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Abstract Dissolved oxygen dynamics in estuarine and coast-
al environments are complex and highly variable, which high-
light the need to compile information from many different
types of estuaries. Small estuaries where euhaline habitats
dominate are particularly ill represented in the literature. As
a contribution to fill this gap, a study on dissolved oxygen
dynamics was conducted in the small estuary of Urdaibai
(inner Bay of Biscay). Spatial and temporal variations in the
percentage saturation of dissolved oxygen (DO-saturation)
along the salinity gradient of the estuary and the role of
hydro-climatic factors and eutrophication as drivers of those
variations at seasonal and inter-annual time scales were ana-
lyzed (period 1998-2008). DO-saturation showed an inner to
outer estuary increasing gradient. DO-saturation below the
salinity gradient layer was either significantly higher than or
not significantly different from that in the salinity gradient
layer. DO-saturation showed summer minima, but hypoxia
was rarely observed. At the outermost estuary, seasonal vari-
ations of DO were small and it is hypothesized that DO
dynamics were governed mainly by tidal exchange and tur-
bulence. In the intermediate and inner estuary, seasonal vari-
ations of DO-saturation were best explained by river
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discharge, and to a lesser extent by chlorophyll a and temper-
ature, each factor gaining relevance in different periods of the
year. In intermediate and inner zones, river discharge exerted a
positive effect on DO-saturation, likely via an increase in the
renewal rate of DO. At the inter-annual time scale, unlike at
the seasonal scale, temperature did not show a significant
negative relationship with DO-saturation.

Keywords Dissolved oxygen - Hypoxia - Climate -
Chlorophyll a - Time series - Estuary of Urdaibai

Introduction

Dissolved oxygen (DO) is a useful metric for aquatic ecosys-
tem health because of its influence in a number of biogeo-
chemical processes that affect the well-being of organisms
(Moore et al. 2009; Brown and Power 2011). In the last
decades, the number of hypoxic (<2 mg 1! of DO or approx-
imately 30 % saturation, see Rabalais et al. 2010) sites and the
extension and intensity of coastal and estuarine hypoxia ap-
pear to be on the rise (Diaz and Rosenberg 2008; Vaquer-
Sunyer and Duarte 2008; Gilbert et al. 2010), and DO deple-
tion has become one of the most serious environmental prob-
lems of these ecosystems worldwide (Rabalais et al. 2002;
Hagy et al. 2004; Chen et al. 2007; Vaquer-Sunyer and Duarte
2008; Meier et al. 2011). Spatiotemporal variations in DO in
estuarine and coastal systems are the result of complex inter-
actions of physical and biogeochemical factors, such as nutri-
ent loadings that fuel photosynthetic production of organic
matter, as well as direct loadings of reduced substrates that
promote oxygen demand, and hydrodynamic and climatic
factors like water temperature, river discharge, winds, tidal
currents, upwelling processes, vertical stratification, and estu-
arine circulation (see Kemp et al. 2009; Meire et al. 2013). In
some aquatic systems, low DO levels are naturally formed
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(Helly and Levin 2004; Hagy and Murrell 2007). However,
since the mid-twentieth century eutrophication and global
climate change, which are two major environmental changes
with strong potential to negatively affect coastal and estuarine
DO levels, are accelerating (Meire et al. 2013). Indeed, the
general decline in DO observed in coastal and estuarine eco-
systems in the past decades has been largely attributed to
anthropogenic activities which have enhanced nutrient and
organic matter loadings (Diaz 2001; Conley et al. 2009). As
a consequence, management plans conducive to reductions in
nutrient loadings and improvement of sewage treatment have
been implemented around many coastal and estuarine areas,
which have caused DO levels to increase in some cases
(Villate et al. 2013), but not in others (Hagy et al. 2004;
Conley et al. 2009), because the linkage between nutrient
loads and DO is highly nonlinear (Jonasson et al. 2012).
Recent work is showing that in some coastal and estuarine
systems climate factors are now emerging as more influential
in the decline of DO (Voynova and Sharp 2012; Capet et al.
2013). This highlights the need to investigate how eutrophi-
cation and climate change are affecting DO dynamics in
coastal and estuarine waters at present and how they can affect
them in the future (Meier et al. 2011; Meire et al. 2013).
Furthermore, in the case of climate forcing, there is also much
uncertainty about whether temperature or rainfall (and related
hydrodynamic factors) will be the dominant climatic driver of
DO variations (Meire et al. 2013). A further complication
arises from the enormous variability across and within estuar-
ies and coasts in the geomorphologic and hydrodynamic
features, as well as in the degree and type of anthropogenic
disturbance (McLusky and Elliot 2004). These differences are
responsible for the high variability across and within estuaries
and coastal systems in the way in which different potential
drivers of DO dynamics interplay and, therefore, in their
dominance (Codiga et al. 2009; Kemp et al. 2009; Villate
et al. 2013). As a consequence, a high place-based variability
in DO patterns at different spatial and temporal scales can be
found (Kemp et al. 2009). In addition to the inter-annual trend
of variation, the seasonality of DO depletion is also important
from a management point of view. DO depletion can be
episodic, seasonal (mostly during spring-summer months),
or permanent, depending on estuarine characteristics and the
mode of interplay of the different DO drivers (see Kemp et al.
2009). Considering this high variability, compilation of place-
based information from many different estuarine and coastal
areas is now necessary in order to obtain a general picture of
the combined effect of eutrophication and climate change on
DO, both at seasonal, but particularly at inter-annual time
scales. To this purpose in our research group, the effect of
hydro-climatic and anthropogenic factors on DO variability in
Basque coast estuaries (southeastern Bay of Biscay) is being
investigated (Iriarte et al. 2010; Villate et al. 2013). Results for
the polluted estuary of Bilbao revealed significant spatial

differences in the percentage saturation of dissolved oxygen
(DO-saturation) trends and drivers, related to site-specific
differences in the intensity of stratification and flushing
(Villate et al. 2013). In the salinity gradient layer of the
intermediate estuary, a great improvement in DO-saturation
(40 to 80 %) was observed from 1998 to 2008 driven mainly
by sewage pollution abatement. However, no parallel recov-
ery took place in bottom waters of the inner estuary, where
seasonal hypoxia continues to be a consistent feature. Here,
hydrodynamic factors related to river discharge were the
factors that best explained inter-annual variations in DO. In
contrast, in the outer less stratified, more open estuary,
normoxic conditions dominated and photosynthetic oxygen
production was the main driver of DO-saturation
(Villate et al. 2013).

The nearby (ca. 25 km apart) estuary of Urdaibai is a less
polluted, shallower, and less stratified system. A preliminary
work (Iriarte et al. 2010) in which seasonal drivers of varia-
tions in DO-saturation were assessed showed that both hydro-
climatic and chlorophyll @ concentration make a contribution
to variations in DO-saturation in the inner estuary, whereas in
the outer estuary water column ventilation processes related to
strong water column mixing and very high tidal flushing were
more important than oxygen production or consumption pro-
cesses. However, DO-saturation patterns were studied at a
single depth and no analysis of the effect of hydro-climatic
factors and eutrophication at an inter-annual time scale was
conducted. The hypothesis is that the hierarchy (mainly on a
qualitative basis) and the effect of hydro-climatic and trophic
factors governing DO dynamics would differ not only axially
and vertically but also from seasonal to inter-annual scales at a
given salinity zone. For this reason, the present work aimed to
analyze the spatial (both axial and vertical) variations in
temporal changes (both seasonal and inter-annual trends) of
DO-saturation in the estuary of Urdaibai during the period
1998-2008 and assess the contribution of hydro-climatic fac-
tors and phytoplankton biomass to variations in DO-satura-
tion, both at seasonal and inter-annual time scales, at different
depths and salinity zones along the longitudinal axis of the
estuary. Since information in the literature on estuarine DO
dynamics is somewhat biased towards large estuaries
with a marked freshwater influence, where oligo-,
meso-, or polyhaline habitats dominate (e.g., Gironde
estuary, Chesapeake Bay estuary, Changjiang estuary,
etc.), results from the present study can be a very useful
contribution to fill such a typology gap, since they can
illustrate DO dynamics in small estuaries with relatively
small river discharges, where euhaline habitats domi-
nate, but subject to occasional torrential river dis-
charges, a type of estuary common for instance in the
northern Iberian peninsula (on the central and eastern
southern Bay of Biscay), but for which there is more
limited information in the literature.
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Materials and Methods
Study Area

The temperate estuary of Urdaibai, also known as the estuary
of Mundaka, is located on the Basque coast, in the inner Bay
of Biscay, within the middle latitudes (43°22'N, 2°43'W) of
the eastern North Atlantic (Fig. 1). It is a relatively short
(12.5 km) and shallow (mean depth of 3 m) meso-

macrotidal system, with a maximum and minimum width of
1.2 km and <20 m in the outer and inner areas, respectively,
having a mean volume of ~3.3x 10 m® (Villate et al. 1989).
Salt marshes are abundant at its upper and middle reaches and
the central channel is bordered by relatively extensive inter-
tidal flats (mainly sandy) and sandy beaches at its lower
reaches. The main drainage branch in the inner estuary is an
artificial channel, which connects the Oka River in the estuary
head with the natural channel in the middle estuary. The

Mundaka

Gernika

Tidal flats
Marshes and associated supratidal areas

Estuary of Urdaibai

1 Km

_600

4004 r50°

-20° -10° 0° 10°

Fig.1 Map of the estuary of Urdaibai showing the location of the salinity zones (26, 30, 33, and 35) at high tide. (WWTP, Gernika wastewater treatment

plant)
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watershed area is ~142 km? and river discharges are usually
low in relation to the estuarine volume. In consequence, most
of the estuary exhibits marine dominance, with high salinity
waters in the lower half and a stronger axial gradient of
salinity towards the head, where it receives most of the fresh-
water inputs from its main tributary, i.e., the Oka River.
However, this is a torrential type of river and at times of very
high river flow lower salinity waters can dominate in the
estuary (de Madariaga et al. 1992). At the upper reaches, the
estuary also receives large amounts of nutrients (mainly
ammonia and phosphate, see Iriarte et al. 1997) and organic
matter from the Gernika waste water treatment plant (WWTP)
that works with a rather low efficiency (Franco et al. 2004). At
the outer zone, tidal flushing is high, to the extent that waters
of salinities >34 are flushed out of the estuary with each tidal
cycle (Villate et al. 1989). In the outer half of the estuary, the
water column is well mixed whereas at the inner half it is
partially stratified (see Iriarte et al. 2010).

Sampling Scheme and Data Set Acquisition

The data set (1998-2008) used in the present study was
obtained in a plankton monitoring program of Basque coast
estuaries in which samplings were carried out monthly, during
neap tides at high water, in four selected salinity zones of the
estuary of Urdaibai in which at ca. mid depth, below the
halocline, there are waters of salinities of 26 (1), 30 (1) 33
(£0.5), and 35 (+0.5). All samplings were carried out in the
morning and effort was made to sample at a similar time of the
day, although this was not always possible due to tidal varia-
tions. The estuary stretch within which each salinity zone was
sampled is shown in Fig. 1. These salinity zones were selected
because the monitoring program aimed to describe variations
in DO-saturation in the water masses that define the main
pelagic habitats supporting zooplankton in the estuary of
Urdaibai (Uriarte and Villate 2004). The spatial zonation of
salinity in the estuary of Urdaibai varies due to the effect of
tides and river discharge (de Madariaga et al. 1992; Villate 1997),
and therefore, instead of sampling at spatially fixed stations, a
Lagrangian-like sampling strategy at selected salinity sites
was adopted (see Kimmerer et al. 1998; Moderan et al. 2010).

At each sampling site, vertical profiles (every 0.5 m) of
salinity, temperature, and percentage saturation of dissolved
oxygen (DO-saturation) were obtained in situ using a WTW
multi 3501 Multi-Parameter Water Quality Meter, and water
samples were collected for chlorophyll @ analysis from below
the halocline. Chlorophyll @ was measured spectrophotomet-
rically following the monochromatic method with acidifica-
tion (Jeffrey and Mantoura 1997). Secchi disk depths were
also measured.

Monthly mean values of river discharge for the period of
study, measured at the hydro-meteorological station of
Muxika (OKO1), were obtained from the Provincial Council

of Bizkaia (http://www.bizkaia.net/home2/Temas/
DetalleTema.asp?Tem Codigo=2684&idioma=
CA&bnetmobile=0&dpto biz=9&codpath biz=
91347|12679|2684).

Data Analyses

Missing data gaps (ca. 10 %) for individual months were filled
with the corresponding monthly mean for the whole period of
study. In the case of river discharge data, however, missing
values were estimated from regression models with the com-
plete series from the nearest gauging station, which was the
series for the Lea stream measured at Oleta (LE02) station (y=
0.3892x; R*=0.9333).

From the analysis of the vertical profiles of salinity, it was
concluded that in the 35 salinity zone the water column was
well mixed, with occasional weak gradients in surface, but in
the 33, 30, and 26 salinity zones, the water column usually
showed vertical salinity gradients. Since DO-saturation, salin-
ity, and temperature data were obtained at 0.5 m depth inter-
vals, the average water column values were used for the 35
salinity zone. However, for the 33, 30, and 26 salinity zones,
two layers were distinguished: the top layer that extended
from the surface down to the depth of maximum salinity
difference in a 0.5-m interval, which in the present work has
been termed as the salinity gradient layer (SGL), and the layer
below it, which in the present work has been termed as the
layer below the salinity gradient (BSGL).

Water column stratification has been claimed to be an
important factor affecting bottom water ventilation (Codiga
2012). In the Urdaibai estuary, stratification is mainly caused
by depth differences in salinity, which varies at both spatial
and temporal scales. Testing the influence of salinity stratifi-
cation in the spatial and temporal variations of DO-saturation
was, therefore, considered important. Salinity stratification
indices were estimated in two ways. A salinity stratification
index named salinity stratification index 1 in the present work
was calculated as the difference between bottom and surface
salinities divided by the mean water column salinity, similarly
to the ng stratification parameter described in Haralambidou
etal. (2010). The term salinity stratification index 2 as used in
the present work corresponds to the maximum difference in
salinity at 0.5 m depth intervals obtained in the water column.
This second stratification index was also used in a previous
work (Villate et al. 2013) as an index to reflect the sharpening
of the salinity gradient associated to the narrowing of the
halocline layer.

Prior to data analysis, chlorophyll a data were transformed
to log (x+1) to achieve homogeneity of variance. In order to
visualize the seasonal and inter-annual trends in variables at
each salinity zone, the temporal sequences of the correspond-
ing monthly data and their 12-month moving averages were
plotted. To determine annual DO-saturation anomalies, yearly
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medians and the grand median (i.e., the median of the yearly
medians) were estimated and then the deviations of yearly
medians from the grand median were calculated.

To analyze the relationships between DO-saturation and
the rest of environmental variables, we used Spearman rank
correlation analysis, and in order to estimate the percentage of
the variability in DO-saturation that could be explained by
each of these environmental variables, we performed stepwise
regression analyses. We used the stepwise regression with a
combination of the forward and backward selection tech-
niques. It is a modification of the forward selection so that
after each step in which a variable is added, all candidate
variables in the model are checked to see if their significance
has been reduced below the specified tolerance level. If a
nonsignificant variable is found, it is removed from the model.
The specified tolerance levels were that the F* probability to
enter a variable had to be <0.05, and >0.1 to be removed. Also,
in order to distinguish the inter-annual component of varia-
tion, the correlation and regression analyses were performed
using both raw data and deseasonalized data. Following
Lehman (2004) and Villate et al. (2013), the deseasonalized
data were obtained by calculating the difference between the
monthly value and the average for all years for each month
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Fig. 2 Time series of DO-saturation (%) at the 26, 30, 33, and 35 salinity
zones from 1998 to 2008 in the SGL (dashed line) and BSGL (continuous
line). Thicker lines represent moving averages. For the 35 salinity zone,
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divided by the standard deviation. The correlation and regres-
sion analyses were carried out using the IBM SPSS Statistics
20 package. The Durbin—Watson test was performed to detect
the presence of autocorrelation in the residuals from the re-
gressions analysis, using the IBM SPSS Statistics 20 package.

Results

Spatial and Temporal Variations of the Percentage Saturation
of Dissolved Oxygen (DO-saturation)

DO-saturation values showed an outer to inner estuary de-
creasing gradient, both in the SGL and in the BSGL (signif-
icant differences at p<0.001, Kruskal-Wallis H test for each
depth layer) (see Figs. 2 and 3). Mean+SD of DO-saturation
(%) values were 98.5 %=9.9 in the 35 salinity zone, and 88.6
+12.7, 82.4+15.1, and 74.34+20.1 in the SGL of the 33, 30
and 26 salinity zones, respectively, and 91.7£12.9, 84 .4+
14.5, and 75.7418.1 in the BSGL of'the 33, 30, and 26 salinity
zones, respectively. In the 35 salinity zone, DO values were at
or near saturation values throughout the water column, and in

160 —

30 Salinity
S
<
o
=]
e
=}
2
@
9
o)
o

20

0 —_——

0 [e2) o i o o < [a} o ~ ]

[N} (=) o o o o o o o o o

)} (&)} o o o o o o o o o

- i o~ o~ o~ o~ o~ o~ o~ [V} o~

Year

160 —

| 35 Salinity

140 - ! i

120 - ;

100 iy it

DO-saturation (%)
[0
o

60 -

40 -

20 A

0 T T T T T T T T T T
0 (2] o - o~ o < wn o ~ o]
(o)) (o)} o o o o o o o o o
a (<)) o o o o o o o o o
- — o~ o o~ [\ o~ [\ o~ o~ N

Year

data are whole water column mean values (see text) and the continuous
line represents moving averages



Estuaries and Coasts (2015) 38:1000-1015

1005

the rest of salinity zones, values in the BSGL were, in general,
slightly higher than in the SGL (Figs. 2 and 3). However,
differences between depth layers were only statistically sig-
nificant in the 33 salinity zone (Mann—Whitney U test,
»<0.05).

Seasonal variations in DO-saturation showed similar pat-
terns in the two depth layers along the estuary, with maximum
values in late winter-spring and minimum in late summer, but
variations of DO-saturation throughout the annual cycle were
most marked in the inner estuary and least marked in the outer
estuary (Fig. 3). A closer examination of these patterns re-
vealed that in the intermediate and inner estuary (except in the
SGL of the 26 salinity zone) the annual maxima of DO-
saturation occurred, in general, later than in the 35 salinity
zone. Also, in the 26 and 30 salinity zones, the summer
decline in DO-saturation started earlier than in the 33 and 35

Fig. 3 Monthly values of sEe-35

temperature, stratification index —¢—30BsGL

..... @ 26 SGL

—o— 33 BSGL

—@— 26 BSGL —O—RD

salinity zones. Hypoxia, with DO-saturation values slightly
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2005), generally at surface (Fig. 2).

The analysis of the year-to year variations revealed that
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ing trend was detected in the time series. Axial differences
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est in 2006, but in the outer estuary (35 salinity zone) these
were observed in 2008 and 2007, respectively. It is worth
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(see Fig. 7). In contrast, the year with the maximum negative
anomaly in DO-saturation at the 30 and 26 salinity zones was
2006, which was the year that showed the longest spring-
summer dry period of the series (see Fig. 6).

Spatial and Temporal Variations of Other Environmental
Factors

Hydro-climatic Factors

The seasonal pattern of water temperature was the typical for
temperate regions with minima in winter and maxima in
summer (Fig. 3). In the year-to-year variations, 2002 stands
out as the year with the coldest summer of the series, whereas
the summers of 2003 and 2006 were the warmest (Fig. 5).

As it corresponds to an area with a temperate oceanic
climate, river flows were highest during late autumn and
winter and lowest during summer (Fig. 3). During late autumn
2001 and winter 2002, river flows were unusually low (with
regards to other years of the time series analyzed in the present
work) and they were higher than usual during the summer of
2002 (Fig. 6). The highest values of the series were recorded
in autumn 2008.

In the outer estuary, the water column was well mixed
throughout the year and salinity stratification increased pro-
gressively towards the inner estuary (Figs. 3 and 6). The
seasonal patterns of stratification index 1 and stratification
index 2 were quite similar and they were broadly in agreement

@ Springer

with the seasonal pattern of river flow, showing maxima in
late autumn and winter and minima in summer (Fig. 3). Nev-
ertheless, the stratification index 2 showed more irregular
spatial and temporal patterns than the stratification index 1.

Chlorophyll a and Turbidity

Throughout most of the annual cycle, chlorophyll @ concen-
trations showed an outer to inner estuary increasing pattern
(Figs. 3 and 7). Furthermore, the seasonal cycle of chlorophyll
a showed clear differences along the longitudinal axis of the
estuary. In the outer estuary (35 salinity zone), the seasonal
pattern was bimodal with a larger peak in late-winter to early
spring and a smaller one in late summer-early autumn (Fig. 3).
In the intermediate and inner estuarine zones, however, chlo-
rophyll a concentration peaked in summer, but the more
landward, the period of high chlorophyll a values was longer,
starting in spring and extending throughout the summer until
August in the 30 and 26 salinity zones (Fig. 3). There was no
clear inter-annual trend of variation for chlorophyll a concen-
tration in any salinity zone (Fig. 7). Annual averaged chloro-
phyll a values in the estuary were highest in 2003, and the
second highest in 2001.

Secchi disk depth showed an outer to inner estuary de-
creasing gradient (Figs. 3 and 7). Data from the 35 salinity
zone is not shown because most of the times the disk was
visible at the bottom, in which cases the real magnitude of
water transparency could be underestimated. No clear



Estuaries and Coasts (2015) 38:1000-1015 1007
Fig. 5 Time series of water 30 26 Salinit 30 30 Salinit
ini ini
temperature at the 26, 30, 33, and alinity alinity
.. 25
35 salinity zones from 1998 to o o
2008 in the SGL (dashed line) w 20 ]
and BSGL (continuous line). 2 =]
. . . © 15 ©
Thicker lines represent moving b @
averages. For the 35 salinity zone, g' 10 4 g'
data are whole water column i) i)
mean values (see text) and the 5 51
continuous line represents 0 0
moving averages F RS 2838338 8 5 8 F 28 3 338338 38 5 8
a a o o o o o o o o o (&)} (&)} o o o o o o o o o
i - o~ o~ o~ o~ o~ o~ o~ o~ o~ - - o~ o~ o~ o~ o~ o~ o~ o~ o~
Year Year
30 30
33 Salinity 35 Salinity
25 A
O O
s B
[} o 20 4
g g
] >
= —
© © 15 -
(] (] A
o Q.
£ € 10 -
S 2
5 A 5 A
0 T T T T T T T T T T 0 T T T T T T T T T T
0 (o2 o - o~ [a2) Sy [Ta) e} ~ o] o] (=2 o - o o < wn (o) ~ o]
=)} (=2 o o (=] o o o o o o (=N (o)) (=] (=] o (=] o o o o (=]
a a o o o o o o o o o (&)} (&)} o o o o o o o o o
i - o~ o~ o~ o~ o~ o~ o~ o~ o~ - - o~ o~ o~ o~ o~ o~ o~ o~ o~
Year Year

common seasonal trend of variation was apparent for any of
the salinity zones (Fig. 3); however, year-to year variation
tendencies coincided for all the salinity zones (Fig. 7).

Relationships Between DO-saturation and Other
Environmental Factors

Tables 1 and 2 contain respectively the correlation and step-
wise regression analyses results performed with the raw data.
In the outer estuary (35 salinity zone), where seasonal and
inter-annual variations of DO-saturation were smallest, no
significant correlation (p>0.05) between DO-saturation and
any of the rest of environmental factors under study was
observed.

In the intermediate and inner estuary reaches, the factors
that showed statistically significant correlations with DO-
saturation were essentially the same for the SGL and BSGL.
In these intermediate and inner estuary salinity zones, river
discharge was the variable that best correlated with DO-satu-
ration, showing a positive correlation. In the 30 and 26 salinity
zones, other hydrological parameters closely related to river
discharge, such as the stratification indices, were also posi-
tively correlated to DO-saturation. In addition, temperature
showed negative correlation with DO-saturation in the 30 and
26 salinity zones.

The stepwise regression analyses results were mainly an
aid to discern the hierarchy of the effects on DO-saturation. It
has to be pointed out that we tested for autocorrelation in the
residuals from the regressions (Durbin—Watson test) and no

autocorrelation was observed. In the 35 salinity zone, the
regression model selected stratification index 2 as the single
explicative variable. The coefficient was negative, likely
denoting that when the effect of increased river discharge
(which causes some degree of stratification) reached this outer
estuary, it resulted in small decreases of DO-saturation. In the
33 salinity zone, a statistically significant regression model
was only obtained for the SGL and this showed Secchi disk
depth as the single explicative variable, with a positive effect,
that is to say that the more turbid the water column, the lower
the value of DO-saturation. In the 30 and 26 salinity zones, the
variable that explained the largest proportion of variations in
DO-saturation was river discharge, followed by chlorophyll a
and temperature. This reflects the seasonal variations in the
factors controlling DO-saturation in these two salinity zones.
In winter, from January to March, river discharge was high
and DO-saturation was also high. However, from March to
September, river discharge decreased, but DO-saturation
started to decrease only from May onwards, and this seems
to be linked with the fact that chlorophyll a concentrations
increased considerably from March onwards, which would
indicate the positive effect of autotrophic processes on oxygen
production. However, despite chlorophyll a concentrations
remained high until August in these salinity zones, DO-
saturation decreased considerably from May to September,
which appears to be related to the increase in temperature.
Results of the correlation and stepwise regression analyses
performed with the deseasonalized data have been presented
in Tables 3 and 4, respectively. It has to be born in mind that
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Fig. 6 Time series of monthly mean values of river discharge and of
stratification index 1 and stratification index 2 at the 26, 30, 33, and 35
salinity zones (26 salinity in black and 30 to 35 salinities from darker to
progressively lighter gray) from 1998 to 2008. Thicker lines represent
moving averages

the year-to-year variations in DO-saturation were smaller than
the seasonal variations. In the 35 salinity zone and in the SGL
of the 33 salinity zone, hydrological factors such as stratifica-
tion indices showed negative correlations with DO-saturation,
which would be indicative of the negative effect of increased
river discharge, at times when this would cause slight salinity
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Secchi disk depth (m)

Chlorophyll a (ug I1)

Fig. 7 Time series of Secchi disk depth and chlorophyll @ concentration
at the 26, 30, 33, and 35 salinity zones (26 salinity in black and 30 to 35
salinities from darker to progressively lighter gray). Thicker lines repre-
sent moving averages

variations with depth in the 33 and 35 salinity zones. This is in
agreement with regression analyses results obtained for the
raw data. In the 30 and 26 salinity zones, river discharge and
chlorophyll a showed the highest correlations with DO-
saturation; however, no significant negative relationship with
temperature was observed. Instead, in one case temperature
appeared to be positively correlated with DO-saturation. Re-
garding the stepwise regression analyses, no statistically sig-
nificant models were obtained for the 35 and 33 salinity zone
data. For the 30 and 26 salinity zones, in agreement with the
correlation analyses results, river discharge and chlorophyll a
appeared as important explicative variables with positive ef-
fects in both depth layers, whereas the models did not include
negative effects of temperature. In one case the model includ-
ed (with a marginal percentage of variability explained) tem-
perature, but with a positive effect.

A comparison of all the spatial and temporal variations in
DO-saturation considered in the present work shows that the
percentage of variation explained by the stepwise regression
models was higher for the SGL than for the BSLG, that it was
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Table 1 Spearman Rank correlation coefficients (Rho) of relationships
between DO-saturation and environmental variables at different salinity
zones and depth layers performed with the raw data

Salinity zones

Depth layer ~ Variable 26 30 33 35%
SGL T —0.487***  —(0.322%*%*  —(0.071 0.050
RD 0.689%** 0.544*** 0.250**  0.067
Strl 0.237** 0.200* -0.099 —0.074
Str2 0.223* 0.239%* -0.072  —0.112
Secchi —0.033 —0.062 0.156
Chl —0.087 0.030 0.088 0.029
BSGL T —0.516***  —0.346*** —0.099
RD 0.702%** 0.547%** 0.265%*
Strl 0.277** 0.273%%* —0.019
Str2 0.279%* 0.302%** 0.009
Secchi —0.027 —0.158 0.082
Chl -0.017 —0.020 0.052

No Secchi disk depth data available for the 35 salinity zone (see text)

T temperature, RD river discharge, St I stratification index 1, Str 2
stratification index 2, Secchi Secchi disk depth, Ch/ log (chlorophyll a+1)

*p<0.05; ** p<0.01; ***p<0.001

#Values used in the analysis were water column mean values

much lower in the outer estuary than in the intermediate and
inner estuarine zones, and that it was higher for the seasonal
variations than for the year-to-year variations (Tables 2 and 4).

Discussion
Spatial Variations of DO-saturation

The pattern of decrease in DO-saturation from the outer to the
inner sites, observed in the estuary of Urdaibai, has also been
described for other estuaries on the Basque coast (e.g., estuary
of Bilbao (Iriarte et al. 2010; Villate et al. 2013)) and conforms
with the most common, albeit not universal (e.g., Yakina
estuary (Brown and Power 2011)), condition observed in
bottom waters of estuaries (e.g., Westerschelde estuary
(Soetaert and van Rijswik 1993); Thames estuary (Trimmer
et al. 2000); Long Island Sound (Lee and Lwiza 2008); lower
Saint Lawrence estuary (Lefort et al. 2012); Gironde estuary
(Lanoux et al. 2013)). Several factors can contribute to this
decrease in DO-saturation levels in the inner reaches of the
estuary of Urdaibai. The inner estuary receives larger amounts
of organic matter and inorganic nutrients of fluvial origin, as
well as from discharges from the Gernika WWTP, which fuel
both primary production and respiration (Revilla et al. 2000).
In addition, in the outer estuary, tidal flushing is high, to the
extent that in this zone the estuary almost empties itself with

Table 2 Stepwise regression equations performed with the raw data,
where DO-saturation is the dependent variable

Salinity zone Depth Regression equation R

26 SGL 84.7+14.9RD+33.4Chl-24T 0.489***
BSGL 86.5+11.6RD—1.6T+ 0.430%**
15.1Chl
30 SGL 84.2+10.5RD+27.5Chl— 0.340%***
14T
BSGL 91.0+8.6RD+19.0Chl—1.4T 0.264%**
33 SGL 81.7+3.1Secchi 0.027*
BSGL nm -
35 Water column  99.6—5.4Str2 0.048*

Abbreviations as in Table 1
nm no significant model was obtained
*p<0.05; **p<0.01; ***p<0.001

each tidal cycle (Villate et al. 1989). As a consequence, water
renewal rates are higher and inorganic nutrient, organic matter,
chlorophyll a concentrations, and primary production rates are
generally much lower than in the inner estuary (Ruiz et al.
1994; Iriarte et al. 1997; Revilla et al. 2000), waters at the
outer estuary generally being normoxic and inner estuary
waters having lower levels of DO-saturation.

In the outer estuary (35 salinity zone), DO-saturation dis-
tributed homogeneously with depth, in agreement with the
uniform distributions of temperature and salinity, which is due
to this estuarine zone being a high tidal and wave energy zone
where the water column is well mixed. In the intermediate and

Table 3 Spearman Rank correlation coefficients (Rho) of relationships
between DO-saturation and environmental variables at different salinity
zones and depth layers performed with the deseasonalized data

Salinity zones

Depth layer ~ Variable 26 30 33 35%
SGL T 0.110 0.134 0.085 0.031
RD 0.401***  (0.270%* 0.132 0.068
Strl 0.013 —0.110 —0.260**  —0.135
Str2 0.011 -0.010 -0.261** —0.183*
Secchi -0.167 —0.049 0.062
Chl 0.209** 0.304***  0.121 —0.058
BSGL T 0.131 0.192* 0.101
RD 0.385%**  (.249%* 0.160
Strl 0.072 —0.043 —0.153
Str2 0.088 0.031 —0.145
Secchi —-0.104 —0.187*  —0.023
Chl 0.163 0.226** 0.077

Abbreviations as in Table 1. No Secchi disk depth data available for the
35 salinity zone (see text)

*p<0.05; **p<0.01; ***p<0.001

#Values used in the analysis were water column mean values
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Table 4 Stepwise regression

Regression equation R?

—2.4%10 '°+0.4RD+0.3Chl+0.2T 0.207%%+
—54x10""7+0.4RD+0.2Chl 0.167***
—1.2x107'%+0.4Chl+0.4RD—0.3Strl 0.228%**
—3.1x107"7-0.3Secchi—0.3Str1 +0.3RD+0.2Chl 0.186%**
nm _

nm _

nm _

equations performed with the Salinity zone Depth
deseasonalized data, where DO-
saturation is the dependent 26 SGL
variable BSGL

30 SGL
Abbreviations as in Table 1 BSGL
nm no significant model was 33 SGL
obtained BSGL
*p<0.05; **p<0.01; 35 Water column
**%p<0.001

inner estuary, however, mean values in the SGL were, in
general, slightly lower than in the BSGL, being these differ-
ences statistically significant in the 33 salinity zone. This is in
contrast with conditions found in most estuaries and coastal
systems experiencing DO depletion, where water column
stratification restricts aeration of bottom waters, thus causing
depletion of bottom water DO and, therefore, causing a sur-
face to bottom decreasing gradient in DO (Hagy et al. 2004;
Wild-Allen et al. 2013). In the 33, 30, and 26 salinity zones of
the estuary of Urdaibai, the water column is only partially
mixed (see Iriarte et al. 2010) and in such type of estuarine
zones the advective transport is primarily due to gravitational
circulation, with a net up-estuary flow of denser, saltier water
near the bottom (Pritchard 1952). In this type of estuaries with
large longitudinal salinity gradients, gravitational circulation
has been shown to replenish DO in bottom waters causing
lower DO concentration near the surface and higher near the
bottom (Kuo and Neilson 1987; Lin et al. 2006).

Although low DO-saturation levels (<50 %) were a com-
mon feature in the SGL of the 26 salinity zone in late summer,
in agreement with previous results (Revilla et al. 2000), hyp-
oxic waters (<30 % DO-saturation, Rabalais et al. 2010) were
only occasionally detected in this arca. However, in a small
more landward stretch of estuary of lower salinity and higher
stratification, close to the WWTP discharge point, hypoxia has
been reported to occur intermittently from spring through
summer in bottom waters (Franco et al. 1996).

Seasonal Variations of DO-saturation

The seasonal pattern of variation of DO-saturation with sum-
mer minima observed in the estuary of Urdaibai is the most
common seasonal pattern observed in estuaries and other coast-
al waters (Rabalais et al. 2002; Lin et al. 2008; Codiga et al.
2009; Lanoux et al. 2013; Villate et al. 2013). In some systems,
hypoxia starts already by early spring (Justi¢ and Wang 2014),
whereas in the estuary of Urdaibai, the initiation of the seasonal
depletion of DO is delayed until May-June. Furthermore, in
some permanently stratified estuaries or estuarine zones which
are very deep or with high organic loading, bottom waters are
consistently hypoxic or anoxic throughout the entire seasonal
cycle (Dyrssen et al. 1996; Gilbert et al. 2005).
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In the outer estuary (35 salinity zone), no significant rela-
tionship was detected between DO-saturation and the possible
driving factors that we tested, except for stratification index 2,
which explained only a very small percentage of the variabil-
ity in DO-saturation. It has to be born in mind that DO-
saturation was generally over 90 % and that seasonal varia-
tions were small (9.6 %) in this outer estuary as compared to
the inner estuary (43.2 and 36.2 % in the SGL and BSGL,
respectively). The increase of stratification in this high-salinity
vertically homogenous zone can only be due to the seaward
spread of lower density surface waters modified through dilu-
tion with freshwater. Therefore, the negative relationship of
DO-saturation with stratification index 2 is likely due to the
increase of organic matter in the outer estuary with the arrival
of lower salinity waters richer in organic matter, which would
bring about a drawdown of DO-saturation resulting from the
decomposition of such organic substrates. Drops in DO due to
increases in the concentration of oxygen consuming com-
pounds that occur immediately after rainfall events have also
been observed in other estuaries (Pearce and Schumann
2003). In any case, given the high tidal flushing (Villate
et al. 1989) and well mixed condition of the water column, it
can be hypothesised that physical processes of tidal exchange
and turbulence are the main mechanisms controlling DO-
saturation in the outer estuary of Urdaibai and responsible
for keeping it usually at normoxic levels (see also Iriarte
et al. 2010). High physical energy estuarine zones are gener-
ally less prone to DO depletion (Diaz 2001; Wang 2009) and
this is the case for the outer estuary of Urdaibai. The high
physical energy in the outer estuary of Urdaibai is not only due
to tidal forcing, but it is also attributable to currents or winds
(Borsuk et al. 2001). It is interesting to note that in the estuary
of Bilbao, a nearby system located ca. 25 km westward,
seasonal dynamics of DO-saturation in the outer estuary
are mainly driven by photosynthetic processes, but pol-
lution levels (inorganic nutrients and organic matter
concentrations) are higher and hydrodynamic conditions
are quite different in the outer zone of the estuary of
Bilbao, where the water column is deeper and not well
mixed, but partially stratified, and tidal flushing is not
as high as in the outer estuary of Urdaibai (Iriarte et al.
2010; Villate et al. 2013).
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In the intermediate 33 salinity zone, and in a stronger way
in the inner salinity zones of 30 and 26, river discharge and
related factors such as turbidity or stratification were positive-
ly correlated with DO-saturation. In these cases, high river
discharges had a positive influence on DO-saturation, likely
via the increase in water renewal rate and advection of
oxygen-rich freshwater. Positive correlations between river
discharge and DO-saturation, related to an increase in water
renewal rate, have also been reported for inner estuarine sites
in the Gironde estuary (Lanoux et al. 2013) and positive
effects have also been reported for the case of extreme river
discharges in other systems (Lee and Lwiza 2008; Sato et al.
2012). Thus, the estuary of Urdaibai appears to be a system in
which the prevailing effect of river discharge on DO-
saturation (positive via increases in water renewal rate and
oxygen replenishment or negative via increased respiratory
substrates) varies at different sites and this is related to the
typology of the estuarine zone. In the outer well-mixed zone
with high tidal flushing, high river discharges promote drops
in DO, but in more stratified and less tidally flushed sites
located landward from this area, high river discharges cause
DO-saturation to increase. This outer to inner estuary variation
in the prevailing effect (negative to positive) of river discharge
on DO-saturation was also observed in the nearby estuary of
Bilbao, in which there is also an outer to inner estuary increas-
ing gradient of stratification intensity (Villate et al. 2013).

In the salinity zones of 30 and 26, however, in addition to
river discharge, which was the factor that showed the highest
correlation with DO-saturation, chlorophyll a (positively), and
temperature (negatively) also exerted an influence, each factor
gaining relevance in different periods of the year. During
autumn and winter, high river discharge and low temperature
can both contribute to maintain DO-saturation levels high, but
in spring (April and May), autotrophic production of oxygen
would make DO-saturation levels to increase, despite lower
river discharges. It has to be born in mind that our analysis
focused on the rather immediate (non-lagged) effect on DO-
saturation, and algal blooms have been shown to be accom-
panied with high DO values in other estuaries too
(Khangaonkar et al. 2012). Furthermore, a close coupling of
DO with primary production in coastal waters has been ob-
served even under non-bloom conditions (Yoshikawa et al.
2007). However, in these salinity zones of the estuary of
Urdaibai, in summer high photosynthetic production cannot
counteract the decrease in DO-saturation caused by the com-
bined effect of low river discharge and elevated temperature,
the latter likely acting on DO-saturation mainly through in-
creased rates of respiration (Revilla et al. 2000), as has been
shown elsewhere (Vaquer-Sunyer et al. 2012; Bendtsen and
Hansen 2013; Nydhal et al. 2013), which would make these
inner waters net heterotrophic. This has been reported for
other estuaries too (Smith and Kemp 1995; Caffrey 2003;
Russell and Montagna 2007). Iriarte et al. (1997) found that

respiration rates based on substrates not associated with the
autochthonous pelagic primary production increased greatly
from the outer to the inner estuary of Urdaibai. However, high
temperature is not an imperative for DO depletion in estuaries,
since this occurs also in the cold months of the year in some
estuarine zones with high enough reserves of stored reduced
substrates in sediments (Buzzelli et al. 2002; Villate et al.
2013). Overall, the findings for the estuary of Urdaibai sup-
port what was suggested by Zhang and Li (2010) when
comparing DO dynamics in different estuaries, about longer
residence time of estuarine water resulting in biochemical
processes dominating over physical processes in the
DO budget.

In a previous study on DO-saturation dynamics conducted
in the estuary of Urdaibai, but which covered a different
period of years, river discharge did not appear to play such a
fundamental role in DO-saturation dynamics (Iriarte et al.
2010). A comparison of the time series of river discharge used
in the present work and in the work by Iriarte et al. (2010)
shows that the latter contained proportionately more “odd”
years (i.e., with river discharges different from usual for a
given season of the year), which seems to have masked its
potential role as an important environmental driver of DO-
saturation. This underscores the need to maintain monitoring
programs, in order to obtain time series long enough to draw
sound environmental conclusions.

Given that the percentage variance of DO-saturation ex-
plained by environmental factors increased from the outer to
the inner estuary, and from the BSGL to the SGL layers, it can
be said that DO-saturation was more sensitive to the seasonal
effects of environmental factors in inner waters and SGL
waters than in outer waters, and this was the case also for
the inter-annual effects, a feature also observed for other
Basque coast estuaries (Villate et al. 2013).

Inter-annual Variations of DO-saturation

Over the past decades, DO levels have been generally declin-
ing in coastal and estuarine waters around the world (Diaz and
Rosenberg 2008; Vaquer-Sunyer and Duarte 2008; Gilbert
etal. 2010), and eutrophication has been claimed to have been
the main driver of this DO drop (Diaz 2001). Predictions are
now that DO will generally continue to decline owing to the
combined effect of climate forcings and eutrophication
(Vaquer-Sunyer and Duarte 2008; Meire et al. 2013). In the
estuary of Urdaibai, there were some inter-annual variations
and these were controlled primarily by hydro-climatic factors.
In agreement with this finding, it has been shown that in shelf
waters of the Black Sea climatic predictors have been mainly
responsible for the increased intensity of hypoxia during the
period 2000-2009, eutrophication having had a lower impact
(Capet et al. 2013). In the estuary of Urdaibai, river discharge
(or related factors such as salinity stratification) was the most
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influential factor on variations in DO-saturation, which, as for
seasonal variations, affected differently from the outer (nega-
tive effect) to the inner (positive effect) estuary. An analysis of
the literature for different estuaries also reveals these positive
and negative effects. River discharge is the main driver of
inter-annual variations in DO in estuaries such as Narragansett
Bay, but here, river discharge has a predominantly negative
effect on DO via the strengthening of water column stratifica-
tion (Codiga 2012). In other systems, year-to-year variations
in DO levels also appear to be negatively linked to variations
in stratification, but both salinity and temperature are impor-
tant drivers of stratification (Capet et al. 2013). However,
positive effects have also been observed in some estuaries.
As mentioned above, extreme river discharges (floods) may
contribute to enhance bottom water DO through increased
estuarine circulation in estuaries like Long Island Sound
(Lee and Lwiza 2008). Nevertheless, in other estuaries, it is
believed that an increased frequency of extreme rainfall events
(particularly those occurring in warm months) will increase
the frequency of hypoxia/anoxia events because floods can
mobilize significant quantities of organic matter and
suspended solids which are subsequently deposited in estuar-
ies (Wong et al. 2010) and/or because of more frequent/intense
stratification, as observed already in systems such as the
Delaware estuary (Voynova and Sharp 2012). Given that
precipitation variability has mainly a zonal nature (Dettinger
et al. 1998), predictions of climate change driven rainfall and
river flow variations are highly region- or site-specific (IPCC
2007). For the Basque Country region, only preliminary anal-
yses of this type have been conducted, but results point toward
general reductions in river flow (Zabaleta and Antiguedad
2012), which on their own would tend to lower DO-
saturation levels.

The other important potential climatic driver of DO is
temperature. However, in the estuary of Urdaibai, temperature
did not appear as a significant driver of variations in DO-
saturation on an inter-annual time scale, although in the
intermediate-inner estuary, weak positive correlations were
occasionally found. These weak positive correlations may be
related to the fact that temperature was positively correlated
with chlorophyll @ biomass on an inter-annual basis in the
intermediate-inner estuary, particularly because in years with
colder than usual summers chlorophyll @ biomass was low
(Villate et al. 2008). However, global warming scenarios
generally predict that the risk of hypoxia will increase in
coastal waters, not only through the decrease in oxygen solu-
bility but also through the increase in metabolic rates and,
therefore, in the biological oxygen demand (Conley et al.
2009; Bendtsen and Hansen 2013; Meire et al. 2013), as well
as in the intensification of vertical stratification and subse-
quent reduction in ventilation of bottom waters (Kemp et al.
2009). It has to be taken into account, though, that in the
estuary of Urdaibai the inter-annual variations in river
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discharge were larger than those occurred in temperature
during the period of the time series we analyzed. The differ-
ence in the contribution of temperature to variations in DO-
saturation between seasonal and inter-annual time scales ob-
served in the present work for the estuary of Urdaibai has also
been reported for the nearby estuary of Bilbao in the same
period of years (Villate et al. 2013). If warming intensifies as
predicted (Christensen et al. 2007), it cannot be ruled out that a
future analysis of a longer time series with a larger tempera-
ture span may reveal a higher contribution of temperature to
inter-annual variations in DO-saturation, but the positive ef-
fect of temperature on enhancement of phytoplankton bio-
mass may to some extent counteract the negative effects of
temperature on DO-saturation at the inner estuary.

In the 30 and 26 salinity zones of the estuary of Urdaibai, in
addition to climate forcing, chlorophyll a concentration was
also influential on an inter-annual time scale, having a positive
effect on DO-saturation. As mentioned above, at seasonal or
shorter time scales, positive immediate relationships have
been observed between phytoplankton biomass/production
and DO in some coastal waters (Yoshikawa et al. 2007;
Khangaonkar et al. 2012), but in other areas, a clear linkage
was not detected between chlorophyll and DO not at weekly,
nor monthly nor at inter-annual time scales, because of inter-
actions of physical processes and accumulation of nutrients
and organic matter in sediments from the prior year (Walker
and Rabalais 2006). Phytoplankton production is sensitive to
nutrient availability (Paerl et al. 2014). At present, the WWTP
of Gernika discharges directly in the upper estuary of Urdaibai
supplying large amounts of organic matter and nutrients such
as ammonium and phosphate, but future plans are that waste-
waters from Gernika will be treated in a new WWTP
located in the coastal area between Bermeo and
Mundaka, which will be discharging its wastes about
1 km off the coast through a sewage pipe (Eusko
Jaurlaritza 2011). It is difficult to predict how this
change will affect not only phytoplankton production
but also microbial respiration, and consequently, levels
of DO-saturation. In any case, data from the present
time series will be a baseline for future possible chang-
es to be compared with.

It is clear that climate factors can be major drivers of DO
variations in estuaries and coastal waters, but site-specific
physical features and anthropogenic disturbances can modu-
late their impact. An example of this comes from the compar-
ison of the variations in DO-saturation and their driving fac-
tors between the estuary of Urdaibai and the nearby estuary of
Bilbao (ca. 25 km apart). They both share the same climate,
but the estuary of Bilbao is a more polluted and more intensely
stratified estuary where hypoxia/anoxia became a serious
ecosystem health problem (Gonzalez-Oreja and Saiz-Salinas
1998). Indeed, a wastewater treatment scheme for the metro-
politan area of Bilbao was initiated by the Water Authorities in
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the early 1980s (see Garcia-Barcina et al. 2006). As a conse-
quence, a significant trend of increase in DO-saturation oc-
curred (Garcia-Barcina et al. 20006), particularly in the salinity
gradient of mid estuarine waters (Villate et al. 2013), which
has not been observed in the estuary of Urdaibai. Therefore, in
the mid estuarine waters of Bilbao, the anthropogenically
mediated pollution mitigation dominated over climatic factors
as drivers of inter-annual variations in DO-saturation, whereas
in the estuary of Urdaibai, hydro-climatic factors were the
most relevant environmental drivers of DO during the
same period.
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