
Contents lists available at ScienceDirect

Journal of Sea Research

journal homepage: www.elsevier.com/locate/seares

Seasonal and interannual variability of mesozooplankton in two contrasting
estuaries of the Bay of Biscay: Relationship to environmental factors

Fernando Villatea,⁎, Arantza Iriarteb, Ibon Uriarteb, Iraide Sancheza

a Department of Plant Biology and Ecology, Faculty of Science and Technology, University of the Basque Country (UPV/EHU), PO Box 644, 48080 Bilbao, Spain
b Department of Plant Biology and Ecology, Faculty of Pharmacy, University of the Basque Country (UPV/EHU), Paseo de la Universidad 7, 01006 Gasteiz, Spain

A R T I C L E I N F O

Keywords:
Zooplankton
Estuary
Time series
Seasonal variation
Interannual variation
Bay of Biscay

A B S T R A C T

Seasonal and interannual variations of total mesozooplankton abundance and community variability were
assessed for the period 1998–2005 at 3 salinity sites (35, 33 and 30) of the estuaries of Bilbao and Urdaibai
(southeast Bay of Biscay). Spatial differences in mesozooplankton seasonality were recognized, both within and
between estuaries, related to differences between sites in hydrodynamic features and anthropogenic nutrient
enrichment that drive phytoplankton biomass seasonal cycles. The within estuary seasonal differences in
mesozooplankton community were mainly shown through seaward time-advances in the seasonal peak from
summer to spring along the salinity gradient, linked to differences in phytoplankton availability during the
summer, in turn, related to nutrient availability. These differences were most marked in the estuary of Urdaibai,
where zooplankton seasonal pattern at 35 salinity (high tidal flushing) resembled that of shelf waters, while at
35 of the estuary of Bilbao zooplankton showed an estuarine seasonal pattern due to the influence of the
estuarine plume. Cirripede larvae contributed most to the mesozooplankton seasonal variability, except at the
outer estuary of Bilbao, where cladocerans and fish eggs and larvae were the major contributors, and the inner
estuary of Urdaibai, where gastropod larvae contributed most. Total mesozooplankton increased at 30 salinity of
the estuary of Bilbao and 35 salinity of the estuary of Urdaibai. Interannual variability of mesozooplankton at the
lowest salinity of the estuary of Bilbao was mainly accounted for by copepods due to the introduction of non-
indigenous species during estuarine rehabilitation from intense pollution. However, bivalve larvae and
gastropod larvae showed the highest contributions at 35 salinity of the estuary of Urdaibai. At the rest of sites,
the opposite interannual trends of polychaete larvae and hydromedusae generally made the highest contribu-
tion.

1. Introduction

Mesozooplankton are the fundamental link between primary pro-
ducers and upper trophic level consumers in marine food webs, and
play a relevant role in the biogeochemical cycles in the ocean (Dam
2013). Moreover, they are ectotherms with short generation times,
capable of responding fast to environmental changes (Dam 2013).
Indeed, zooplankton live in ever changing ecosystems, under the
influence of multiple stressors. Hydro-climatic changes are important
drivers of marine ecosystem variability (Hewitt et al. 2016) and
zooplankton variability (Beaugrand and Ibanez 2004; Marques et al.
2014), but direct anthropogenic factors can also have paramount effects
on marine ecosystems (Blaber et al. 2000; Islam and Tanaka 2004), in
general, and on zooplankton in particular (Verity and Borkman 2010).
This is most evident in nearshore coastal and estuarine systems that are
subject to high human pressures, such as port activities, industrial and

domestic waste disposal, dredging, land reclamation or fisheries and
aquaculture (McLusky and Elliott 2004), and even to remediation
actions in disturbed areas (Borja et al. 2010), which drive variations
of biological communities at different temporal scales. In temperate
waters zooplankton show marked seasonality (Miller 1983), but they
can also show long-term trends and regime shifts (Beaugrand and
Ibanez 2004; Beaugrand et al. 2014; Uriarte et al. 2016). However,
despite the potential of zooplankton to be exceptional beacons of
environmental change (Richardson 2008; Beaugrand et al. 2009),
knowledge about the impact of multi-stressors on coastal and estuarine
zooplankton is still scant (Vieira et al. 2015), partly because of the
scarcity of long-term time series (Buttay et al. 2015), which are
particularly limited in southern Europe (Vieira et al. 2015).

Besides temporal changes, estuaries also show strong spatial varia-
tions across and within systems. Estuaries are characterized by a
marked heterogeneity across systems due to differences in latitude,

http://dx.doi.org/10.1016/j.seares.2017.05.002
Received 4 November 2016; Received in revised form 2 May 2017; Accepted 7 May 2017

⁎ Corresponding author.
E-mail address: fernando.villate@ehu.eus (F. Villate).

Journal of Sea Research 130 (2017) 189–203

Available online 08 May 2017
1385-1101/ © 2017 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13851101
http://www.elsevier.com/locate/seares
http://dx.doi.org/10.1016/j.seares.2017.05.002
http://dx.doi.org/10.1016/j.seares.2017.05.002
mailto:fernando.villate@ehu.eus
https://doi.org/10.1016/j.seares.2017.05.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seares.2017.05.002&domain=pdf


climate, origin, geomorphology, hydrological regime, degree and type
of anthropogenic impact, amongst others. Also, since estuaries are
transition systems between continents and oceans, they show high
spatial variations along the longitudinal axis, mainly in salinity, but
also in hydrodynamic features, sediment characteristics, nutrients,
pollutants and others (Knox 1986). These environmental variations
can be responsible for spatial differences in zooplankton distribution
(Uriarte and Villate 2004; Marques et al. 2007) and, as a consequence,
temporal variations of zooplankton can also differ between salinity
zones across and within estuaries.

To the best of our knowledge, on the Iberian coast of the Bay of
Biscay, the only two estuaries for which zooplankton time series
derived from regular monitorings along their longitudinal axes exist
are the estuaries of Bilbao and Urdaibai. These are systems located near
each other on the Basque coast that share the same climate, but have
contrasting geomorphology, hydrodynamic characteristics, degree of
anthropogenic influence and ecological status (Franco et al. 2004).
These similarities and differences make them ideal systems to distin-
guish the effects of climate factors from direct anthropogenic driving
forces.

Comparisons of temporal and spatial variations in the distribution of
major groups of mesozooplankton between these two estuaries have
been carried out in previous studies. Uriarte and Villate (2004) showed
a clear influence of salinity and pollution on the spatial distribution and
abundance of most mesozooplankton groups when they compared
different salinity sites along the longitudinal axis of these two estuaries,
but they made no comparisons of temporal variations. Albaina et al.
(2009) dealt with spatial and temporal variations, but only for a period
of< 2 years, over which they detected initial signs of recovery of the
mesozooplankton community in the estuary of Bilbao in response to the
improvement in water quality. Therefore, a need for investigating in
greater detail the temporal (both seasonal and interannual) variations
in mesozooplankton at different salinity sites in these estuaries has been
identified.

Taking these considerations into account, the aims of the present
work were to assess at different fixed salinity sites along the long-
itudinal axis of the estuaries of Bilbao and Urdaibai (i) the seasonal and
interannual variations of the mesozooplankton community, (ii) the
contribution of the various holoplankton and meroplankton groups to
each type of temporal variability in the mesozooplankton community
and (iii) the influence of environmental factors on the main temporal
variations of the mesozooplankton community.

2. Material and methods

2.1. Study area

The estuaries of Bilbao (also known as Ibaizabal-Nerbioi estuary or
Nervión estuary; 43°23′N, 03°07′W) and Urdaibai (also known as
Gernika estuary, Mundaka estuary or Oka estuary; 43°22′N, 02°43′W)
are located near to each other (Fig. 1), and share the same temperate-
oceanic climate with moderate winters and warm summers. However,
they differ largely in morphology, hydrodynamic features and water
quality.

2.1.1. Estuary of Bilbao
The estuary of Bilbao is ca. 23 km long and it is divided in two areas:

the intermediate-inner channelized area constituted by a 15 km long,
narrow (50–150 m) and 2–9 m deep man-made channel and a wider
(ca. 3.8 km) and deeper (10–25 m) outer area called the Abra harbour.
The estuary is partially mixed in the outer area and highly stratified in
the inner area. High salinity waters (> 30) usually penetrate as far as
the upper reaches at the bottom, while freshwater flows seaward at
surface and is progressively mixed with seawater. The main rivers
flowing into this estuary are the Ibaizabal and Nerbioi. Except for short
periods of high river discharge, euhaline waters (salinity > 30)

dominate within the estuary (Intxausti et al. 2012; Villate et al.
2013). The natural features of the estuary were dramatically modified
by urban, industrial and port developments. Due to land reclamation
and channelization works, the estuary has lost most of its original
intertidal areas (Cearreta et al. 2004). By the 1970s, extremely low
oxygenation together with high organic matter and heavy metal
concentrations characterized the estuary (Cearreta et al. 2004), which
gave rise to extensive azoic benthic areas (González-Oreja and Saiz-
Salinas 1998). At present the estuary is in a rehabilitation process, as a
result of the implementation of a Comprehensive Plan for the Sanitation
of the Metropolitan Area of Bilbao since 1979, new environmental
protection policies and the industrial decline in the area surrounding
the estuary, which have caused a significant decrease in heavy metal
concentrations, ammonia and organic matter loading, and an increase
in oxygenation and biodiversity (García-Barcina et al. 2006; Borja et al.
2010; Pascual et al. 2012; Villate et al. 2013). In the middle reaches, the
estuary receives discharges from a waste water treatment plant where
secondary treatment began to be applied in 2001 (Franco et al. 2004).

2.1.2. Estuary of Urdaibai
The estuary of Urdaibai, with a maximum and minimum width of

1.2 km and< 20 m in the outer and inner areas respectively, is shorter
(12.5 km), shallower (mean depth of 3 m) and physically much less
modified than the estuary of Bilbao. The central channel is bordered by
salt marshes and muddy intertidal areas at its upper and middle reaches
and by relatively extensive intertidal flats (mainly sandy) at its lower
reaches. The watershed area is small and river inputs are usually low
when compared to the tidal prism. As a consequence, most of the
estuary is seawater-dominated at high tide, with high salinity waters in
the outer half and a stronger axial gradient of salinity towards the head,
where it receives the freshwater inputs from its main tributary, the Oka
river (Villate et al. 2008). In the outer zone, tidal flushing is so high that
waters of salinities > 34 are flushed out of the estuary with each tidal
cycle. The outer half of the estuary remains well mixed most of the
time, and the inner half is partially stratified. In the upper reaches, the
estuary receives relatively large amounts of nutrients and organic
matter from an old primary waste water treatment plant (Franco
et al. 2004).

2.2. Data collection

Samplings were carried out monthly at high tide during neap tides
for the period 1998–2005 at the sites of 35, 33 and 30 salinity in the
estuaries of Bilbao (B35, B33 and B30) and Urdaibai (U35, U33 and
U30). The changing spatial zonation of salinity in the estuaries of Bilbao
and Urdaibai due to the effect of tides and river discharge was the
reason for not sampling at fixed points, but at fixed salinity zones, using
thus a lagrangian type of sampling strategy, as in other estuarine
zooplankton studies (e.g. Kimmerer et al. 1998). At each site vertical
profiles of salinity, temperature and dissolved oxygen were obtained
using a WTW multi-parameter water quality meter, but only data from
the depth of zooplankton sampling have been used in the present study.
Salinity stratification index (unitless) was calculated as the maximum
difference in salinity at 0.5 m depth intervals as in previous studies
(Villate et al. 2013; Iriarte et al. 2015).

Zooplankton were collected from mid depth, below the halocline
(usually at 3–5 m), by horizontal tows of a 200 μm mesh size ring net
(25 cm of mouth diameter; 100 cm long) equipped with a digital flow
meter. Water samples were taken with a Niskin bottle for chlorophyll a
measurements at the same depth of zooplankton collection. Secchi disk
depths were also measured at each sampling site.

Zooplankton samples were preserved in 4% borax buffered formalin
seawater solution. Identification and counting to the lowest possible
taxonomical level was performed using a microscope, but only the main
coarse holoplankton (i.e. copepods, appendicularians, cladocerans,
chaetognaths, siphonophores, doliolids and Noctiluca) and meroplank-
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ton (i.e. cirripede larvae, gastropod larvae, bivalve larvae, polychaete
larvae, decapod larvae, hydromedusae and fish eggs and larvae)
categories were used in this study. For chlorophyll a determination
water samples were filtered through Whatman GF/C filters, pigments

were extracted in 90% acetone and chlorophyll a was measured
spectrophotometrically according to the method described by
Lorenzen (1967).

River flow (Ibaizabal-Nerbioi, Kadagua and Oka rivers) data were

Fig. 1. Map of the estuaries of Bilbao and Urdaibai, showing the location of hydro-meteorological stations and the salinity zones where samples were taken.
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obtained from the Provincial Council of Bizkaia.

2.3. Data analysis

Occasional missing values of environmental and biotic variables
from each estuary and salinity site were filled with the corresponding
monthly mean value for the whole series, and abundance data of
zooplankton were log (x + 1) transformed prior to statistical analyses.
Exception was with river flow data from stations managed by the
Provincial Council of Bizkaia that were lacking at the beginning of some
of the series. In this case missing values were filled with values obtained
using regression models performed with data from the nearest station
with a complete series (see Iriarte et al. 2016 for details).

Multivariate ordination methods were used to examine the main
modes of seasonal and interannual variability of mesozooplankton and
their relationship to environmental variables using CANOCO software
package version 4.5 (ter Braak and Šmilauer 2002). In order to assess
whether a unimodal model such as the Canonical Correspondence
Analysis (CCA) or a linear model such as the Redundancy Analysis
(RDA) best fit the data sets, we conducted Detrended Correspondence
Analyses (DCA). Given that the highest value for the longest gradient
lengths obtained in these DCAs was< 3, we opted for performing RDA
analyses in all cases, as recommended by ter Braak and Šmilauer
(2002). We assessed the temporal patterns by performing RDAs for each
salinity site and estuary separately. The seasonal variability was
analysed conducting partial RDAs using month as categorical explana-
tory variable and year as categorical covariable (thus removing from
the analysis the effect that year may have on abundances). Likewise, the
interannual variability was analysed performing partial RDAs using
year as categorical explanatory variable and month as categorical
covariable (thus removing from the analysis the effect that month
may have on abundances). For covariables all dates were used. Monte
Carlo tests were performed with 999 permutations under reduced
model (ter Braak and Šmilauer, 2002). The permutations were unrest-
ricted and the blocks defined by covariables.

Between-site correlation analyses (Spearman rank) were performed
for the month and year scores in order to test the similarity in the
seasonal and interannual patterns.

In order to assess the relationship between zooplankton community
variations and environmental factors at the seasonal and interannual
scales, Spearman rank correlation analyses were conducted between
environmental factors (abiotic factors and chlorophyll a) and month/
year scores on axis 1 obtained from the RDAs. All correlations were
carried out using SPSS Statistics for Windows, Version 23.0 (IBM Corp.,
Armonk, NY).

Because samplings were usually carried out towards the end of each
month, the meteorological seasons have been used, where spring is
March, April and May, summer is June, July and August, autumn is
September, October and November, and winter is December, January
and February.

3. Results

Fig. 2 shows that densities of total mesozooplankton were markedly
higher in the estuary of Bilbao than in the estuary of Urdaibai at the 35
and 33 salinity sites, while at B30 maximum annual density was
substantially lower than at U30. Annual maxima were delayed from
early spring (estuary of Urdaibai) or late spring (estuary of Bilbao) at
high salinity sites to summer at low salinity sites. The plot of the month
scores on the first axis obtained from the RDA analysis carried out using
month as categorical explanatory variable and year as categorical
covariable (Fig. 3) showed that the main mode of seasonal variability
of the mesozooplankton was quite similar at all salinity sites in the
estuary of Bilbao, where the main differences in the community were
found between early summer and late autumn-early winter. In the
estuary of Urdaibai, however, clear differences along the salinity

gradient were observed, the main ones being detected between the late
autumn-early winter community and communities of early spring at
U35, late spring at U33 and early summer at U30. Correlation analysis
showed statistically significant between-site relationships for the month
scores, except between the B30 and U35 sites (Table 1). Within
estuaries the least similar pattern between the different salinity sites
was also that from B30 in the estuary of Bilbao and that from U35 in the
estuary of Urdaibai. The seasonal pattern of chlorophyll a (Fig. 4)
resembled this pattern since it also showed similar seasonal changes all
along the salinity gradient of the estuary of Bilbao, with maxima in
summer, and different seasonal patterns in the estuary of Urdaibai, with
a delay of the annual maximum from early spring at U35 to summer at
U30 and U33. The latter one also showed a secondary peak in spring.
However, month to month variations of chlorophyll a and zooplankton
density or community structure did not always coincide; the highest
coincidence being observed at the 30 salinity site of both estuaries.

Cladocerans and cirripede larvae made the highest contributions to
the main mode of mesozooplankton community variability in the
estuary of Bilbao, together with bivalve larvae at B30 and together
with fish eggs and larvae at B33 and B35 (Fig. 5A, B and C). In the
estuary of Urdaibai the major mode of seasonal variability was
accounted for mainly by cirripede larvae, together with gastropod
larvae at U30 and U33, and together with cladocerans at U35 (Fig. 5D,
E and F).

The seasonal pattern of abundance of mesozooplankton groups that
made the most relevant contribution to the mesozooplankton commu-
nity seasonal pattern (Fig. 6) showed that the timing of the annual
maximum of cirripede larvae differed between salinity sites in both
estuaries, the difference being larger in the estuary of Urdaibai than in
the estuary of Bilbao. In the estuary of Urdaibai cirripede larvae peaked
in early spring at U35 and in late summer at U33 and U30, while in the
estuary of Bilbao they peaked in spring at B35 and in early summer at
B33 and B30. For cladocerans, the differences in the timing of the
annual maxima were greater between estuaries than within estuaries,
since they reached maxima earlier at all salinity sites in the estuary of
Urdaibai (early spring) than in the estuary of Bilbao (late spring-early
summer). Gastropod larvae and fish eggs and larvae showed maxima in
late spring-early summer at all salinity sites in the estuary of Bilbao, but
gastropod larvae peaked progressively later from spring to summer
with decreasing salinity in the estuary of Urdaibai. Bivalve larvae
showed more complex seasonal patterns within estuaries because
annual peaks were not related to the salinity gradient in any estuary,
but, in general, they reached annual maxima earlier in the year in the
estuary of Urdaibai (spring) than in the estuary of Bilbao (summer-
autumn).

Interannual variations in mean annual density of total mesozoo-
plankton (Fig. 7) showed trends of increase at B30 and at U35. The
scores of years on the first axis of the RDA carried out using year as
categorical explanatory variable and month as categorical covariable
(Fig. 8) showed that the mesozooplankton community had a more
unidirectional change in the estuary of Urdaibai than in the estuary of
Bilbao. Within estuaries, interannual mesozooplankton changes at
different salinity sites were more similar in the estuary of Urdaibai
than in the estuary of Bilbao (Table 2). As for the seasonal pattern, the
most dissimilar interannual variations between the different salinity
sites were those from B30 in the estuary of Bilbao and those from U35
in the estuary of Urdaibai (Table 2). In fact, between-site correlations of
year scores showed no significant correlation between variations at U35
and the rest of sites, nor between B30 and the rest of sites (Table 2).

Polychaete larvae and hydromedusae (in most cases siphonophores
too) made the highest contribution to the main mode of variability of
the mesozooplankton community at B35, B33, U33 and U30 (Fig. 9). At
these sites polychaete larvae showed marked increases in the last period
(peaks in 2003 or 2004), whereas the gelatinous predators (mainly
hydromedusae but also siphonophores in most cases) showed a
decreasing tendency (Fig. 10). At B30 copepods made the highest
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contribution and showed the largest increase in abundance during the
study period (Fig. 9C; Fig. 10), although high contributions and
increasing tendencies were also observed from an array of taxa, i.e.
appendicularians, decapod larvae, cladocerans, cirripede larvae and
chaetognaths (Fig. 9C). At U35 bivalve and gastropod larvae showed
the highest contributions (Fig. 9D). Both bivalve and gastropod larvae
increased in abundance during the study period at all salinities in both
estuaries, except at U30. In addition, copepods showed increasing
trends not only at B30, but also at U35 throughout the study period
(Fig. 10).

The percentage variation of mesozooplankton explained by months
increased from the inner to the outer estuary of Bilbao (Fig. 11A) and
that explained by years increased from the outer to the inner estuary
(Fig. 11B). No such pattern along the longitudinal axis was evident in
the estuary of Urdaibai (Fig. 11C and D), where the percentage
variation of mesozooplankton explained by months was lower than in
the estuary of Bilbao and that explained by years was higher than in the
estuary of Bilbao, at salinity sites of 35 and 33 in both cases.

Results of correlation analyses of month scores along axis 1 with
abiotic variables and chlorophyll a have been shown in Table 3.
Chlorophyll a was the variable with the highest correlation at B35,
B33, U33 and U30. Water temperature had significant positive correla-
tions only at the inner salinity sites of both estuaries, where chlorophyll
a concentration best correlated with temperature. River flow (particu-

larly of the Ibaizabal-Nerbioi river) showed significant negative corre-
lation at all salinity sites under study in the estuary of Bilbao, but not in
the estuary of Urdaibai.

Correlations of year scores along axis 1 with abiotic variables and
chlorophyll a have been shown in Table 4. Results showed DOS to be
the only variable with significant correlation at B33, and stratification
index and river flow (with negative correlations) at B30. No significant
correlations were observed at B35 or at any of the salinity sites of the

Fig. 2. Time-series mean (+SD) densities of total mesozooplankton for each month at the 30 (dotted line), 33 (dashed line) and 35 (continuous line) salinity sites of the estuary of Bilbao
(left) and Urdaibai (right).

Fig. 3. Month scores on Axis 1 obtained from RDA analyses performed with month as categorical explanatory variable and year as categorical covariable for the 30 (dotted line), 33
(dashed line) and 35 (continuous line) salinity sites of the estuary of Bilbao (left) and Urdaibai (right). *On right axis.

Table 1
Correlation coefficients and p-values (in parentheses) of between-site Spearman rank
correlation analyses of month scores on Axis 1 obtained in RDAs. Significant correlations
in bold.

B33 B30 U35 U33 U30

B35 0.979
(< 0.001)

0.874
(0.001)

0.734
(0.007)

0.895
(< 0.001)

0.916
(< 0.001)

B33 0.860
(< 0.001)

0.671
(0.017)

0.881
(< 0.001)

0.888
(< 0.001)

B30 0.385
(0.217)

0.643
(0.024)

0.748
(0.005)

U35 0.832
(0.001)

0.776
(0.003)

U33 0.902
(< 0.001)
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estuary of Urdaibai.

4. Discussion

4.1. Seasonal variations

In both of the estuaries under study, with the exception of U35, total
mesozooplankton abundance showed maximum values in the warm
season, in late spring-summer, as in most temperate estuarine systems
(Knox 1986). Temperature can enhance zooplankton production and
hatching of dormant eggs in some species (Ambler et al. 1985), and it
has been shown to exert a relevant influence on zooplankton dynamics
in estuaries (Modéran et al. 2010; Marques et al. 2014). However, it has
to be born in mind that for most zooplankton the seasonal cycle is
basically triggered by the specific life-history traits (Ribera d'Alcalà
et al., 2004). Furthermore, temperature may indirectly control food
availability of zooplankton (Mackas et al. 2012), and this seems to be
the primary driver of the main mode of mesozooplankton seasonal
variability in the estuaries of Bilbao and Urdaibai, since chlorophyll a
was the variable with the highest correlation in most salinity sites of
both estuaries. Exception was at U35 and B30, where chlorophyll a
showed the second best correlation. At U35, DOS had the highest
correlation, but DOS has been shown to be mainly related to phyto-
plankton production at this site (Iriarte et al., 2015). At B30 river flow
was the variable that showed the highest correlation with the main
mode of mesozooplankton variability. Longer residence times due to
low river flows during summer, as it has been reported for the estuary
of Bilbao (Uriarte et al. 2014), can also contribute to the elevated
mesozooplankton numbers during the warm season through reduced
flushing. Our data also showed earlier occurrences of the annual peak
density of total mesozooplankton along the salinity gradient from 30 to
35 salinities in both estuaries. In fact, at U35 the annual cycle of total
mesozooplankton abundance differed clearly from the estuarine pattern
and showed an early spring maximum followed by a secondary peak in
late summer with a decline in between. The latter pattern resembles
those of shelf areas of the southern Bay of Biscay, particularly of the
Xixón site (Bode et al. 2013b). Clear differentiation of the 35 salinity
site of the estuary of Urdaibai from the rest of sites, was also evident by
the earlier occurrence of maxima of quantitatively important mesozoo-
plankton groups such as cladocerans, cirripede larvae and bivalve
larvae at this zone, when compared to the same salinity site of the
estuary of Bilbao and to the lower salinity sites of both estuaries. At
U35, the annual maxima of total mesozooplankton and many relevant
groups coincided with the annual maximum of chlorophyll a, and both

mesozooplankton densities and chlorophyll a showed declines in
summer. Therefore, as stated above, this decrease of mesozooplankton
in summer could be related to the lower phytoplankton (food) avail-
ability, which is, in turn, linked to the summer depletion of nutrients
(Iriarte et al. 1997b; Villate et al. 2008). Similarly, in shelf waters of the
Bay of Biscay high correlation between phytoplankton and zooplankton
has been observed, indicating direct transfer of biomass via the classical
herbivore food web (Stenseth et al. 2006). At B35, the seasonal pattern
of mesozooplankton abundance and community variability differed
clearly from the shelf pattern observed at U35, and was more similar to
the estuarine pattern observed in lower salinity sites. The 35 salinity
site of the estuary of Bilbao is greatly affected by the estuarine plume
(Ferrer et al. 2009) and consequently no (or little) limitation of
phytoplankton growth by nutrients can be expected in summer. There-
fore, differences between estuaries in axial variations of the seasonal
pattern of mesozooplankton community could be related to differences
in hydrodynamic features (related to tidal flushing) between estuaries,
which affect residence times, nutrient availability and phytoplankton
standing stocks. Axial variations in zooplankton abundance have also
been found to be related to residence times and phytoplankton standing
crops in other estuaries (Badylak and Phlips 2008).

Cirripede larvae were one of the most abundant groups in the
estuaries of Bilbao and Urdaibai, in agreement with findings for other
coastal-estuarine areas of the Bay of Biscay (Castel and Courties 1982)
and other temperate estuaries elsewhere in the North Atlantic
(Muxagata et al. 2004), and they made a high contribution to the main
mode of seasonal variability of the mesozooplankton community at all
salinity sites in both estuaries. Cirripede larvae were responsible to a
great extent for the differentiation of the community annual cycle at
U35, since they showed a clearly defined seasonal maximum in early
spring at the highest salinity site, but seasonal maxima in summer at
lower salinity sites, which matched the seasonal cycles of chlorophyll a
at each salinity site. This suggests that, the abundance of cirripede
larvae is related to the timing of phytoplankton increase. In agreement,
maximal abundance of barnacle larvae was found to be synchronized
with the spring bloom in Avacha Inlet (Korn and Kulikova 1995) and
coastal waters of the western English Channel (Highfield et al. 2010). In
the estuary of Bilbao, however, the timing of the annual maxima of
cirripede larvae only changed from mid spring to early summer with
decreasing salinity, in accordance with the seasonal maxima recorded
in early summer in the inner estuary of Southampton Water (Muxagata
et al. 2004). Although annual maxima of cirripede larvae did not
coincide in time with chlorophyll a annual maxima in the estuary of
Bilbao, they also occurred under conditions of high chlorophyll a

Fig. 4. Patterns of seasonal variability of chlorophyll a, calculated according to the multiplicative model described in Cloern and Jassby (2010), for the 30 (dotted line), 33 (dashed line)
and 35 (continuous line) salinity sites of the estuary of Bilbao (left) and Urdaibai (right).
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concentrations.
Cladocerans also made a marked contribution to the seasonality of

mesozooplankton community in the outer estuarine sites, but this
contribution decreased towards the lower salinity sites, particularly in
the estuary of Urdaibai, because the two main species (Evadne
nordmanni and Podon intermedius) are neritic (Alcaraz 1981) and
penetrate in the estuary presumably as far as environmental constraints
such as salinity allow them to do so (Uriarte and Villate 2004). In the
estuary of Urdaibai cladoceran maxima were observed in early spring,

whereas in the estuary of Bilbao maxima occurred in late spring-early
summer. These two cladoceran species showed annual maxima in
spring in an area 20 km off the coast in the Bay of Biscay (d'Elbée
et al. 2014) and in spring and summer in the nearby estuary of Plentzia
(Villate and Orive 1981). Evadne nordmanni has been reported to peak
in summer at higher latitudes in the White Sea (Usov et al. 2013) an in
winter at lower latitudes in the Alboran Sea (De Souza et al. 2011).
Differences between the estuaries of Bilbao and Urdaibai in the
seasonality of phytoplankton maxima in the outer estuary could

Fig. 5. Mesozooplankton taxa scores on Axis 1 from RDA analyses performed with month as categorical explanatory variable and year as categorical covariable for the 30, 33 and 35
salinity sites of the estuary of Bilbao (left) and Urdaibai (right). APPE: appendicularians, BIVA: bivalve larvae, CHAE: chaetognaths, CIRR: cirripede larvae, CLAD: cladocerans, COPE:
copepods, DECA: decapods larvae, DOLI: doliolids, FISH: fish eggs and larvae, GAST: gastropod larvae, HYDR: hydromedusae, NOCT: Noctiluca, POLY: polychaete larvae, SIPH:
siphonophores.
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contribute to the differences in the seasonality of cladocerans observed
in the present work. Being filter feeders, most cladoceran species feed
on algae as the principal food because of their suitable size, motility and
nutritional value (Brown et al. 1997), although they have been shown
to consume also components of the microbial food web (Katechakis and
Stibor 2004).

Fish eggs and larvae made a substantial contribution in the outer

estuary of Bilbao and much lower in the outer estuary of Urdaibai. Eggs
and larvae of marine fishes, mainly pilchard (Sardina pilchardus) and
anchovy (Engraulis encrasicolus), penetrate in these estuaries from shelf
waters (Villate, 1989–1990; Uriarte and Borja 2009) and they are less
abundant and show a decrease in the contribution to the estuarine
mesozooplankton seasonality in the landward direction, as salinity
decreases. Also, pollution, which increases towards the inner estuary,

Fig. 6. Time-series mean (+SD) densities for each month of selected mesozooplankton taxa that made a relevant contribution to the seasonal pattern of mesozooplankton community
(holoplankton and meroplankton) at the 30 (dotted line), 33 (dashed line) and 35 (continuous line) salinity sites of the estuary of Bilbao (left) and Urdaibai (right).
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and which was particularly strong in the estuary of Bilbao (e.g. low
oxygen, high ammonia, Iriarte et al. 1997a; Villate et al. 2013), can
compromise the fitness and survival of fish, including eggs and larvae
(Bardon-Albaret and Saillant 2016). The lower presence and lower
contribution to the main mode of mesozooplankton seasonal pattern of
fish eggs and larvae in the estuary of Urdaibai, even in the outer
estuary, could be related to the hydrologically less stable conditions in
this system than in the estuary of Bilbao, which has been shown to
hinder retention in other estuaries too (Whitfield 2005).

The contribution of bivalve larvae to the main mode of seasonal
variability of mesozooplankton in the estuary of Bilbao increased
relative to other taxa towards the inner estuary. This may be because
other taxa which are more relevant in the outer estuary, such as
cladocerans, cnidarians, or fish eggs and larvae, decrease their abun-
dance in the inner estuary, whereas bivalve larvae do not show
significant changes in density along the salinity gradient, in agreement
with findings in a previous work (Uriarte and Villate 2004).

Gastropod larvae made a significant contribution to the main mode
of seasonal mesozooplankton variability in the inner and intermediate
estuary of Urdaibai, but not in the estuary of Bilbao. This difference
between estuaries is due to gastropod larvae (mainly Peringia ulvae,
reported previously as Hydrobia ulvae) being more abundant and

representative in the estuary of Urdaibai than in the estuary of
Bilbao, as was also found by Uriarte and Villate (2004), due to the
much higher availability of soft sediment intertidal areas in the former
estuary. Peringia ulvae has been found to reach the highest densities on
muddy-sandy sediments in a broad belt at approximately mid-tide level
(Newell 1962), but the estuary of Bilbao has lost almost all of its

Fig. 7. Mean annual (+SD) densities of total mesozooplankton at the 30 (dotted line), 33 (dashed line) and 35 (continuous line) salinity sites of the estuary of Bilbao (left) and Urdaibai
(right).

Fig. 8. Year scores on Axis 1 obtained from RDA analyses performed with year as categorical explanatory variable and month as categorical covariable for the 30 (dotted line), 33 (dashed
line) and 35 (continuous line) salinity sites of the estuary of Bilbao (left) and Urdaibai (right). *On right axis.

Table 2
Correlation coefficients and p-values (in parentheses) of between-site Spearman rank
correlation analyses of year scores on Axis 1 obtained in RDAs. Significant correlations in
bold.

B33 B30 U35 U33 U30

B35 0.762
(0.028)

0.429
(0.289)

0.310 (0.456) 0.857
(0.007)

0.881 (0.004)

B33 0.071
(0.867)

0.571 (0.139) 0.929
(0.001)

0.952
(< 0.001)

B30 −0.119
(0.779)

0.190
(0.651)

0.119 (0.779)

U35 0.690
(0.058)

0.548 (0.160)

U33 0.952
(< 0.001)
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original intertidal areas due to land reclamation and channelization of
its watercourse (Cearreta et al. 2004).

4.2. Interannual variations

Regarding interannual variations, mesozooplankton density in-
creased during the study period in the highest salinity site of the
estuary of Urdaibai. Overall, increasing trends of zooplankton density
for this period, albeit with differences in the specific year-to-year
variations, have also been reported in other coastal areas, e.g. outer Ría
de Vigo in the Iberian peninsula (Buttay et al. 2015) and L4 station in

the English Channel (Reygondeau et al. 2015). This would suggest the
influence of an external driving force acting at regional or supra-
regional scales. In fact, no significant correlation with any of the
environmental factors under study was observed. Zooplankton have
already been shown to be responding to hydro-climatic variables that
act at the regional to oceanic scale (Beaugrand et al. 2009). However, in
the highest salinity site of the estuary of Bilbao no such increase in
density was observed, presumably because of a larger influence of the
estuarine plume, and therefore, of local factors.

There were clear differences between estuaries and salinity sites in
the contribution of taxa to the main mode of interannual variability of

Fig. 9. Mesozooplankton taxa scores on Axis 1 obtained from RDA analyses performed with year as categorical explanatory variable and month as categorical covariable for the 30, 33
and 35 salinity sites of the estuary of Bilbao (left) and Urdaibai (right). Taxa abbreviations as in Fig. 5.
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mesozooplankton community. In most estuarine sites meroplankton
taxa contributed most, polychaete larvae showing positive trends and
hydromedusae showing negative trends. These two taxa were also
shown to contribute highly to mesozooplankton variability in the
estuary of Bilbao in a previous study covering 3 years (Intxausti et al.
2012). The occurrence of gelatinous zooplankton in the marine
environment, in general, appears to be pulsed, (see Boero et al.
2008). Alternation of irregular low and high abundance phases with
variable lags seems to be common (Boero et al. 2008), which would

agree with the fact that in later years the trends observed in the
gelatinous predators were not maintained in the estuaries of Bilbao and
Urdaibai (unpublished data). In some studies a large variability in
trends of gelatinous zooplankton between relatively nearby areas has
been observed (Bode et al. 2013a), however, in the estuaries of Bilbao
and Urdaibai the decreasing trend was observed at all stations along the
salinity gradient, although such trend was not so clear at B30. In
Jiaozhou Bay (China) in different habitats both inside and outside the
bay the same unidirectional variation patterns in small jellyfish were

Fig. 10. Mean (+SD) annual densities of selected mesozooplankton taxa that made a relevant contribution to the year-to-year variations pattern of mesozooplankton community in the
estuaries of Bilbao (left) and Urdaibai (right).
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observed (Sun et al. 2012). Interestingly, in general, ordination analysis
showed opposite signs for copepods and cnidarians in the estuaries of
Bilbao and Urdaibai. This type of inverse relationship has also been
noted in other coastal areas of the Iberian Peninsula (Bode et al. 2013a)
and elsewhere (e.g. Molinero et al. 2008). It may be that in these
Basque coast estuaries, copepod growth is favoured under low gelati-
nous predator abundances, because of lower predation, as suggested for
other areas (Molinero et al. 2008). The outer estuary of Urdaibai and
the inner estuary of Bilbao, however, showed marked deviations from
the above described general pattern of taxa contribution. In the outer
estuary of Urdaibai, together with hydromedusae, bivalve larvae and
gastropod larvae, instead of polychaete larvae, made the highest
contribution to the interannual pattern. Polychaete larvae in the

estuaries of Bilbao and of Urdaibai include mainly spionid larvae
(Uriarte and Villate 2004), which are known for their high tolerance
to pollution (Fritzsche and von Oertzen 1995) and, accordingly, they
were far less abundant in the outer well flushed zone of Urdaibai than
in the intermediate and inner zones, as observed also by Villate (1991).
In addition, as stated above, gastropod larvae were more abundant in
the estuary of Urdaibai than in the estuary of Bilbao because of the
larger intertidal areas covered with soft sediments in the former. The
increasing pattern of gastropod larvae in the estuary of Urdaibai might
be related to the fact that intertidal gastropod larvae are responding to
the effect of global warming along the Iberian Peninsula (Rubal et al.
2013), but data for more years should be obtained to confirm this
hypothesis.

Fig. 11. Sum of all canonical eigenvalues obtained from: (i) RDA analyses performed with month as categorical explanatory variable and year as categorical covariable (A, C); (ii) RDA
analyses performed with year as categorical explanatory variable and month as categorical covariable (B, D) for the 30, 33 and 35 salinity sites of the estuary of Bilbao (left) and Urdaibai
(right).

Table 3
Spearman correlation coefficients and p-values (in parentheses) between the month scores along axis 1 obtained in RDA analyses and abiotic factors and chlorophyll a. Significant
correlations in bold.

B35 B33 B30 U35 U33 U30

WT 0.566 (0.055) 0.552 (0.063) 0.783 (0.003) 0.105 (0.746) 0.433 (0.159) 0.650 (0.022)
Chla 0.832 (0.001) 0.867 (< 0.001) 0.804 (0.002) 0.671 (0.017) 0.774 (0.003) 0.741 (0.006)
DOS 0.776 (0.003) 0.014 (0.966) −0.790 (0.002) 0.741 (0.006) 0.417 (0.178) −0.007 (0.983)
STR −0.573 (0.051) −0.629 (0.028) −0.788 (0.002) −0.404 (0.192) −0.522 (0.082) −0.517 (0.085)
SDD −0.182 (0.572) −0.127 (0.695) 0.200 (0.534) – 0.515 (0.087) −0.273 (0.391)
RFin −0.650 (0.022) −0.622 (0.031) −0.846 (0.001) – – –
RFk −0.580 (0.048) −0.545 (0.067) −0.783 (0.003) – – –
RFo – – – −0.238 (0.457) −0.403 (0.194) −0.517 (0.085)

WT: water temperature, Chla: concentration of chlorophyll a, DOS: dissolved oxygen saturation, STR: salinity stratification index, SDD: Secchi disk depth, RFin: Ibaizabal-Nerbioi river
flow, RFk: Kadagua river flow, RFo: Oka river flow.
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The inner estuary of Bilbao showed the most dissimilar interannual
pattern, since copepods made the highest contribution, together with
many other taxa with similar high contributions. This can be explained
by the process of recolonization by mesozooplankton (which were
virtually absent under the highly polluted past conditions) that has
taken place in the inner estuary of Bilbao (Uriarte et al. 2016),
following improvement in estuarine sediment and water quality
(Borja et al. 2010; Villate et al. 2013). In this recolonization process,
the introduction and settlement (attaining high abundances) of non-
indigenous copepod species, such as Acartia tonsa and Oithona davisae,
has been notorious (Aravena et al. 2009; Uriarte et al. 2016). The lack
of a significant correlation between DOS (the most important stress
factor in the highly polluted estuary of Bilbao, see González-Oreja and
Saiz-Salinas 1998) and mesozooplankton in the inner estuary of Bilbao
may partly be explained by the facts that A. tonsa can adapt well to low
and variable concentrations of dissolved oxygen (Kimmel et al. 2009)
and marine biota respond to multiple environmental drivers which
cause non-linear changes in the performance of organisms (Boyd and
Brown 2015).

4.3. Contribution of months and years to mesozooplankton variability

The percentage variation of mesozooplankton explained by months
and years showed differences between estuaries. Overall, months
explained more of the variability in the estuary of Bilbao (at B35 and
B33), where the seasonal pattern of zooplankton along the estuary was
more uniform, whereas years explained more of the variability in the
estuary of Urdaibai (at U35 and U33), likely due to the larger
differences in the seasonal pattern along the estuary and the high
influence of shelf water dynamics in the year to year variations in the
outer estuary.

Furthermore, the percentage variation of mesozooplankton ex-
plained by months and years showed different trends along the salinity
gradient of the estuary of Bilbao. The decrease of the percentage
variation explained by months and the increase of the percentage
variation explained by years from the outer to the inner estuary
indicated less stable seasonal patterns and stronger interannual varia-
tions of mesozooplankton in the inner estuary, due to some extent to the
recolonization by native zooplankton and the arrival and settlement of
non-native species (Uriarte et al. 2016).

5. Conclusions

There were spatial differences in the mesozooplankton seasonality,
both within and between estuaries, linked to differences in hydrody-
namic features and anthropogenic nutrient enrichment which drive
seasonal patterns of phytoplankton biomass. The within estuary
seasonal differences in mesozooplankton community were mainly
shown through a seaward advance in the seasonal peaks from summer
to spring along the salinity gradient, in relation to differences in food
(phytoplankton) availability during the summer, in turn, related to
inorganic nutrient availability. This inner-outer seasonal variation was

mainly observed in the estuary of Urdaibai, where the mesozooplankton
of the outermost zone showed a bimodal cycle with a maximum in early
spring (related to the spring phytoplankton bloom) and a drop in
summer by nutrient depletion, which resembles patterns in shelf
waters. In fact, the main differences in the seasonal pattern of
mesozooplankton between estuaries was found at the highest salinity
zone, because in the outer estuary of Bilbao the seasonal pattern was
more similar to that observed for intermediate and inner zones (the
estuarine pattern), likely due to the influence of the estuarine plume
providing nutrients to the outer estuary, and allowing relatively high
phytoplankton standing stocks in summer.

Cladocerans and cirripede larvae made a high contribution to the
seasonal patterns of mesozooplankton community in both estuaries, but
there were also relevant differences between estuaries, which were
attributable to local factors, partly linked to man-made physical
modifications. Fish eggs and larvae made a higher contribution to the
seasonal mesozooplankton pattern at the outer estuary of Bilbao than at
the outer estuary of Urdaibai, likely related to the low hydrological
stability of the latter one that hinders larval retention. Gastropod
larvae, however, made a higher contribution to the seasonal mesozoo-
plankton community pattern in the estuary of Urdaibai because of their
much higher abundance in this estuary, as a result of the presence of
large areas of soft substrate benthic habitats, which have been
enormously reduced by land reclamation and channelization of the
watercourse in the estuary of Bilbao.

Differences in interannual variations of mesozooplankton were also
apparent between and within estuaries. Clear unidirectional trends of
mesozooplankton increase and community variability were observed at
the inner estuary of Bilbao and at the outer estuary of Urdaibai,
respectively. In the first case, the observed increase of total mesozoo-
plankton and several groups like copepods, bivalve larvae and gastro-
pod larvae was a response to the estuarine rehabilitation process that
has taken place during the study period and which has allowed the
penetration of native zooplankton and the settlement and massive
growth of non-indigenous copepod species. In the case of the outer
estuary of Urdaibai, it may be the response to some extent to forces that
act at regional scales on marine systems. In the other zones of both
estuaries, in general, the taxa that contributed most to the interannual
variations in mesozooplankton community were polychaete larvae and
hydromedusae, with increasing and decreasing trends respectively.
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