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a b s t r a c t

Estuarine and marine ecosystems are subject to different sources of stress including changes in envi-
ronmental physicochemical variables (nutrients, oxygen availability, temperature, salinity, pH) or
exposure to a large cocktail of environmental pollutants. In the estuary of Bilbao, despite the improve-
ment in environmental quality due to replacement of most polluting industries and the progressive
implementation of an integrated sewage treatment plan, chronic pollution by metals and hydrocarbons
still remains, together with eutrophication and pollution by emerging contaminants. The Unit of For-
mation and Research “Protection of Ecosystem Health” was created in 2012 through the strategic ag-
gregation of three consolidated research groups: Cell Biology in Environmental Toxicology (CBET),
Phytoplankton of estuaries and coastal areas (FITEAC) and Research on marine and estuarine pelagic
environment and planktonic communities (MarEsPlank). The three groups have a long tradition in
studying the health of marine and estuarine ecosystems from different perspectives, focusing in the Bay
of Biscay and especially in the estuary of Bilbao. In this work we review data on the health status of the
Bilbao estuary using early warning tools at the cell and tissue levels, phytoplankton assemblages and
zooplankton ecology. In spite of the seasonal and interannual variability recorded for some parameters, a
general recovery trend was observed for the health status in the estuary of Bilbao, with sporadic critical
events such as the Prestige oil spill.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Estuarine and marine ecosystems are subject to multiple sour-
ces of stress including changes in environmental physicochemical
variables (nutrients, oxygen availability, temperature, salinity or
pH) or exposure to a large cocktail of environmental pollutants. All
these factors can influence ecosystem structure and functioning,
affecting diversity and abundance of species or trophic interactions
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among ecosystem components. Environmental pollutants comprise
conventional or historical contaminants such as metals, polycyclic
aromatic hydrocarbons (PAHs) or polychlorinated biphenyls (PCBs),
and new emerging contaminants, for which there is a lack of
published health standards. Endocrine disruptors are a relevant
category of emerging contaminants because they can interact with
the endocrine system of living organisms and produce effects on
their development, reproduction and immune function (Porte et al.,
2006; WHO/UNEP, 2013). Among these compounds we can find
pharmaceuticals and personal care products, drugs, hormones,
steroids, polychlorinated naphthalenes (PCNs) and alkanes (PCAs),
perfluorochemicals, alkylphenolic surfactants, synthetic musks and
phthalate ester plasticizers. On the other hand, due to the devel-
opment of nanotechnology and the increasing use of products
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containing nanomaterials, the presence of these compounds is
growing, especially in the marine environment, considered as the
ultimate sink for contaminants, and their potential impact on ma-
rine wildlife is of concern (Corsi et al., 2014). Nano and micro-
plastics have also become a widespread pollutant in aquatic
ecosystems across the globe. Moreover, global warming and ocean
acidification may pose additional threats for estuarine and marine
ecosystems. Interactive effects of temperature and environmental
pollutants have been described, with impairment of energy meta-
bolism playing a key role in the synergistic effects of these stressors
(Sokolova and Lannig, 2008).

The description above highlights the need to assess the health of
estuarine and marine ecosystems with the aim of preventing their
degradation and of allowing their sustainable development, thus
preserving them for present and future generations. Quality
assessment of estuarine and marine environments is driven by
regulation. The EU Water Framework Directive (2000/60/EC) deals
with the compliance of environmental quality standards (EQSs),
established for chemical substances at European level, in the water
basins, from inland to transitional and coastal waters. The EU Ma-
rine Strategy Framework Directive (2008/56/EC) covers the water of
the first 200 miles and aims to promote the sustainable use of the
seas and to conserve marine ecosystems. The final goal is to achieve
a “good quality status” of European seas by 2021. An important
challenge is to understand and define what good quality status
means in terms of ecosystem integrity and functioning, sustainable
use of marine resources and maintenance of ecosystems services. It
is widely accepted that assessing ecosystem quality or health status
will require integration of physical, chemical and biological aspects.
Establishing criteria and methods to determine EQSs and good
quality status is a priority objective in order to achieve harmonized
monitoring procedures combining chemical and biological effect
assessment methods.

As to the biological aspects, the influence of pollutants and other
environmental variables can be assessed at different levels of bio-
logical organization, from molecules to ecosystems. Responses
measured at the molecular, biochemical or cellular level are known
as biomarkers, which indicate that the organism has been exposed
to toxic chemicals and the magnitude of the organism's response to
the pollutant (McCarthy and Shugart, 1990). Biomarker responses
are rapid and can be reversible, as shown in transplant experiments
(Orbea and Cajaraville, 2006; Lekube et al., 2014). The biomarker
concept is based on the fact that the first interaction of pollutants
with biological systems will occur at the molecular and cellular
level (receptor activation, differential regulation of gene tran-
scription, induction of proteins or enzyme activities, alterations in
cellular organelles). These changes will then give rise to alterations
at the histological and individual level and finally can lead to al-
terations in populations, communities and ecosystems. Changes at
the lower biological organization levels occur earlier and are useful
to have a mechanistic understanding on the impact of pollutants or
environmental variables whereas changes at higher organization
levels occur at longer time scales and aremore ecologically relevant
(Wilson, 1988; McCarthy and Shugart, 1990; Cajaraville et al., 2000;
Adams, 2005).

The Unit of Formation and Research “Protection of Ecosystem
Health” was created in 2012 through the strategic aggregation of
three consolidated research groups of the University of the Basque
Country: Cell Biology in Environmental Toxicology (CBET), Phyto-
plankton of estuaries and coastal areas (FITEAC) and Research on
marine and estuarine pelagic environment and planktonic com-
munities (MarEsPlank). The CBET research group is specialized in
early warning tools at the molecular, cellular and tissue levels
(Cajaraville et al., 2000, 2003, 2006; Marig�omez et al., 2006, 2013),
whereas FITEAC and MarEsPlank groups work at the community
and ecosystem levels (Orive et al., 2004; Uriarte and Villate, 2004,
2005; Seoane et al., 2005, 2006; Albaina et al., 2009; Villate et al.,
2013). The collaborative research of the three groups together
provides a multidisciplinary perspective for the diagnosis and
evaluation of ecosystem health by integrating responses of eco-
systems at different levels of biological complexity, together with
physical and chemical variables.

Although different estuaries and coastal areas of the Bay of
Biscay have been investigated by the three groups, the Bilbao es-
tuary, due to its larger size and for its recovery process from a very
polluted condition, is being the subject of much research and can be
taken as a case study. Thus, in this work we review data on the
health status of the Bilbao estuary using early warning biomarkers
at the cell and tissue levels, phytoplankton assemblages and
zooplankton ecology. Further work is in progress to gain new
insight into the long-term trends in the health status of the estuary
of Bilbao by integrating responses at different biological complexity
levels.

2. The estuary of Bilbao

The estuary of Bilbao (Fig. 1) is a small macro-mesotidal system
(z23 km long from the tidal limit to the shore line) located in the
inner Bay of Biscay (43�230- 43�140N, 3�070-2�550W) on the coast of
the Basque Country. The original morphology of the system has
been strongly modified by land reclamation, dredging and chan-
nelization, and today two clearly different zones can be distin-
guished: the narrow channelized zone that extends 15.2 km from
the tidal limit in the innermost part to the Abra harbour, and the
harbour itself which is a funnel-shaped wider embayment occu-
pied by port facilities. The channelized zone varies between 25 and
270 m in width, and between 0.5 m mean depth at the head and
>10 m at the border with the Abra harbour. In the latter, in turn,
there is an inner zone with a maximum width of 1.8 km and a
maximum depth of 15 m and an outer zone with a mean width of
3.8 km and a maximum depth of 32 m.

The system is subject to a semidiurnal tidal regime, the tidal
amplitude ranging from 4.6 m (spring tides) to 1.2 m (neap tides) in
the Abra harbour. The main input of freshwater to the estuary oc-
curs at the head of the main channel from the joint flow of the
Ibaizabal and Nerbioi rivers that represents on average 66% of the
total input of freshwater, whereas the third main tributary (the
Kadagua river) discharges into the middle estuary and contributes
27% of the total (Uriarte et al., 2014). River flow is on average
relatively low in comparison to the basin volume and the tidal
prism, and as a result, most of the estuary is usually euhaline
(salinity > 30). The channelized zone is highly stratified in its inner
half all year round, but stratificationweakens gradually towards the
Abra harbour (Iriarte et al., 2010), where salinity values approach
those of the surrounding shelf waters (35.0e35.8). Under unusually
high river flow conditions, however, the entire channelized zone
may be filled by freshwater at low tide, and the strongest salinity
gradient moves to the Abra harbour.

A large history of human activity in the estuary and watershed
has been responsible for the dramatic changes that have occurred
in the environmental properties of the estuarine waters and sedi-
ments, mainly during the last two centuries (Belzunce et al., 2004;
Cearreta et al., 2004). In the mid 20th century the estuary became a
highly polluted system that received large amounts of industrial
wastes and domestic sewage, which enhanced the accumulation of
a large mixture of toxicants and the organic enrichment of the
system (Belzunce et al., 2001). As a result, extensive areas devel-
oped hypoxic or even anoxic conditions and faunal communities
were largely wiped out from the channelized zone (Gonz�alez-Oreja
and S�aiz-Salinas, 1998). However, the significant industrial decline



Fig. 1. Map showing the location of the estuary of Bilbao and sampling locations: 1, outer Abra; 2, inner Abra; 3, Biscay Bridge (Getxo); 4, Axpe (Erandio); 5, Rontegi (Barakaldo); 6,
Zorroza; 7, Deusto; 8, Arriaga (Abando).
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in the area in the last decades, and the implementation of a
sewerage scheme in the late 1980s have caused a general
improvement of the water quality and a significant recovery of the
biological communities of the estuary, although biotic differences
associated to pollution gradients along the estuary were still
observed in the last years of the 20th century and the early 21st
century (Uriarte and Villate, 2004, 2005; Albaina et al., 2009; Borja
et al., 2006, 2010; Intxausti et al., 2012). A feature of the recent
biotic re-colonization of the most degraded habitats has been the
occurrence of non-native species, which in some cases have
become dominant (Aravena et al., 2009a; Zorita et al., 2013).

Overall, chronic pollution by metals and hydrocarbons still re-
mains in sediments and biota of the estuary of Bilbao (Prieto et al.,
2008; Bartolom�e et al., 2010; Puy-Azurmendi et al., 2013). Further,
accidental chemical and oil spills have affected the area, such as the
oil spill caused by the sink of the Prestige tanker in front of Galician
coast in 2002 (Marig�omez et al., 2006; Orbea et al., 2006;
Bartolom�e et al., 2007; Diez et al., 2009). Moreover, emerging
pollutants such as endocrine disruptors are increasingly reported in
different estuaries of the Bay of Biscay, including the estuary of
Bilbao (Rodriguez et al., 2009; Bartolom�e et al., 2010; Puy-
Azurmendi et al., 2013; Bizarro et al., 2014). Main sources of
pollution in the area are urban, industrial and agricultural wastes
and run-off, atmospheric deposition, dredging, harbour activities
andmaritime traffic. In addition, other stress sources such as global
climate change have recently been reported to affect the area (Diez
et al., 2012). The importance of understanding the interactions
between climate variability and other anthropogenic drivers has
been recently highlighted (Brown et al., 2011).
3. The early warning biomarker approach

Biomarkers constitute sensitive early warning tools for
measuring biological effects caused by environmental stress,
including exposure to pollutants (McCarthy and Shugart, 1990;
Cajaraville et al., 2000; Viarengo et al., 2007). Cell and tissue level
biomarkers have been applied to assess the health status of the
estuary of Bilbao since the 1990s. Biomarkers have been measured
in musselsMytilus galloprovincialis, used worldwide as bioindicator
and sentinel species for estuarine and marine pollution bio-
monitoring (Goldberg, 1975; Cajaraville et al., 2000). Mussels are
ubiquitous sessile filter-feeding bivalve molluscs that accumulate
contaminants above levels found in the environment and exhibit a
wide range of responses to contaminant exposure. Mussels were
collected monthly over 1 year (September 1991e1992) at four sites
of the outer estuary of Bilbao (Zierbena, Santurtzi, Arrigunaga and
Galea) with different degrees of pollution. Changes in digestive cell
lysosomal size and numbers were measured as general biomarker
of health status (Marig�omez et al., 1996) and peroxisome prolifer-
ation as biomarker of exposure to organic pollutants (Orbea et al.,
1999), together with tissue levels of metals (Soto et al., 1995) and
PAHs (Orbea et al., 1999). In all seasons, biomarker responses were
in accordance with pollution levels in the Bilbao estuary, mussels
from Galea showing significantly smaller and more numerous ly-
sosomes than those from other sites or from the nearby less
polluted estuary of Plentzia (Marig�omez et al., 1996). Also, except in
summer, mussels from Galea showed a higher degree of peroxi-
some proliferation compared to those from Plentzia (Orbea et al.,
1999). Studied biomarkers varied according to a seasonal pattern
at all sites, possibly related to seasonal changes in temperature,
food availability and reproductive cycle (Marig�omez et al., 1996;
Orbea et al., 1999). Interestingly, seasonal variability was much
moremarked in the less polluted site of Plentzia compared to Galea,
which indicates that mussels adapted to a chronically polluted site
may show a limited capacity to respond to further environmental
changes (Orbea et al., 1999). In September 1994, significant differ-
ences in in vitro endocytic-phagocytic and oxyradical producing
activities of hemocytes were evidenced between mussels from
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Arrigunaga at the outer part of the Bilbao estuary and those from
Plentzia (Cajaraville et al., 1996).

In 2003, monitoring efforts were extended to 17 localities all
along the northern coast of the Iberian peninsula, from Galicia to
the eastern part of the Basque Country, in order to assess the
consequences of the oil spill provoked by the accident of the
Prestige tanker (Cajaraville et al., 2006; Marig�omez et al., 2006;
Orbea et al., 2006; Garmendia et al., 2011a,b,c; Ortiz-Zarragoitia
et al., 2011). The accident, occurred in November 2002 in front of
the Galician coast, caused the leakage of more than 60.000 t of
heavy fuel oil that affected >1.000 Km of coastline along the Bay of
Biscay. The biological effects of the Prestige oil spill on the outer
part of the estuary of Bilbao (Arrigunaga) were measured by
selected cell and tissue-level biomarkers and histopathological al-
terations together with reproduction-related effects (Table 1) in
sentinel mussels over 3 years (2003e2006). Later on, monitoring
has continued regularly up today in selected localities of the Bay of
Biscaywith the goal of identifying long-term trends in relationwith
pollutants, especially emerging pollutants such as endocrine dis-
ruptors (Puy-Azurmendi et al., 2010). Reference and critical values
for the selected biomarkers in mussels from the study area at
different seasons of the year have been published by Marig�omez
et al. (2006).

The most remarkable effects of the Prestige oil spill were al-
terations in peroxisomal b-oxidation, lysosomal membrane desta-
bilization and enlargement, changes in cell type composition,
severe alteration in the general condition of the digestive gland
tissue and atrophy of the digestive alveoli (Orbea et al., 2006;
Garmendia et al., 2011a,b). Similarly, mussels showed disturbed
gametogenesis with high oocyte atresia, small-sized follicles and
abnormal Vtg-like protein levels in 2003e2004 (Ortiz-Zarragoitia
et al., 2011). Thereafter, the synchronization of gametogenesis
was recovered and most severe gonad pathologies disappeared.
Similarly, other biomarkers reflected a recovery process of mussels
health two years after the Prestige oil spill (Cajaraville et al., 2006).
Thus, some biomarkers such as VvL, VvBAS and general histological
integrity of the digestive gland returned to reference values by
2004e2005 (Fig. 2), but others as LP values and MLR/MET were not
fully recovered and continued warning at the end of the study in
Table 1
Summary of cell and tissue level biomarkers and individual biometric/allometric parame

Biomarker Measured parameter

Peroxisome
proliferation

Acyl-CoA oxidase (AOX) activity

Lysosomal
Membrane
Stability

Labilization Period (LP)

Lysosomal
Structural
Changes

Lysosomal Volume density (VvL), Surface density (SvL), Surface to
Numerical density (NvL)

Structural Changes
in digestive
alveoli

Mean epithelial thickness (MET), Mean diverticular radius (MDR
(MLR), MET/MDR, MLR/MET

Cell Type
Composition
of the digestive
gland epithelium

Volume density of basophilic cells (VvBAS)

Disease prevalence
and intensity

Prevalence and infection intensity of parasitic burden and inflam

Gamete
development

Gamete developmental stages, Gonad Index (GI), Vitellogenin (V
alkali-labile phosphate levels

Biometric/allometric
parameters

Flesh weight (FW), Shell weight (SW), Flesh Condition Index (FC
height, (W/H), Shell width/shell length (W/L), Shell length/shell
April 2006 (Fig. 2) (Garmendia et al., 2011a,b). Similar results were
obtained in mussels from Mundaka, in the nearby estuary of
Urdaibai (Fig. 2), except for values of AOX activity, that were
significantly lower in mussels from the outer estuary of Bilbao than
in mussels from Urdaibai. Overall, it seems that some secondary
effects of the oil spill persisted in the estuary of Bilbao 4 years after
the oil spill, even though the PAH tissue levels (mainly naphtha-
lene) in mussels decreased drastically after February 2004, indi-
cating cessation of the direct impact of the Prestige oil spill.

The early warning biomarker approach using sentinel mussels
can also be applied in active biomonitoring strategies (Salazar and
Salazar, 1997; Orbea and Cajaraville, 2006; Zorita et al., 2006;
Viarengo et al., 2007; De los Ríos et al., 2012, 2013; Marig�omez
et al., 2013; Lekube et al., 2014). The use of caged or transplanted
reference mussels offers the possibility of comparing responses in a
controlled population, reducing the genetic variability and adap-
tation responses occurring when assessing native mussels.
Furthermore, this methodology allows the study of pollution effects
in sites where no native mussels or other bivalves are available and
make it easier the comparison of responses among different regions
and works. Three caging studies using mussels have been
completed in the estuary of Bilbao. Two in the outer part of the
estuary (Orbea and Cajaraville, 2006; Marig�omez et al., 2013;
Lekube et al., 2014), mainly impacted by maritime traffic and pol-
lutants transported by the river flood, and a third one performed in
the middle part of the estuary to assess the impact of the local
sewage treatment plant (De los Ríos et al., 2013).

In the first transplant study performed in November 1998,
mussels obtained from the UNESCO Biosphere Reserve of Urdaibai
were caged for 3weeks in themarina of Arriluze, at the outer Bilbao
estuary. High levels of PAHs and PCBs were measured in mussels
caged in Arriluze, as well as in native mussels, in agreement with
measured peroxisome proliferation (induction of AOX and catalase
activities and high peroxisomal volume density) (Orbea and
Cajaraville, 2006). Mussels caged in Arriluze showed signs of
disturbed health such as attenuation of antioxidant defense
mechanisms (inhibition of superoxide dismutase and glutathione
peroxidase enzyme activities) (Orbea and Cajaraville, 2006),
changes in cell type composition of digestive gland and disruption
ters studied and their biological significance.

Significance Reference

Exposure to organic
pollutants

Cajaraville et al. (2003)

General health status Marig�omez et al. (2006),
Garmendia et al. (2011a)

Volume ratio (S/VL), General health status Marig�omez et al. (2006),
Garmendia et al. (2011a)

), Mean luminal radius General health status Marig�omez et al. (2006),
Garmendia et al. (2011b)

General health status Marig�omez et al. (2006),
Garmendia et al. (2011b)

matory responses Individual disease condition
and immunological status

Kim et al. (2006),
Garmendia et al. (2011b)

tg)-like proteins as Disturbances in gamete
development and
reproduction

Kim et al. (2006), Ortiz-
Zarragoitia et al. (2011)

I), Shell width/shell
height (L/H)

Growth alterations Soto et al. (2000)
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of the lysosomal system in digestive cells (very low lysosomal
membrane stability and enlarged lysosomal size) (Lekube et al.,
2014), demonstrating the poor environmental quality of the outer
part of the Bilbao estuary. Almost ten years later, in May 2007, a
second transplant experiment was performed in the Arriluze
marina, but using farmed mussels, deployed for 3 weeks
(Marig�omez et al., 2013). Mussels caged in Arriluze showed a sig-
nificant bioaccumulation of PAHs (enriched in high molecular
weight PAHs), PCBs and phthalates. Contaminant levels were much
higher than those measured in mussels caged in the locality of
Gorliz, Plentzia estuary, considered as low to moderately polluted
site, but lower than those described previously in the first trans-
plant experiment (Orbea and Cajaraville, 2006). Accordingly,
biomarker studies demonstrated that mussels caged in Arriluze
showed marked genotoxic effects (high frequency of micronuclei in
hemocytes), elevated lipid peroxidation (high MDA and lipofuscin
levels in digestive cells) and endocrine disruption effects (high
levels of Vtg-like proteins in male gonads). Indeed reduced health
status, reflected by very low levels of lysosomal membrane LP and
high VvBAS, was demonstrated, together with reduced survival
fitness and condition factor. Thus, although contaminant levels
decreased when compared with the 1998 transplant study (Orbea
and Cajaraville, 2006), the condition of mussels was still
impacted by pollution (Marig�omez et al., 2013).

A third transplant study was carried out in October 2009, in
which farmmussels were caged for 3 weeks in Sestao, downstream
the sewage treatment plant of Galindo, located in themiddle part of
the Bilbao estuary (De los Ríos et al., 2013). The sewage treatment
plant collects all urban wastewaters of the metropolitan area of
Bilbao and is a potential point source of pollutants to the estuary.
Mussels caged in Sestao showed transitory effects on health con-
dition (reduced values of lysosomal membrane LP) that were
recovered after 21 days of experiment, being similar to those
measured in mussels caged in the Plentzia estuary. However, high
levels of intralysosomal metal accumulation and inhibition of
peroxisomal AOX activity were observed at the end of the study.
Accordingly, high bioaccumulation levels of Cd and Pb were
detected in soft tissues of caged mussels. As in the second caging
study performed in the Arriluze marina (Marig�omez et al., 2013),
endocrine disruption effects were detected in caged male mussels,
which showed up-regulated gonad Vtg transcription levels. The
same effect was evidenced in mussels caged in other places of the
Bay of Biscay affected by treated (Virgen del Mar) and untreated
(Pe~narrubia) marine outfall discharges containing endocrine dis-
rupting chemicals (De los Ríos et al., 2013).

4. Phytoplankton of estuaries and coastal areas

Due to the close relationships existing between dominant taxa
and environmental conditions, phytoplankton assemblages are one
of the biological entities considered as bioindicators of water
quality in several International Directives including Water Frame-
work Directive (WFD, 2000/60/EC), Bathing Water Directive (BWS,
2006/7/EC), Marine Strategy Framework Directive (MSFD, 2008/56/
EC), Shellfish Water Quality Directive (SWQD, 2006/113/EC) and
Convention on the management of ships ballast waters (072-2006/
DCG). When blooming, phytoplankton can be harmful not only by
containing toxins, which is the case of certain species, but also by
promoting oxygen depletion, and physical damage to filter-feeding
animals, whose filtering structures can be clogged by the organics
secreted by the microalgae (Hallegraeff, 2003). Blooms of micro-
algae are a natural phenomenon necessary to fuel marine food
webs. However, when dominated by one or a few species (low di-
versity blooms), they can be harmful for aquatic animals and hu-
man health. Eutrophication is known to contribute to the frequency
of apparition of blooms and to the shift for harmful species (de
Jonge et al., 2002; Verity, 2010).

Phytoplankton blooms are a common feature in nutrient replete
estuaries in summer coinciding with an increase in the residence
time of the water in conjunction with higher irradiance and tem-
perature (Paerl, 1996). These also occur in the Bilbao estuary, as
found in the phytoplankton monitoring performed since 2000 in
eight permanent stations located along the longitudinal axis of the
estuary (Orive et al., 2004; Seoane et al., 2005, 2006; Laza-Martínez
et al., 2007; Seoane et al., 2009). More details on the sampling
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Fig. 3. Percentage of the three main groups of phytoplankton (diatoms, dinoflagellates and flagellates) and total amount of phytoplankton (�107 cells L�1) in the outer estuary of
Bilbao during the period 2002e2009, from March to September. Data can be found in the web page of the Bilbao Bizkaia Water Consortium (www.consorciodeaguas.com).
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strategy, which includes the analysis of several physical and
chemical parameters in addition to the phytoplankton, are given in
García-Barcina et al. (2006) and the results obtained can be found
in the web page of the Bilbao Bizkaia Water Consortium (www.
consorciodeaguas.com). As illustrated in Fig. 3 for the outer estu-
ary (Abra of Bilbao), a clear seasonal pattern of phytoplankton
abundance, in terms of cells number, was observed along the es-
tuary, with maxima in summer. Diatoms were the dominant taxon
during the sampling period, particularly during the phytoplankton
maxima, whereas flagellates dominated in spring. Dinoflagellates
contributed with less than 20% to the total community. The routine
monitoring was performed with the Uterm€ohl method (Hasle,
1978), which, although useful for some purposes, does not allow
to distinguish among cryptic species or to identify very small or
fragile species. For this reason, to gain insight into the taxonomic
composition of the phytoplankton, which is of much concern to
detect harmful species or species to be used for different applica-
tions such as biodiesel production, in addition to the routine
monitoring of phytoplankton abundance and composition, live
samples from the estuary have been regularly analyzed. Selected
strains including harmful and/or blooming taxa have been the
subject of much research work bymeans of microscopical as well as
molecular methods after growing them in culture. Molecular ana-
lyses have been regularly performed by sequencing the small
subunit (SSU), the large subunit (LSU) or the internal transcribed
spacers (ITS) of the rDNA. When necessary, the secondary structure
of the ITS2 was also derived to gain insight into the species
delimitations within determined taxa (Orive et al., 2010, 2013).

Although phytoplankton assemblages displace along the estu-
ary with the tide, most taxa are characteristic of a particular area.
Some representative species present in the estuary are shown in
Fig. 4. The outer estuary, the most extensive, contained mostly
marine species, which in summer can be displaced by the tide into
the estuary due to the decreased river discharge. Among harmful
diatoms, ten out of about 40 described species of Pseudo-nitzschia
have been identified in the estuary, including two new: P. abrensis
and P. plurisecta (Orive et al., 2010, 2013). Other potentially harmful
diatoms present in the estuary were those of the genus Chaetoceros,
which can cause physical damage to filter-feeding animals when
blooming (Seoane et al., 2005). However, most harmful species
found in the estuary were flagellates, some of them ichtyotoxic,
such as the genera Chrysochromulina, Heterosigma, Karlodinium, and
Prymnesium (Seoane et al., 2009; Laza-Martinez et al., 2007; de
Salas et al., 2008); or harmful for human health as Alexandrium or
Dinophysis (Seoane and Orive, 2012). From all these taxa, most
abundant ones to date have been Pseudo-nitzschia spp., Chaetoceros
spp., Heterosigma akashiwo and Chrysochromulina spp., but this
does not preclude that other potentially harmful taxa had bloomed
any time. Several cryptophyte species dominated by the genus
Teleaulax have been isolated from the outer estuary (Laza-Martinez
et al., 2012). Although non-toxic, they are obligate preys for ciliates
consumed by the diarrheic shellfish poisoning (DSP) dinoflagellate
Dinophysis, which is of much concern in terms of water quality.

The middle estuary is a transitional zone which harbours
autochthonous populations in addition to those reaching from the
outer or the innermost estuary. In this estuarine reach, small centric
diatoms and flagellates such as the cryptophytes Hemiselmis spp.
and the haptophyte Isochrisis galbana reached high concentrations
in late spring and summer (Seoane et al., 2005).

The most highlighting feature in the inner estuary was the
presence of large amounts of small centric diatoms, most of them
solitary forms dominated by the genera Cyclotella-like and Tha-
lassiosira-like (Hevia-Orube et al., 2015). Their presence coincided
with the minimum oxygen concentrations in the estuary and the
highest values of chlorophyll a. Another characteristic species of
this section was the cryptophyte Urgorri complanatus, which forms
red blooms in summer and can also contribute to the oxygen
depletion (Laza-Martinez, 2012). The potentially ichtyotoxic Pfies-
teria elike dinoflagellates usually follow the cryptophytes blooms.

Several of the identified species are ichtyotoxic, among which,
the most abundant was the raphydophycean H. akashiwo. The outer
estuary of Bilbao has many artificial semiconfined areas with soft
sediment which can be a source of microalgae cyst, which can give
rise to a bloom if resuspended cysts of a particular species find
favourable conditions in the water column. Such was the case of H.
akashiwo, which is known to form cysts and that, although it was
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Fig. 4. Electron micrographs of bloom forming and toxic species of phytoplankton isolated from the Bilbao estuary. A, natural assemblage of blooming thalassiosiroid diatoms. B, the
potentially toxic diatom Pseudo-nitzschia arenysensis. C, the red-tide forming flagellate Urgorri complanatus (Cryptophyceae). D, the red-tide forming and toxic flagellate Heterosigma
akashiwo (Raphidophyceae). These species are described in A) Hevia-Orube et al. (2015); B) Orive et al. (2010, 2013); C) Laza-Martínez (2012) and D) Laza-Martínez et al. (2007).
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distributed in the outer and middle estuary, was observed to bloom
in the Arriluze marina under specific environmental conditions
involving high irradiance levels during calmwaters (Laza-Martinez
et al., 2007). The blooming of this species is thus predictable to a
certain degree. This and the other ichtyotoxic flagellates are known
to be mixotrophs, which explains to a great extent their success in
eutrophized areas.

Although the estuary of Bilbao is not a shellfish harvesting area
and has not aquaculture facilities, the identified microalgae are
cosmopolitan and consequently could be shared by closest estu-
aries such as those of Plentzia, Urdaibai or Txingudi, which are
shellfish harvesting areas. Besides, in the Basque Country there are
projects for coastal aquaculture and the knowledge on the presence
of potential harmful microalgae is of paramount importance. Spe-
cies noxious for human health include the diatoms of the genus
Pseudonitzschia (Orive et al., 2010, 2013), one of whose new species,
P. plurisecta, has proven to be highly toxic (Fernandes et al., 2014).
The toxigenic dinoflagellate genus Dinophysis can be noxious even
at relatively low concentrations. It was observed to bloom on the
coast (Seoane and Orive, 2012) and it was very frequent in the es-
tuary in the same way as its feeding-related species of the genus
Teleaulax (Laza-Martinez et al., 2012).

5. The dissolved oxygen criteria in estuaries and coastal areas

In aquatic environments dissolved oxygen (DO) is a key factor
with effects from the individual to the ecosystem level. Oxygen
depletion (hypoxia/anoxia) has a well documented negative effect
on individual survival, population growth, biodiversity, energy and
matter pathways, and ecosystem function and services (Rabalais
et al., 2002), while hyperoxic conditions may also have detri-
mental effects on the organisms by promoting oxidative stress (e.g.
Finelli et al., 2006; Vosloo et al., 2013). In addition, DO can provide
an indication of the trophic status of the system. The alteration of
the natural levels of DO in coastal waters and estuaries has paral-
leled the increasing settlement of human populations in coastal
areas, and the resulting anthropogenic enrichment of coastal wa-
ters and estuaries with nutrients and organic compounds (Rabalais
et al., 2010). The latter are the main cause of the unbalanced DO
dynamics that result in hypoxic/anoxic conditions due to the
depletion of oxygen in the microbial decomposition of excessive
amounts of organic matter, frequently combined or alternated with
hyperoxic conditions by the enhancement of photosynthetic pro-
duction in nutrient-rich waters. For these reasons the dissolved
oxygen criteria is now used for the assessment of the health of
estuarine habitats, and the suitability of such habitats for different
species inhabiting estuaries (Hanmer et al., 2003).

In the plankton-ecosystemmonitoring initiated in the estuary of
Bilbao in 1998, DO profiles were obtained monthly along the es-
tuary at the sites of 35, 34, 33 and 30 salinity waters. The evolution
of DO at the different depths from 1998 to 2008 (Fig. 5) reflects the
improvement of environmental conditions in the estuary of Bilbao
associated to the integrated sewage treatment scheme developed
by the Bilbao-Bizkaia Water Consortium, but also shows axial and
depth-dependent differences in the DO levels and dynamics, in
relation to the constraints derived from the basin morphology and
estuarine circulation. The most noticeable improvement has been
observed in surface waters, which showed hypoxic events (<30%
oxygen saturation) along the entire channelized estuary in the
warm/dry season until 1999. Since 2000 DO levels showed a clear



Fig. 5. Axial and temporal variations of dissolved oxygen saturation (%) in halocline and below halocline waters from the site of 35 salinity to the site of 30 salinity in the estuary of
Bilbao during the 1998e2008 period. Data are adapted from Villate et al. (2013).
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increasing trend. The gradual improvement from 1998 to 2008 was
also observed in the vertical gradient or halocline layers of the
middle estuary, and was mainly accounted for by the abatement of
sewage pollution during this period (Villate et al., 2013). However,
the increase of DO in waters below the halocline has been more
moderate and fluctuating than in the layer above. In this zone,
hydro-climatic factors driving changes in river discharge and water
column stratification rather than sewage pollution abatement were
found to be the main responsible for the inter-annual DO dynamics
(Villate et al., 2013). In the outer estuary, generally with normoxic
conditions in the entire water column and a weak increasing trend
of DO throughout the study period, the main factor explaining DO
variations, both at seasonal and inter-annual scales, was chloro-
phyll a concentration (Iriarte et al., 2010; Villate et al., 2013), this
denoting the major contribution of photosynthetic oxygen pro-
duction to DO dynamics, and the role of eutrophication enhanced
phytoplankton growth as responsible for very high-oversaturation
DO events. Such events were also observed in the channelized zone,
where they may be of greater intensity than in the outer zone but
restricted to the thin layer above and within the halocline, whereas
in the outer estuary it usually extends to a depth of several meters.
The finding that themajor factors controlling DO are river discharge
and stratification in the inner estuary and phytoplankton biomass
in the outer estuary, which are, in turn, related to rainfall and
temperature respectively, suggests that in future not only local
anthropogenic perturbations, but also climate change may be a
major driver of long-term DO dynamics in the estuary of Bilbao.
6. Zooplankton series: a tool to assess environmental changes
and ecosystem health

A good understanding of changes occurring in ecosystems, and
the causes of such changes, which can be useful for forecasting
purposes, can only be achieved by analyzing long-term data sets
that integrate the different time-scales of variability. This leads us
to acknowledge the need to carry out long-term environmental and
plankton monitoring programs in marine systems to obtain more
robust evidences of the effects of phenomena such as climate
change (Richardson, 2008; Richardson et al., 2009), but also of the
effects of local human pressure in coastal and estuarine systems
and of their synergic effects. Among the advantages of zooplankton
as bioindicator of environmental changes in marine systems are:
the rapid turnover of the community, which makes zooplankton a
quick response indicator to water quality perturbation (Gibson
et al., 2000), the high sensitivity of zooplanktonic organisms to
temperature, which strongly affects physiological processes and
population growth (Mauchline, 1998), the tight coupling of
zooplankton population dynamics and climate (Hays et al., 2005),
and the non-linear response of communities to environmental
factors that can amplify subtle environmental signals (Taylor et al.,
2002).

Early analyses of the first 6 years of the zooplankton series in the
estuary of Bilbao revealed an evolution of the zooplankton com-
munity attributable to the evolution of water quality at the different
salinity sites within the system. The comparison of zooplankton
differences between the estuary of Bilbao and the estuary of
Urdaibai (used as control) from the 1997e1999 period to the
1999e2001 period (Albaina et al., 2009) showed that the
zooplankton of the estuary of Bilbao reflected the environmental
recovery of this estuary, mainly in response to the improvement in
DO levels. Main evidences were: the reduction in abundance dif-
ferences of most holoplanktonic taxa between estuaries, the
finding of the largest reduction of differences inmid salinity waters,
where the greatest improvement of DO conditions occurred, and
the fact that the reduction of differences was mainly accounted for
by the increase of the relative abundance of pollution-sensitive taxa
in the estuary of Bilbao, while they remained stable in the estuary
of Urdaibai.

The analysis of the Acartia congeneric assemblage in the estuary
of Bilbao during the period 1998e2005 (Aravena et al., 2009a)
revealed that two scarce species, such as Acartia margalefi and
Acartia discaudatawere valuable indicators of year-to-year unusual
hydroclimatic changes in this estuary. Both species were found to
be only quantitatively relevant in 2002, when they increased in
abundance and expanded their seasonal distribution. The year
2002 was climatically peculiar in comparison with previous and



Fig. 6. Diagram showing the links between significant (p < 0.05) causal relationships among air temperature, water temperature, dissolved oxygen saturation, abundance of Acartia
tonsa and abundance of Acartia clausi in the estuary of Bilbao during the 1998e2005 period, as inferred by using Transfer Function models. Figure adapted from Aravena et al.
(2009a,b).
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later years, because it was the period of the time-series with the
lowest autumnewinter rainfall and the coldest subsequent sum-
mer. In the case of A. margalefi it also increased its spatial distri-
bution landwards, this coinciding with the highest levels of DO in
the inner estuary.

Results of the zooplankton monitoring in the estuary of Bilbao
also showed the irruption of the invasive copepod Acartia tonsa in
this estuary, where this species was found for the first time in 2001
and became dominant in waters of less than 34 salinity since 2003,
ousting Acartia clausi, the dominant congeneric species, from wa-
ters of around 30 salinity of the inner estuary (Aravena et al.,
2009a). A. tonsa, although native of the American and Indo-Pacific
area, has been found in many European estuaries since the mid-
dle 20th century (Bakker and Pauw, 1975) and it was reported for
the first time in an estuary of the Bay of Biscay (the Gironde estu-
ary) in 1983 (David et al., 2007). Ship ballast water exchange has
been suggested as the most plausible introduction vector of
brackish water species such as A. tonsa (Paavola et al., 2005). The
late appearance (2001) of this species in the estuary of Bilbao, in
spite of the large history and intensity of commercial shipping in
this estuary, may be due to the unsuitable environmental condi-
tions of previous years. The transfer function (TF) models used by
Aravena et al., (2009a) to infer causal relationships between Acartia
congenerics revealed a negative effect of A. tonsa on A. clausi in the
intermediate salinity (33) waters, where these species showed the
highest spatial overlap. In addition, the results of these TF models
indicated that the decrease of A. clausi abundance in waters of less
than 34 salinity was related to the decrease of DO levels, and the
increase of A. tonsa to the increase of temperature (Fig. 6). This
suggests that the balance of the competition between both species
would be tipped in favour of A. tonsa in a future scenario of general
warming. In fact, a general warming is expected to cause also a
reduction in DO levels in the inner estuary of Bilbao, according to
the negative relationship between temperature and DO observed in
this inner zone, likely due to the enhancement of oxygen con-
sumption processes with increasing temperature (Iriarte et al.,
2010).
7. Conclusions

As reviewed in previous sections, data on contaminant
bioaccumulation and biomarkers in mussels, on phytoplankton and
zooplankton communities, and on physicochemical variables have
been recorded since 90's in the estuary of Bilbao. Integrating
different biological complexity levels could provide new insights
for the assessment of the long-term trends in the health status of
the estuary of Bilbao. Taking together, results reviewed herein
indicate that, in spite of the seasonal and interannual variability
recorded for some parameters, a general recovery trend was
observed for the health status in the estuary of Bilbao, with spo-
radic critical events such as, for instance, regular dredging activities
and the Prestige oil spill that affected the region between 2002 and
2005, at least. The comparison of responses at different biological
complexity levels allows a comprehensive and integrated descrip-
tion of the Bilbao estuary recovery process and the understanding
of seasonal dependent fluctuations on selected variables, that could
serve as baseline for future monitoring studies.
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