ 0.1 2.1+ 0.1 42+ 0.0 1.7+ 0.0

koo (cm h™") 3.1+ 02 2.8+ 0.1 35+ 0.0 23+ 0.0

kpos (cm h™) 52+ 04 46+ 02 85+ 15 53+ 07

kago (cm h") 25+ 0.0 2.4+ 0.0 3.1+ 0.0 23+ 0.0

ko (cm h™!) (Carini ef al., 1996) 147+ 6.8 59+ 2.7 189+ 5.0 13.1+ 4.6

Water-air CO, flux koo (cm h™!) (Raymond et al., 2000) 19.8+ 9.3 78+ 3.6 160+ 4.2 179+ 6.3
(mmol Cm™* d™") kpos (cm h™') (Borges et al., 2004b) 337+ 156 127+ 56 397+ 170 423+ 168
kago (cm h™') (Abril et al., 2009) 160+ 7.1 6.8+ 3.1 141+ 3.7 182+ 64

Note: In summer, the atmospheric concentration of CO, was not measured. Therefore, values were obtained from the Terceira Island reference
station (Azores, Portugal, 38°46” N 27°23" W), a component of the network of the National Oceanic and Atmospheric Administration
(NOAA)/Climate Monitoring and Diagnostics Laboratory/Carbon Cycle Greenhouse Gases Group (Conway et al., 2012). The latest available
values from July 2008 were used. There are no data after this year for July.
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are based on only two sampling campaigns.
Therefore, any comparison with other systems
must be made with caution.

The results of the present study suggest that
river water is not a source of DIC to the estu-
ary. However, its CO, partial pressure is higher
than that of sea water, for estuarine surface wa-
ter. Therefore, CO, outgassing is greater in the
upper reaches of the estuary, and the results of
the current study are consistent with Borges et al.
(2006), who stated that the contribution of river
water to the overall estuarine CO, emissions is
greater in estuaries with a short freshwater resi-
dence time. According to Borges (2011), the es-
timate of CO, emissions from estuaries is in rea-
sonable agreement with the input of river CO,
and particulate organic matter degradation during
estuarine transit. The small size of the Ave estu-
ary and the low water residence time may act to
make its emissions more directly dependent on
river inputs and less dependent on local organic
matter degradation. Estuarine bottom waters, as
well as offshore waters, had a lower CO, content,
confirming the CO, dilution role of sea water
within the estuarine ecosystem. DIC and pCO,
exhibit a different pattern, with the former show-
ing similar values along the estuary and in the sea
in summer but not in winter, when it increases in
the estuarine plume and the coastal zone, and the
latter decreasing towards the sea in surface wa-
ters. These differences may be explained by the
higher abundance of carbonate species at the bot-
tom, within the salt wedge, and towards the sea,
outweighing lower pCO, levels in the DIC esti-
mates. This large spatial variability in DIC and
pCO,, typically observed in estuaries, led Borges
(2011) to state that issues of adequate spatial and
temporal coverage are more critical in estuaries
than in other coastal ecosystems.

The results of the three-way ANOVA de-
scribed above (cf.-Methodology-Calculations
and Results section) did not permit a clear
conclusion about several of the tested effects
because of their dependence on the gas transfer
velocity formulations employed. However, dif-
ferences between winter and summer results and

between ebb and flood tides may be significant
depending on the formulations used. Spatial dif-
ferences along the estuary never showed signifi-
cant results.

Typically, the sink/source role of aquatic
ecosystems is assessed as in this study —through
estimates of CO, fluxes across the air-water
interface. Generally, the direction of the CO,
flux is the criteria to evaluate the mentioned
role. However, this approach may not be ideal
because the outgassing of CO, should not be
equated with a source role. An ecosystem should
be considered a net CO, source if it mobilises
carbon that was otherwise ‘“hidden” from the
carbon biogeochemical cycle. This process would
correspond to a real increase in atmospheric CO,
because, just as in the burning of fossil fuels,
“new”” carbon would be added to the corresponding
biogeochemical cycle. According to these ideas,
the determination of the sink/source role of
aquatic ecosystems would require the calculation
of the entire carbon budget of the ecosystem.

To summarize, the results presented in this
work are consistent with the findings of other
studies, with estuarine waters outgassing CO, to
the atmosphere. The principal contribution to this
outgassing is made by river waters. Because the
estuarine plume and the outer areas of the sea
are undersaturated, they act as CO, importers
from the atmosphere. As discussed above, the
direction of CO, fluxes may not be a good proxy
for the sink/source CO, role of these ecosystems,
and it is important to improve the way in which
this role is assessed to ensure that our perceptions
are closer to reality. The results obtained suggest
a greater temporal than spatial variability in the
outgassing processes.
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