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A B S T R A C T

Phytoplankton responds rapidly to nutrient availability variations, becoming a useful indicator for eutrophica-
tion and/or management actions to reduce it. The present study evaluated the medium-term response of the
phytoplankton community of a temperate estuary (Urdaibai estuary) to the cessation of discharges from a
wastewater treatment-plant (WWTP), comparing the physicochemical conditions and the phytoplankton com-
munity before (2020) and after (2022) the sewerage works. The cessation led to a decrease of ammonium and
phosphate, causing decreases of phytoplankton biomass in the outer and middle estuary and increases in the
surroundings of the WWTP. Community composition also changed, recording an increase of prasinoxanthin-
containing algae’s contribution to total biomass, and a composition shift in the inner estuary, from mainly fla-
gellates (alloxanthin-containing and chlorophyll b-containing algae) to the increase of diatoms, which could be
prompted by the change of nutrient-ratios and the nitrogen source, and might indicate the recuperation of the
system.

1. Introduction

Cultural eutrophication, i.e., water over-enrichment by nutrients
(especially nitrogen and phosphorus) to produce an undesirable
disturbance to the water balance of organisms and the water quality
(European Commission, 1991; OSPAR, 2003), has become the primary
and most widespread anthropogenic threat to the health of freshwater
and coastal ecosystems (Field and Barros, 2014; Malone and Newton,
2020; Smith and Schindler, 2009). Although this excessive nutrient
enrichment is mainly caused by anthropogenic nutrient inputs from
human activities (e.g., wastewater, synthetic fertilizers, and aquacul-
ture) (Malone and Newton, 2020), it is also driven and accelerated by
climate change (Paerl, 2006; Sinha et al., 2017). Eutrophication is
considered the main threat to the integrity of estuaries worldwide (e.g.,
Adams et al., 2020; Dutto et al., 2012; Niu et al., 2020), causing
degradation of the systems via the enhancement of primary production
in response to nutrient loadings. This results in the loss of biodiversity
(mostly submerged aquatic vegetation), increased frequency and extent
of harmful algal blooms (HABs) (Glibert et al., 2018; Paerl, 2018),

coastal acidification (Cai et al., 2011; Liang et al., 2021), turbidity
(Cloern, 2001), hypoxic conditions due to microbial oxygen consump-
tion (Li et al., 2020), imbalanced food webs, and altered biogeochemical
cycling (Ferreira et al., 2011; Lemley and Adams, 2019).

Its basal position in the food chain makes phytoplankton the link
between inorganic nutrients and the rest of the trophic levels (Seoane
et al., 2011), and it is known to be the first autotrophic community to
respond to variations in nutrient availability (Paerl et al., 2003). Un-
balanced loadings of nitrogen (N) and phosphorus (P) can lead to
changes in the N:P:Si nutrient ratio, creating Si-, P- or N-limitation and
conditioning phytoplankton community composition (Lie et al., 2011;
Wu et al., 2017a), which can have profound ecological consequences
(VanMeerssche and Pinckney, 2019). Generally, eutrophication tends to
favor the dominance of small, fast-growing phytoplankton organisms
(“r”-selected species) (Bužančić et al., 2016; González and Roldán,
2019). Additionally, the forms of N, the primary cause of eutrophication
in most coastal ecosystems (e.g., Paerl, 2018), can also result in alter-
ations the community composition. Diatoms appear to be nitrate (NO3

− )
opportunists, becoming the dominant protists in NO3

− rich waters, while
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systems that are more enriched with chemically reduced N forms
(ammonium) often result in communities dominated by mixotrophic
dinoflagellates or (pico)cyanobacteria (Glibert et al., 2016). Conse-
quently, phytoplankton is a useful indicator for the assessment of the
ecological status of surface waters like estuaries (e.g., within the Euro-
pean Water Framework or Marine Strategy Directives; WFD or MSFD)
(Seoane et al., 2011) and/or to assess the effectiveness of management
strategies to mitigate adverse changes like nutrient enrichment (Eccles
et al., 2020; Li et al., 2018).

Human sewage is the most prevalent urban source of nutrient pres-
sure, with an estimated release of ~ 9 × 109 kg N yr− 1 into the envi-
ronment in 2018 (Malone and Newton, 2020). However, growing
evidence suggests there is a global trend towards reversing eutrophica-
tion (Ibáñez and Peñuelas, 2019). In developed countries, N and P inputs
to coastal areas through riverine discharge are being reduced (termed
reoligotrophication) with enforced water quality regulations and tech-
nological advances in wastewater treatment facilities (e.g., Groll, 2017).
However, understanding of the effects of eutrophication and reoligo-
trophication mainly comes from studies of shallow lakes (e.g., Sand--
Jensen et al., 2017; Tong et al., 2017). Changes in rivers and estuaries
are less well understood (Ibáñez and Peñuelas, 2019), but several studies
have reported an abrupt shift from phytoplankton to macrophytes as
dominant primary producers (from green to clear waters) in response to
reoligotrophication in rivers and estuaries (Ibáñez et al., 2012; Riemann
et al., 2016).

In this context, the Urdaibai estuary received direct discharges of
wastewaters coming from Gernikas’ wastewater treatment plant
(WWTP) from 1972 to 2021. The WWTP had primary and secondary
treatment but did not allow efficient removal of N and P, discharging
large amounts of inorganic nutrients, together with organic wastes and
faecal bacteria (Franco et al., 2004; Revilla et al., 2000). As a result, the
direct discharges to the innermost area of the Urdaibai estuary have
represented the main source of pollution and water quality degradation
of the system, making the inner estuary susceptible to eutrophication
(Revilla et al., 2017). Indeed, some areas of the system did not fulfil the
environmental objectives set by the WFD (Borja et al., 2021), with very
high ammonium and phosphate concentrations that led to high phyto-
plankton biomass (eutrophication). However, sewerage system renova-
tions were implemented in the area lately to address this issue (Revilla
et al., 2017), which resulted in the diversion of the effluent from Ger-
nikas’ WWTP outside the estuary in July 2021, after five decades of
discharges.

Several studies have addressed the physicochemical properties (e.g.,
Iriarte et al., 2010, 2015), human impacts (Castillo‒Eguskitza et al.,
2017; Iriarte et al., 2016), and phytoplankton community (e.g., Anso-
tegui et al., 2003; Bilbao et al., 2023; Franco, 1994; Revilla et al., 2000;
Trigueros et al., 2000) of the Urdaibai estuary before the sewerage
works. However, there is little knowledge on the effect of cessation of
wastewater discharges to the estuary. Bilbao et al. (2022) evaluated the
immediate effect of sewerage improvement on the water quality
throughout the Urdaibai estuary based on nutrients and phytoplankton,
confirming that the cessation led to an abrupt decrease of ammonium
and phosphate concentrations and changes in the phytoplankton com-
munity composition of inner Urdaibai estuary. Nevertheless, the
sampling-period of this study was short, covering just one summer
month, and the real effect of the sanitation works in the Urdaibai estuary
is still unknown.

The aim of this study was to evaluate the medium-term response of
the phytoplankton community of the Urdaibai estuary to the cessation of
the wastewater discharges by comparing it before (in 2020) and after (in
2022) the sewerage works. The phytoplankton biomass and community
composition changes were analysed, focusing on variations in the
dominance of groups and algal blooms (abundance and frequency),
together with the relationship between local environmental changes and
the phytoplankton variations detected. The research hypothesis was that
the decrease of N and P concentrations would lead to a decrease of

phytoplankton biomass and blooms as well as a change in the commu-
nity composition throughout the entire estuary.

2. Material and methods

2.1. Study area

The present study was carried out at Urdaibai estuary, situated on the
Basque coast (43◦ 22′N, 2◦ 43′W), in northern Spain, and draining into
the southeaster Bay of Biscay (Fig. 1). The region experiences a
temperate-oceanic climate, characterized by mild winters and warm
summers, and it is influenced by both the Gulf Stream and the atmo-
spheric westerlies in the middle and upper troposphere (Usabiaga et al.,
2004).

Urdaibai estuary is a short (13.7 km) and shallow (average depth of
2.59 m) meso-macrotidal system formed by the tidal part of the Oka
River (Barroeta et al., 2023). The estuary covers 1.89 km2 (Villate et al.,
1989), with a relatively small freshwater contribution (mean flow of 3.6
m3 s− 1) compared to the total volume of the estuary (3.29 × 106 m3)
(Valencia et al., 2004). As a result, tidal cycles exert a significant in-
fluence, leading to a predominantly marine-dominated estuary during
high tide. The water residence time and the stratification vary within the
system (Villate et al., 2017). Longer residence times (between 3 and 86
days) and partially stratified conditions prevail in the middle and inner
areas, while the outer zone features residence times shorter than 1 day
and a well-mixed water column, due to the substantial tidal flushing
(Barroeta et al., 2020; Franco, 1994). However, the system’s volume and
flushing rates can undergo noticeable variations, due to its geo-
morphology and, mostly, the torrential nature of the Oka River, with
intermittent large flows disrupting the typical pattern of the estuary
(Madariaga et al., 1994). Based on morphology, the estuary is divided
into three areas (Villate et al., 2017) (Fig. 1): the outer estuary, with
marine character, sandy beaches and intertidal flats; the intermediate
estuary, comprising a central channel flanked by salt marshes and a
complex system of secondary channels; and the inner estuary, a
4-km-long and 15-m-wide artificial channel bordered by reed beds that
reaches Gernika. This spatio-temporal variability has direct effects on
the physicochemical and biological characteristics of the Urdaibai es-
tuary, leading to short-term changes in the environmental conditions
and phytoplankton communities of the system (Madariaga et al., 1994).

2.2. Sampling and data acquisition

To determine the effect of the diversion of wastewaters outside the
Urdaibai estuary, which was conducted in July 2021, samples were
collected in 2020 (pre-sewerage works) and 2022 (post-sewerage
works), from March to October, fortnightly. Six permanent sampling
stations throughout the estuary’s longitudinal axis (Fig. 1) were studied,
strategically placed to cover the entire salinity gradient: one in the outer
estuary (URD1), one in the middle estuary (URD2), and four in the inner
estuary (URD3, URD4, URD5, and URD6). URD6 was situated in Ger-
nikas’ WWTP discharge area. An additional station in the Oka River was
set up to monitor its physicochemical properties before arriving to the
WWTP area. Due to COVID-19 restrictions, no sampling occurred in the
first half of April 2020 and thus, to ensure data comparability between
2020 and 2022, the first sampling of April 2022 was excluded. Conse-
quently, 182 samples were collected, corresponding to 26 sampling days
(13 each in 2020 and 2022) across the seven sampling stations.

Estuarine water samples were collected during high tide, 0.75 m
below the surface and using a 2.5 L plastic Niskin bottle, in an hour-long
boat transect from URD1 to URD6. Throughout all sampling days, tidal
heights ranged between 3.5 and 4 m, which is considered negligible for a
meso-macrotidal estuary, aiming to mitigate its potential as a con-
founding factor in the physicochemical conditions of the estuary.
Additionally, this study exclusively considered subsurface samples to
avoid potential impacts from sediment resuspension processes and the
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freshwater of the surface layer (Madariaga and Orive, 1989). The
collected water was analysed for inorganic nutrients, phytoplankton
biomass, and community composition. Additionally, in situ measure-
ments of physicochemical parameters were performed at each station,
including salinity, temperature, conductivity, pH, dissolved oxygen
(DO), oxygen saturation, and turbidity, employing the multi-parameter
water quality meter EXO2 (YSI). Water column depth was recorded with
the GPS sounder of the boat, while water transparency was estimated
using a Secchi disc. At the Oka River station, due to its shallow depth,
water for inorganic nutrient analysis was directly collected from the
surface, together with the in situ measurements of the aforementioned
physicochemical parameters.

The dissolved inorganic nutrients subjected to analysis were
ammonium, nitrite, nitrate (derived from total oxidized nitrogen),
orthophosphate, and silicate. Their determination was conducted at the
Chemical Laboratory of the Marine Research Unit within AZTI (Pasaia,
Gipuzkoa), using VIS/UV colorimetry in an automated 5-channel ana-
lyser with segmented flow. The determination of individual concentra-
tions for these dissolved inorganic nutrients followed classical and
widely accepted colorimetric reactions, applicable to both inland and
marine waters (GO-SHIP manual by Hydes et al., 2010). The quantifi-
cation limit for ammonium, nitrate, and silicate was 1.6 μmol L− 1, 0.4
μmol L− 1 for nitrite, and 0.16 μmol L− 1 for phosphate. When nutrient
concentrations were recorded below the quantification limit, hypo-
thetical values were applied for data analysis and graphical represen-
tation, assuming that the concentrations were 50% of the limit.
Additionally, nutrient ratios of the Urdaibai estuarine waters were
determined, comparing them with the balanced nutrient composition
(DIN:Si:P ratio of 16:16:1) described by Redfield (1958) and observing
their variability over time and space. For this, dissolved inorganic Ni-
trogen (DIN) was calculated by summing the concentrations of ammo-
nium, nitrite, and nitrate, orthophosphate was considered dissolved
inorganic phosphate (P), and silicate was assumed to be dissolved sili-
cate (Si) (e.g., Sun et al., 2022).

Meteorological data (i.e., air temperature, hours of sunshine, radia-
tion, and monthly-accumulated rainfall) was provided by the Basque
Agency of Meteorology (Euskalmet) and the Spanish State

Meteorological Agency (AEMET). Temperature and accumulated rain-
fall were available from two nearby meteorological stations (Euskal-
met), Muxika (43◦17′ N, 2◦41′ W, 16 m height), and Arteaga (43◦20′ N,
2◦39′ W, 19 m height), and the average values from both stations were
considered. Insolation hours and radiation (AEMET) data were available
from Bilbao Airport (20 km from the estuary). Regarding the hydro-
logical data of the Oka River, Euskalmet provided daily flow values
corresponding to Muxikas’ gauging station. Additionally, using the raw
Oka River flow data, the river Flow Index was calculated following
Shortreed and Stockner (1983).

2.2.1. Phytoplankton biomass and community composition
The studies of phytoplankton biomass and community composition

were carried out mainly based on high performance liquid chromatog-
raphy (HPLC) pigment analysis. Additionally, microscopy analysis was
performed as a complementary technique, to identify and enumerate the
dominant taxa of the community and phytoplankton blooms.

Water samples for pigment analysis, stored in opaque plastic bottles,
were filtered (0.4–4 L) on the same sampling day, in dark conditions and
with a gentle vacuum (<150 mm Hg) onto Whatman GF/F glass-fibre
filters (47 mm diameter, Whatman International Ltd.). The filters were
instantly frozen in liquid nitrogen and stored at − 80 ◦C until extraction.
Extraction was done under low light, with 5 ml of 90% acetone,
employing a glass rod for grinding, and the extracts underwent filtration
through syringe filters (Millex, 0.22 μm pore size) to eliminate cell and
filter debris. The pigment analysis was conducted through HPLC,
following the procedure described by Zapata et al. (2000), with the
modification in solvent A outlined in Seoane et al. (2009). This method
enabled the identification and quantification of more than 50 different
phytoplankton pigments based on their absorbance spectra and reten-
tion times.

Chlorophyll a (Chl a) data was used to determine the spatio-temporal
dynamics of the phytoplankton biomass throughout the Urdaibai estu-
ary and to define the trophic status of estuarine waters (e.g., Bricker
et al., 2003). Following Hagy et al. (2022), hypertrophic waters were
defined as those with Chl a concentrations above 20 μg L− 1, since this
Chl a concentration is considered “high” in most estuaries and adverse

Fig. 1. Study area and sampling stations. On the left, the location of the Urdaibai estuary and the Biosphere Reserve in the Bay of Biscay (upper panel) and the
Basque coast (lower panel). On the right, the Urdaibai estuary and the sampling stations (URD1-URD6 and Oka River). The discharge point of the wastewater
treatment plant (WWTP) is also indicated.
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effects have been noted at various levels below it. Taking this into ac-
count, the frequency and magnitude of hypertrophic Chl a concentra-
tions in the Urdaibai estuary was determined and compared between
2020 and 2022.

For the pigment-based description of the phytoplankton community
composition, the chemotaxonomic tool PIGMENTUM (Bilbao and
Seoane, 2024) was applied. This tool determines the contributions of the
different phytoplankton pigment-groups to the total phytoplankton
biomass (Chl a), using pigments as biomarkers, based on a set of
simultaneous equations where the lack of exclusiveness of some of the
diagnostic pigments (DPs) is considered. Thus, the raw pigment data
obtained by HPLC is transformed in contribution percentages of
different pigment-groups (Table 1) to total phytoplankton biomass. The
DPs used by PIGMENTUM that were present in the HPLC pigment
dataset of the present study were peridinin (Peri), fucoxanthin (Fuco),
19′-butanoyloxyfucoxanthin (But), 19′-hexanoyloxyfucoxanthin (Hex),
alloxanthin (Allo), chlorophyll b (Chl b), zeaxanthin (Zea), and prasi-
noxanthin (Pras). The DP:Chl a ratios applied for the characterisation of
the community composition were the original ones proposed in Bilbao
and Seoane (2024).

As complementary information for the PIGMENTUM results, micro-
scopy analysis was performed to identify and quantify the main taxa of
the dominant pigment groups in each sample. Water samples for mi-
croscopy were immediately fixed with acidic Lugol’s solution (0.4% v/
v) after collection and stored in 125 ml topaz borosilicate bottles under
dark and cool (4 ◦C) conditions until the analysis. The taxonomic
identification and quantification of the dominant taxa relied on the
Utermöhl sedimentation method (Edler and Elbrächter, 2010) and were
conducted under a Nikon diaphot TMD inverted microscope for 10- or
50-ml subsamples. Transects at different magnifications (100× , 200× ,
or 400 × ) were performed based on the abundance and size of the
dominant taxa. The identification of most of these organisms was done
up to the genus or even species level, and the nomenclature was stan-
dardized following AlgaeBase (Guiry and Guiry, 2018).

Additionally, microscopy was used to determine phytoplankton
blooms (frequency and intensity). Following the criteria from Revilla
et al. (2009) in the Basque coast, the selected threshold to consider
blooms was that of small phytoplankton taxa: 7.5 x 105 cells L− 1. Thus,
in the present study, this bloom threshold was only considered for the
outer and middle Urdaibai estuary (URD1 and URD2), as these were the
stations with highest marine influence.

2.3. Data analysis

The main statistical parameters (median, range, and/or arithmetic
mean) were calculated for environmental and phytoplankton data, and
the graphical representations of their spatio-temporal variability for
each sampling point was performed when remarkable dynamics were
noticed. All this was performed with Windows Excel 2016.

Hydrometeorological, physicochemical, and biotic variables were
compared among sampling stations and/or between years (2020 and
2022) to seek significant differences. Due to the rejection of normality
and homoscedasticity assumptions in environmental data (Legendre and
Legendre, 1979), non-parametric univariate and multivariate statistical
tests were carried out in the present study using PAST 4.05 (Hammer
et al., 2001) to test these differences.

The univariate Mann–Whitney U test was used to determine the
significant differences (Monte Carlo permutation test, alpha: 0.05) in the
median values of the studied variables (hydrometeorological, physico-
chemical, and biotic) before (in 2020) and after (in 2022) the diversion
of the wastewaters outside the estuary. This test was performed inde-
pendently for each variable at each sampling station. Additionally,
multivariate analyses were performed to obtain a general overview of
the spatial and inert-annual variability of the physicochemical condi-
tions and phytoplankton community composition of Urdaibai estuary.
Permutational multivariate analysis of variance (PERMANOVA) was
conducted to test significant differences (alpha: 0.05) between groups
based on the Bray-Curtis distance matrix (Anderson, 2001). A two-way
PERMANOVA was used to account for the spatial (sampling stations)
and inter-annual (2020 and 2022) variability, as well as for the inter-
action of these two factors, of the environmental conditions and
phytoplankton community composition throughout the Urdaibai estu-
ary. Thus, the PERMANOVA analysis was conducted independently for
the physicochemical variables dataset (including salinity, temperature,
pH, DO, turbidity, ammonium, phosphate, nitrate, and silicate) and the
phytoplankton community composition (including all the
pigment-group contributions to total Chl a). The analyses were per-
formed for the whole study period (March–October), as well as for the
different seasons (spring and summer) individually. To complement this,
non-metric multidimensional scaling (nMDS) in 2D was carried out,
with an ordination based on the Bray-Curtis similarity index, for the
graphical representation of the interrelationships among samples ac-
cording to their similarity/dissimilarities. The nMDSwas also performed
independently for each dataset (physicochemical conditions and com-
munity composition) and for each season.

Finally, the relationship between the physicochemical conditions
and the phytoplankton community of the Urdaibay estuary was explored
using the Spearman correlation (also in PAST). The correlations were
examined independently for each year and the Bonferroni correction
was applied to the correlation analysis. Results were considered signif-
icant when they showed a p value lower than 0.05.

3. Results

3.1. Hydrometeorological conditions

The meteorological and hydrological parameters analysed in the
Urdaibai estuary showed similar conditions between March and October
of 2020 and 2022 (Annexes, Table A1 and Table A2).

The median air temperature during the study period (March-
–October) was 17.9 ◦C in 2020 and 18.3 ◦C in 2022, being August the
hottest month both years. The global monthly solar radiation (55,494 kJ
m− 2 in 2020 and 55,252 kJ m− 2 in 2022) and the median daily insola-
tion hours (5.5 h day− 1 and 5.9 h day− 1 in 2020 and 2022, respectively)
during the study period were almost the same in both years. However,
the maximum values were recorded in different months, being May in
2020 and July in 2022 the months with highest solar exposition. As for
precipitation, median monthly-accumulated rainfall betweenMarch and

Table 1
Pigment-groups defined by PIGMENTUM that were present in the Urdaibai es-
tuary and the description of the main phytoplankton taxa of each of these groups
(modified from Bilbao and Seoane, 2024). In bold, the taxonomic group from
which the DP:Chl a ratio was taken.

PIGMENTUM pigment-groups Main taxa

Peridinin containing algae (PeCA) Peri containing dinoflagellates
19′-hexanoyloxyfucoxanthin
containing algae (HCA)

Hex containing haptophytes and
dinoflagellates with Fuco-derivates

Alloxanthin containing algae (ACA) Cryptophytes and Dinophysis spp.
Prasinoxanthin containing algae
(PrCA)

Pras containing prasinophytes

Fucoxanthin containing algae
(FCA)

Diatoms, crysophytes, other minor
ochrophyte groups, Fuco-containing
dinoflagellates, and haptophytes without
Fuco-derivates

19′-butanoyloxyfucoxanthin
containing algae (BCA)

Pelagophyceae, But-containing
haptophytes, and dinoflagellates

Chlorophyll b containing algae
(CbCA)

Chlorophytes, Pras non-containing
prasinophytes, euglenophytes, and
Lepidodinium spp.

Zeaxanthin containing algae (ZCA) Cyanobacteria excluding Prochlorococcus
marinus

J. Bilbao and S. Seoane
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October was 62 L m− 2 in 2020 and 58 L m− 2 in 2022. In both cases, the
maxima were recorded in spring, in March (164 L m− 2) in 2020 and in
April (128 L m− 2) in 2022. Related to this, the median Oka River flow
during the study period was 0.22 m3 s− 1 in 2020 and 0.14 m3 s− 1 in
2022, and the highest median flow values were recorded in spring, in
March in 2020 and in April in 2022. As for the Flow Index (Annexes,
Table A2), values were much higher in spring (0.77 m3 s− 1 and 0.73 m3

s− 1 in 2020 and 2022, respectively) than in summer (0.26 m3 s− 1 and
0.19 m3 s− 1 in 2020 and 2022, respectively), also recording the maxima
in March in 2020 and in April in 2022. In addition, riverine water
temperature and conductivity were similar in both years.

The multivariate two-way (seasonal and inter-annual) PERMANOVA
performed (Annexes, Table A6) with the meteorological and hydrolog-
ical data revealed that there were no significant differences in the hy-
drometeorological conditions of the study area between 2020 and 2022.
However, the test determined significant seasonal changes (p = 0.0001)
in the hydrological conditions of the Oka River. Additionally, when
comparing every variable independently with the Mann–Whitney U test
(Annexes, Table A7), none of the meteorological nor hydrological pa-
rameters analysed showed significant differences between 2020 and
2022, confirming that the environmental conditions were similar in both
years.

3.2. Physicochemical conditions of the urdaibai estuary

The physicochemical parameters measured in the Urdaibai estuary
during 2020 and 2022 (Table 2; Annexes, Table A3) showed different
spatio-temporal patterns throughout the estuary and were affected by
the cessation of wastewater discharges in diverse ways.

Estuarine water salinity and temperature did not vary significantly
between 2020 and 2022 and showed similar spatio-temporal patterns
(Table 2). There was a marked longitudinal salinity gradient that

decreased towards the inner estuary, categorizing stations in the
following classes both years: URD1 was euhaline, URD2 and URD3 were
polihaline, and URD 4, URD5, and URD6 were mesohaline. Water
temperature between March and October registered a median value of
21.3 ◦C in 2020 and 21 ◦C in 2022, increasing from spring towards the
summer season and registering the highest values in June (25 ◦C) in
2020 and July (24.7 ◦C) in 2022.

The pH, which showed a spatial gradient throughout the estuary
with a slight decrease towards the inner area in both 2020 and 2022,
registered a significant (p < 0.01) decrease after the sewerage works
according to the Mann‒Whitney U test (Table 2, Fig. 2). Regarding DO,
no clear spatial pattern was defined throughout the estuary and the
differences between 2020 and 2022 were not significant. Estuarine
turbidity showed a marked increasing gradient towards the inner
Urdaibai estuary, both in 2020 and 2022, and the small changes
detected between the two years were not considered significant (An-
nexes, Table A8). Nevertheless, it should be highlighted that the
turbidity values in 2022 were always below 13 NTU, while several high
turbidity peaks were recorded in 2020, such as in April in URD4 (31
NTU), or in August in URD5 and URD6 (16 NTU and 23 NTU).

Inorganic nutrient concentration showed a marked longitudinal
gradient throughout the Urdaibai estuary in 2020 and 2022, all
increasing towards the inner area. However, the Oka River nutrient
concentration revealed that the estuarine ammonium and phosphate
were from anthropogenic origins, since concentrations were much
higher in the surroundings of the WWTP (URD6) than in the Oka River,
and estuarine nitrate and silicate had riverine origins, with lower con-
centrations in URD6 than in the Oka River (Table 2). Ammonium and
phosphate concentrations showed significant decreases from 2020 to
2022 according to the Mann–Whitney U test (Table 2 and Fig. 2). The
decrease in ammonium was the most noticeable, (p < 0.01), recording
median concentrations three times lower from URD1 to URD3, seven

Table 2
Median values (and range) of the physicochemical variables analysed in the Urdaibai estuary for each sampling station in 2020 and 2022. The significance of the
change between 2020 and 2022 for each sampling station according to the Mann–Whitney U test is indicated as:* for ρ < 0.05 and ** for ρ < 0.01.

Salinity (PSU) Temperature
(◦C)

pH Dissolved
oxygen (mg
L− 1)

Turbidity
(NTU)

Ammonium
(μmol L− 1)

Phosphate
(μmol L− 1)

Nitrate (μmol
L− 1)

Silicate (μmol
L− 1)

URD1 2020 33.6
(28.07–35.05)

22.38
(15.15–24.59)

8.88**
(7.85–9.77)

7.37
(6.71–8.69)

1.30
(0.48–4.63)

4.65**
(3.5–7.85)

0.35**
(0.08–0.65)

0.80
(0.8–10.3)

1.75 (0.8–14.3)

2022 34.3
(25.47–35.79)

20.33
(12.62–23.05)

7.94**
(7.57–8.06)

7.39
(6.94–9.45)

1.25
(0.61–2.74)

2.15**
(0.8–3.4)

0.20**
(0.08–0.4)

0.80
(0.8–5.6)

1.60
(5.95–38.55)

URD2 2020 28.4
(14.8–34.39)

21.39
(14.84–24.84)

8.55**
(7.85–9.33)

7.11
(6.79–9.15)

3.34
(1.15–7.71)

13.10**
(5.95–26.3)

0.50*
(0.08–0.95)

7.50
(0.8–37.25)

15.50
(3.25–58.1)

2022 29.6
(16.47–35.32)

20.85
(13.29–23.9)

7.93**
(7.85–8.02)

6.99
(6.22–8.82)

2.91
(1.73–8.41)

4.35**
(1.6–8.25)

0.45*
(0.15–0.75)

4.20
(0.8–26.8)

14.90
(5.95–38.55)

URD3 2020 24
(4.9–31.42)

21.54
(14.46–25.06)

8.44**
(7.83–9.01)

7.04
(6.04–9.76)

3.63
(2.54–9.27)

24.05**
(13.8–56.1)

0.95**
(0.35–1.75)

14.00
(0.65–5.6)

35.55
(13.75–84.1)

2022 25.5
(8.82–34.2)

21.07
(13.55–24.62)

7.88**
(7.74–8.05)

6.70
(5.97–9.29)

3.59
(1.81–8.38)

7.00**
(0.8–14.75)

0.60**
(0.25–0.8)

9.90
(2.35–26.8)

32.80
(12.75–64.85)

URD4 2020 18.6
(1.24–26.6)

21.21 (14‒
61‒25.66)

8.38**
(7.7–8.88)

7.02
(5.21–10.75)

4.58
(2.26–31.03)

57.45**
(21.5–112.9)

1.65**
(0.7–4.05)

16.60
(8.4–66.55)

51.75 (36–96.5)

2022 20.8
(2.26–31.64)

21.34
(13.64–25.1)

7.79**
(7.61–8.13)

6.34
(5.52–9.87)

4.57
(3.39–9.25)

8.65**
(1.6–20.75)

0.70**
(0.3–1.2)

14.95
(3.4–31.55)

48.20
(19.15–66.2)

URD5 2020 13.5
(0.21–20.72)

20.96
(14.57–25.66)

8.37**
(8.03–9.03)

7.13
(5.61–10.28)

6.22
(3.91–16.33)

64.10**
(30.3–166.2)

2.25*
(0.35–8.05)

21.40
(9.85–65.55)

64.45
(44.85–104.55)

2022 15.8
(0.33–26.71)

20.98
(12.99–24.96)

7.79**
(7.62–8.45)

7.00
(4.43–12.03)

8.33
(5.46–12.79)

9.10** (0.8–24) 1.15*
(0.6–2.9)

21.85
(7.1–38.4)

64.50
(54.9–95.55)

URD6 2020 10
(0.21–18.85

20.51
(14.42–25.3)

8.38**
(7.73–9)

7.13
(5.72–10.16)

7.92
(5.62–23.03)

153.35**
(65.65–334.45)

5.80**
(2.4–11.4)

22.45
(12–77.55)

76.15
(47.9–89.25)

2022 13.7
(0.24–25.69)

20.92
(13.1–25.15)

7.74**
(7.6–8.37)

6.59
(5.21–10.24)

8.48
(5.28–11.36)

10.70**
(0.8–24.2)

1.30**
(0.5–2.15)

21.00
(9.35–49.3)

64.85
(45.15–91.8)

OKA 2020 0.22
(0.19–0.24)

17.3
(12.7–19.75)

8.43**
(7.77–9.88)

8.38
(6.52–11.04)

3.01
(1–29.1)

4.35 (0.8–6.8) 0.4*
(0.08–0.95)

57.55
(48.45–88.2)

92.4
(58.5–156.3)

2022 0.22
(0.21–0.28)

17.71
(12.442–21.4)

7.93**
(7.76–8.26)

7.45
(6.37–10.35)

2.14
(1.07–4.33)

3.3 (0.8–5.6) 0.75*
(0.35–1.15)

57.35
(36.4–79.7)

158.5
(35.9–188.35)
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times lower in URD4 and URD5, and fourteen times lower in URD6. In
the case of phosphate, although the decrease was significant throughout
the entire estuary (at least p < 0.05), the impact was more pronounced
in the inner area (URD4‒URD6), registering two times lower concen-
trations in URD4 and URD5 (p < 0.01) and four times lower in URD6 (p
< 0.01). In addition, in the surroundings of the WWTP (URD6), the

maximum concentrations of ammonium (24.2 μmol L− 1) and phosphate
(2.5 μmol L− 1) in 2022 were lower or similar to the minimum in 2020
(65.6 μmol L− 1 and 2.4 μmol L− 1 of ammonium and phosphate,
respectively). In contrast, nitrate and silicate did not show significant
changes between 2020 and 2022 according to the Mann–Whitney U test
in any sampling station (Table 2; Annexes, Table A9).

Fig. 2. Spatial and temporal variability of the physicochemical variables showing significant differences throughout the Urdaibai estuary between 2020 and 2022.
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These changes in nutrient concentrations registered between 2020
and 2022 had several consequences. On the one hand, the composition
of DIN varied between years (Annexes, Table A10), being mainly
contributed by ammonium throughout the estuary in 2020 (72%) and by
nitrate (48.5%) in 2022 (although ammonium was still 44.9% of the
DIN). This change was more noticeable in the innermost estuary
(URD6), were the contribution of ammonium to DIN changed from 82%
in 2020 to 33% in 2022 (nitrate from 15% to 61%). Thus, the ammo-
nium decrease (being the main contributor to DIN in 2020) explains the
significant decrease (p < 0.01) registered in DIN concentrations from
2020 to 2022, according to the Mann–Whitney U test (Fig. 2; Annexes,
Table A8). On the other hand, changes in nutrient concentrations let to
variations in the nutrient ratios (DIN:P, DIN:Si and Si:P) of Urdaibai

estuary (Fig. 3; Annexes, Table A11). DIN:Si ratio was the most altered
by the diversion of the wastewaters, registering a significant decrease (p
< 0.01) from URD2 to URD6 in 2022 according to the Mann-Whitney U
test. Additionally, there were several other significant ratio changes
throughout the estuary, such as the DIN:P decrease in URD3, and the Si:P
increase from URD2 to URD6, being especially notable in URD6.

As a general overview, and taking all the studied physicochemical
variables into account (Table 2), the two-way PERMANOVA analysis
determined that there was a significant (p = 0.0001) spatial (between
sampling stations) and inter-annual (between 2020 and 2022) vari-
ability of the physicochemical conditions in the Urdaibai estuary in both
spring and summer (Annexes, Table A8). Additionally, the interaction of
both factors (spatial and inter-annual) also explained the

Fig. 3. Spatial and temporal variability of the nutrient molar ratios showing significant differences throughout the Urdaibai estuary between 2020 and 2022.
Horizontal dashed lines indicate the Redfield ratio (Redfield, 1958). The significance of the change between 2020 and 2022 for each sampling station according to the
Mann–Whitney U test is indicated in each graph: p < 0.05 and p < 0.01.
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physicochemical condition varied significantly in both seasons. Thus,
and although most parameters did not register individual significant
changes in each sampling station according to the Mann Whitney U test,
the estuarine physicochemical conditions were considered different in
2020 and 2022, mainly due to the noticeable changes in nutrient con-
centrations. The non‒metric multidimensional scaling (nMDS), con-
taining the variables in Table 2, illustrates the variation in the
physicochemical conditions throughout the sampling stations and be-
tween years, for both spring and summer seasons independently (Fig. 4).
As can be seen, the physicochemical conditions in the surroundings of
the WWTP (URD 5 and 6) after the wastewater diversion outside the
estuary (2022) are similar to those in URD3 before diversion (2020).

3.3. Phytoplankton biomass and blooms

In both 2020 and 2022, a general increase of biomass was observed
towards the inner estuary (Table 3; Annexes, Table A4). The lowest
median biomass values were recorded in URD1, however, the biomass
maxima area varied between years. In 2020, the highest median biomass
was registered in URD5 and the Chl amaxima (54.61 μg L− 1) in URD4. In
contrast, in 2022 the longitudinal biomass gradient was more marked,
reaching the highest median values in URD6 and decreasing gradually
until URD1. The Chl a maxima of 2022 was registered in URD 5 (251 μg
L− 1), but was also noticeable in URD6 (151 μg L− 1).

Regarding the inter-annual variability of Chl a, the outer and middle
estuary recorded significantly (p < 0.05) lower biomass values in 2022
than in 2020, this decrease being especially notable in URD1 in spring
and in URD2 in summer (Table 3). The inner estuary, on the contrary,
did not register significant changes in Chl a concentration according to
Mann–Whitney U test. Nevertheless, in the surroundings of the WWTP
(URD6), although it was not considered significant, there was a notably
higher median Chl a concentration (two times higher) in 2022 (16.8 μg
L− 1) than in 2020 (7.57 μg L− 1) in 2020, which should be taken into
account.

Regarding high biomass situations, several differences were detected
between 2020 and 2022 (Table 4). Chl a values above 20 μg L− 1 indi-
cating hypertrophic status were registered several times in the Urdaibai
estuary, always in the inner area (from URD3 to URD6) and more

frequently in 2022 than in 2020 (Table 4). During 2020, there was just
one occasion (April) in which hypereutrophic conditions were regis-
tered, from URD3 to URD6, reaching Chl a concentrations up to 54.6 μg

Fig. 4. Non‒metric multidimensional scaling (nMDS) of physicochemical
conditions in the Urdaibai estuary using Bray‒Curtis distances. Data are shown
separately for spring (upper) and summer (lower) seasons, and contain 9
physicochemical variables (i.e., salinity, temperature, pH, DO, turbidity,
ammonium, phosphate, nitrate, and silicate). B: before wastewater diversion
(2020); A: after wastewater diversion (2022).

Table 3
Median values (and range) of the Chl a in each sampling station in 2020 and
2022. The significance of the change between 2020 and 2022 according to the
Mann–Whitney U test is indicated as: * for ρ < 0.05 and ** for ρ < 0.01.

March–October (μg
L− 1)

Spring (μg L− 1) Summer (μg L− 1)

URD1 2020 1.61 (0.88–2.97)* 1.48 (0.88–2.04)* 1.87 (1.14–2.97)
2022 1.04 (0.64–2.14)* 0.80 (0.64–1.55)* 1.22 (0.83–2.14)

URD2 2020 5.08 (1.29–10.89)* 4.21
(1.29–10.89)

5.08
(3.88–10.76)*

2022 3.04 (0.67–6.96)* 3.15 (0.67–5.4) 3.04 (1.88–6.96)
*

URD3 2020 4.89 (0.44–25.15) 6.22
(0.44–25.15)

3.93 (3.59–8.91)

2022 4.15 (0.77–9.61) 5.33 (0.77–9.61) 4.14 (1.93–4.38)

URD4 2020 4.72 (0.49–54.61) 7.26
(0.49–54.61)

4.55 (2.01–8.35)

2022 4.77 (1.73–41.12) 5.75
(2.65–41.12)

4.04 (1.73–7)

URD5 2020 9.94 (0.22–42.51) 9.40
(0.22–42.51)

9.94
(4.41–17.18)

2022 10.06 (0.74–251.51) 9.80
(0.74–251.51)

10.06
(3.3–31.36)

URD6 2020 7.57 (0.5–45.82) 5.06 (0.5–45.82) 7.67
(7.08–16.76)

2022 16.80 (0.9–151.57) 15.45
(0.9–151.57)

17.68
(3.73–41.83)

Table 4
Hypertrophic status of the water masses (Chl a > 20 μg L− 1) throughout the
Urdaibai estuary in 2020 and 2022.

Year Date Sampling
point

Chl a
(μg
L− 1)

Dominant taxa Cell
abundance
(cells L− 1)

2020 17th April URD3 25.2 Teleaulax spp. 5.95 x 106

URD4 54.6 Urgorri
complanatus

7.61 x 106

URD5 42.5 Urgorri
complanatus

7.73 x 106

URD6 45.8 Urgorri
complanatus

6.35 x 106

2022 23rd
March

URD4 41.1 Teleaulax gracilis 3.07 x 107

URD5 161.3 Kryptoperidinium
foliaceum

1.08 x 107

Urgorri
complanatus

8.75 x 106

URD6 73.4 Urgorri
complanatus

5.52 x 106

Kryptoperidinium
foliaceum

2.24 x 106

6th May URD5 251.5 Urgorri
complanatus

5.39 x 107

URD6 151.6 Urgorri
complanatus

3.74 x 107

6th June URD5 23.2 Tetraselmis sp. 3.40 x 105

Eutreptiella sp. 9.35 x 104

URD6 41.8 Eutreptiella sp. 2.80 x 106

Kryptoperidinium
foliaceum

7.52 x 105

20th July URD6 33.6 Apedinella radians 1.69 x 107

Centric diatoms
10–20 μm

4.06 x 106

21st
September

URD5 31.4 Teleaulax acuta 9.01 x 106

URD6 26.2 Teleaulax acuta 7.29 x 106
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L− 1 due to blooms of cryptophytes like Urgorri complanatus or Teleaulax
spp. However, in 2022, Chl a concentration above 20 μg L− 1 were found
in 38% of the samplings (5 out of 13), always registering this hyper-
eutrophic status in the inner estuarine area (mostly URD5 and URD6). In

2022, the main cause of the high biomass was the combined blooms of
cryptophytes (mainly U. complanatus) and/or the dinoflagellate Kryp-
toperidinium foliaceum, reaching a Chl amaximum of 251.5 μg L− 1. Thus,
when comparing the years, 2022 showed hypertrophic situations more

Fig. 5. Spatial and temporal variability of the contribution percentage of the different groups of the phytoplankton community to the total Chl a throughout the
Urdaibai estuary in 2020 and 2022, by sampling stations and the annual median contribution to the whole estuary. PeCA: Peridinin Containing Algae; BCA: 19′‒
butanoyloxyfucoxanthin Containing Algae; FCA: Fucoxanthin Containing Algae; PrCA: Prasinoxanthin Containing Algae; HCA: 19′‒hexanoyloxyfucoxanthin Con-
taining Algae; ACA: Alloxanthin Containing Algae; ZCA: Zeaxanthin Containing Algae; CbCA: Chl b Containing Algae.
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frequently and the biomass maxima recorded were also higher.
Additionally, and although the Chl a values recorded were not as

high as for indicating hypertrophic status, several additional remarkable
phytoplankton blooms (taxa above 7.5 x 105 cells L− 1) were recorded in
the outer and middle Urdaibai estuary in 2020 and 2022 (Annexes,
Table A5). Phytoplankton blooms in URD1 and/or URD2 were detected
in almost every sampling in 2020 and 2022, however, the number of
bloom-forming organisms per sampling was much higher in 2020, since
bloom thresholds were exceeded 40 times in 2020 (67.5% in URD2) and
21 times in 2022 (76% in URD2). Diatoms Minutocellus polymorphus and
Chaetoceros tenuissimus and the cryptophyte Plagioselmis spp. were the
main bloom-forming taxa in the outer and middle estuary, being
responsible for 82% of the blooms in 2020 and 86% in 2022. Minuto-
cellus polymorphus registered blooms in every sampling from July to
September in both years and recorded maximum abundances of 1.47 x
107 cells L− 1 and 5.37 x 106 cells L− 1 in 2020 and 2022, respectively.
Chaetoceros tenuissimus blooms were registered between June and
August in 2020 and July and September in 2022, with maximum
abundances of 2.05 x 107 cells L− 1 and 1.58 x 107 cells L− 1 in 2020 and
2022, respectively. Regarding Plagioselmis spp., 12 blooms were regis-
tered during 2020, appearing in high abundances in almost every sam-
pling, however, in 2022, these blooms decreased (4 were registered) and
were limited to May and June. Cell abundances of 7.5 x 105 cells L− 1

were frequently exceeded in the inner Urdaibai estuary (URD3–URD6),
but this bloom threshold is only acceptable for coastal waters, and
therefore they were not taken into account in the present study.

3.4. Phytoplankton community composition

The community composition study revealed that there were several
similarities and dissimilarities between the phytoplankton communities
of the Urdaibai estuary in 2020 and 2022 (Fig. 5 and Table 5).

In 2020, FCA dominated the phytoplankton community of the outer
and middle estuary, with median contributions of 34% and 42% to the
total biomass in URD1 and URD2, respectively. Indeed, the dominance
of this group was more noticeable in summer, with median contributions
of 56% in URD1 and 73% in URD2. This FCA group in the outer and
middle estuary was mostly formed by diatoms, especially by taxa such as
Chaetoceros spp., Minutocellus polymorphus, Cylindrotheca costerium,
Leptocylindrus spp., and Pseudo-nitzschia spp. Additionally, the presence
of groups like PeCA and HCA was limited to the outer estuary, which is
confirmed by their positive correlation with salinity (PeCA ρ 0.5, p <

0.01; HCA ρ 0.65, p < 0.01) (Annexes, Table A15). URD3 was a tran-
sitional zone, with shared dominance of FCA and ACA, the first

dominating in summer (54%) and the latter in spring (68%). Moving to
the inner estuary, the median ACA contribution to total biomass
increased, reaching the 54% in URD4, where it dominated mostly in
spring (81%), but also in summer (40%). This ACA group was mainly
formed by cryptophytes like Plagioselmis spp., Hemiselmis spp., Teleaulax
(T. gracilis and T. acuta), and Urgorri complanatus. The innermost area of
the estuary (URD5 and URD6) registered the highest temporal vari-
abilities of the community composition. In URD5, ACA was the most
contributing group to the total biomass in spring (median value of 78%),
while CbCA dominated (51%) in summer, containing green algae like
Tetraselmis spp. or Eutreptiella spp., among others. As for URD6, ACA also
dominated in spring (55%) and CbCA in summer (50%), but the
contribution of the FCA group remained around 30% throughout the
entire study period, being higher than in URD5. On the contrary to the
FCA group of the outer estuary, in the inner area one of the main
contributing taxa was the dinoflagellate K. foliaceum, together with
small centric diatoms like the genus Cyclotella.

Regarding 2022, in the outer estuary the dominant group of the
phytoplankton community in terms of biomass was FCA (34%), followed
by PrCA and HCA, with a median contribution of 15% each. Positive
significant correlations were also recorded between salinity and PrCA (ρ
0.52, p < 0.01) and HCA (ρ 0.56, p < 0.01). Like in 2020, the taxa
belonging to FCA in the outer and middle estuary were mostly diatoms,
such as Chaetoceros spp., M. polymorphus, Guinardia delicatula, C. cos-
terium, Proboscia alata, and Pseudo-nitzschia spp. PrCA mostly corre-
sponded to small unidentified prasinophytes, and HCA to haptophyte
taxa like Prymnesiales (e.g., Chrysochromulina spp.) or cocolithophorids
(e.g., Gephyrocapsa spp.). From URD2 to URD4, there was a shared
dominance of FCA (24–30%), PrCA (20–30%), and ACA (25–28%), FCA
contributing more to total biomass in summer, ACA in spring, and
PrCA’s contributions remaining similar from May to October. This sea-
sonality was confirmed by the positive correlation between FCA and
temperature (ρ 0.44, p < 0.01) and the negative between ACA and
temperature (ρ − 0.52, p < 0.01). The taxa forming the ACA were
cryptophytes like Plagioselmis spp., Teleaulax spp., and Urgorri compla-
natus. In the innermost area of the estuary (URD5 and URD6), FCA and
ACA were also the groups with the highest median contribution to the
phytoplankton biomass, with a contribution of 31% FCA and 41% ACA
in URD5 and 37% FCA and 33% ACA in URD6. Additionally, in the inner
area, CbCA replaced the PrCA group that appeared in the middle estu-
ary, with a median contribution around 10% in both URD5 and URD6.
The taxa of the FCA in the inner estuary were also different from the
outer estuary, being mostly represented by the dinoflagellate
K. foliaceum and the diatom genera Thalassiosira, Skeletonema, and

Table 5
Median values (and range) of the contribution percentage of the different groups of the phytoplankton community to the total Chl a in each sampling station in 2020
and 2022. The significance of the change between 2020 and 2022 according to the Mann-Whitney U test is indicated as: * for ρ < 0.05 and ** for ρ < 0.01. PeCA:
Peridinin Containing Algae; BCA: 19′‒butanoyloxyfucoxanthin Containing Algae; FCA: Fucoxanthin Containing Algae; PrCA: Prasinoxanthin Containing Algae; HCA:
19′‒hexanoyloxyfucoxanthin Containing Algae; ACA: Alloxanthin Containing Algae; ZCA: Zeaxanthin Containing Algae; CbCA: Chl b Containing Algae.

Contribution to Chl a (%)

PeCA BCA FCA PrCA HCA ACA ZCA CbCA

URD1 2020 2.4 (0–9.3) 0.6 (0–2.9) 33.7 (11.2–82.2) 6.8* (0–42) 12.2 (2.9–39.8) 13.7 (5.3–61.6) 1.9 (0–11.5) 5.8 (0–57.2)
2022 2.1 (0–8.4) 0 (0–4.1) 33.6 (0–55.9) 15.1* (0–52.7) 14.8 (0–54.4) 10.6 (2.9–28.7) 3.9 (0–17) 10.4 (0–28.6)

URD2 2020 0 0 (0–7.1) 41.9 (3.5–88.4) 5.1* (0–38.1) 0 (0–6.5) 19.7 (5.5–93.9) 0 (0–0.9) 9 (1.6–55.4)
2022 0 0 (0–5.3) 27.9 (3.5–68.8) 25* (0–70) 0 (0–0.8) 24.5 (2.2–93.4) 0.3 (0–6.2) 5.9 (0–18.7)

URD3 2020 0 0 (0–4.7) 17 (1.7–73.4) 9.7** (0–19.5) 0 (0–3.6) 41.3 (0–96.4) 0
0–29.1)

13.8* (0–32.6)

2022 0 0 (0–3.5) 29.6 (2–56) 28.1** (0–69.6) 0 27.4 (5.5–96.4) 0 (0–6.4) 4.4* (0–15.7)

URD4 2020 0 0 12.1 (4.4–65.8) 3.4* (0–31) 0 54.1 (0–94.5) 0 (0–21.4) 12.7 (0–29)
2022 0 0 24.3 (1.3–61.7) 20.5* (0–68.6) 0 27.7 (5.7–98.3) 0.4 (0–2.2) 6.7 (0–19.3)

URD5 2020 0 0 13.2** (2.3–67.5) 0 (0–10.6) 0 52.6 (0–96.1) 0 (0–23.2) 11.9 (1.6–71.7)
2022 0 (0–7.9) 0 (0–0.9) 31.1** (7.4–71.1) 0 (0–35.8) 0 41.3 (5.8–89.4) 0.1 (0–2.8) 11.2 (0.9–65.8)

URD6 2020 0 0 29.9 (2.9–89) 0 (0–10.7) 0 35.2 (0–95) 0 (0–11) 24.8 (0–76.9)
2022 0 (0–4.7) 0 (0–1.4) 37.4 (5.2–90.8) 0 (0–29) 0 32.7 (3.5–94.8) 0 (0–0.7) 9.7 (0–48.3)
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Cyclotella.
The two-way (spatial and inter-annual) PERMANOVA analysis (An-

nexes, Table A12) revealed that the community composition variability
was significantly explained (p = 0.0001) by the spatial gradient
(different sampling stations) within the Urdaibai estuary in spring and
summer, confirming what Fig. 5 shows. However, the inter-annual
variability could only explain the community composition variability
of Urdaibai estuary in summer (p = 0.003). In addition, the interaction
of both factors did not explain the community composition variability
significantly. Therefore, the non-metric multidimensional scaling
(nMDS), containing the contributions of the different pigment-groups,
illustrated the variation in the community composition among the
sampling stations but was not useful for showing differences between
years (Annexes, Fig. A1).

Nevertheless, several significant changes were detected when
comparing the contribution of each pigment group individually, in each
sampling station, with the Mann-Whitney U test (Table 5; Annexes,
Table A13 and Table A14). One of the most noticeable difference was the
increase in the contribution of the PrCA group to the total phytoplankton
biomass in 2022, from URD1 to URD4, which was significant according
to the Mann-Whitney U test. In 2022, the median PrCA contribution was
two times higher in URD1, five times in URD2, three times in URD3, and
six times higher in URD4. Additionally, FCA showed higher median
values in 2022 from URD3 to URD6 and, especially, in URD 5 (from 13%
to 31%, p < 0.01). On the contrary, ACA and CbCA became less domi-
nant in 2022, athough the changes were not considered significant ac-
cording to the Mann-Whitney U test. The median contribution of the
ACA to Chl a in 2022 was two times lower in URD3 and URD4. As for the
CbCA, noticeable decreases were registered in their median contribu-
tions of in URD3 (from 13.8% to 4.4%, p< 0.05), but also in URD4 (from
12.7% to 6.7%) and URD 6 (from 24.8% to 9.7%).

4. Discussion

In some estuaries, like the Urdaibai estuary, the natural cyclic vari-
ations that are to some extent predictable can be altered by factors such
as human activities (i.e., wastewater discharges to the estuary).
Unravelling the combined effects of natural variability and human-
induced pressures and/or the management actions on the physico-
chemical conditions and biological communities of this kind of estuary
poses a challenging task (e.g., Elliott and Quintino, 2007). In the present
study, to address this, different environmental parameters of the
Urdaibai estuary were analysed, related to natural cycles (e.g., salinity
or temperature) and wastewater discharges (e.g., turbidity or nutrient
concentrations), to determine the mid-term effect of direct management
action (cessation of wastewater discharges) on the physicochemical
conditions, phytoplankton biomass and community composition of the
system.

Studies focusing on coastal marine systems of Western Europe have
revealed the high sensitivity of these systems to climate variability,
suggesting that climate factors could significantly shape the changes in
the biological and ecological conditions of estuaries, potentially acting
in synergism with local human-induced pressures (Goberville et al.,
2010). The comparison of several hydrometeorological variables be-
tween 2020 (during wastewater discharges) and 2022 (after sewerage
works) revealed that no significant differences were detected in these
conditions in the Urdaibai estuary between years. Both years showed a
marked seasonality, with an increase in temperature (air and estuarine
water) from spring to summer, as described by Valencia et al. (2004) for
Basque coastal waters, and higher freshwater discharges to the estuary
in spring, as expected for the Cantabrian coast (Prego et al., 2008;
Revilla et al., 2009). Thus, the lack of differences in the climatic con-
ditions could confirm that the significant differences found in the
Urdaibai estuary between 2020 and 2022 for both physicochemical
conditions and the phytoplankton community might be caused by dif-
ferences in human impacts, mainly the cessation of wastewater

discharges to the estuary.

4.1. Physicochemical conditions

The physicochemical parameters that showed significant changes
between 2020 and 2022 in the Urdaibai estuary were pH and the
nutrient concentrations of anthropogenic origin (ammonium and phos-
phate). Regarding pH, a decrease was registered in the pH values of the
Urdaibai estuary in 2022. The pH of the WWTPs effluents, overall, is
usually in the range of 7–8 (Odjadjare and Okoh, 2010). Thus, it is hard
to explain the acidification of the estuary with the cessation of waste-
water from the WWTP of Gernika, since the pH of the WWTP effluent
should not have been high enough to cause of the alkalinisation of the
system during the discharges. As previously described by Franco (1994),
the pH of the Urdaibai estuary depends largely on the pH of the river, the
pH of the sea, and the degree of mixing between both systems. There-
fore, the pH decrease registered in URD1 and the Oka River might be the
main causes of the acidification of the system. This was also recently
described in Chesapeake Bay and the Neuse River Estuary (Hall et al.,
2023). Nevertheless, estuarine systems are commonly perceived as
being well buffered, so pH is frequently assumed to be of little signifi-
cance (Ringwood and Keppler, 2002).

In contrast, the marked decrease of ammonium and phosphate con-
centrations registered in the Urdaibai estuary in 2022 was a direct result
of the sewerage works in the area. Several studies (e.g., Iriarte et al.,
2015; Revilla et al., 2000) have previously reported that the ammonium
and phosphate over-enrichment in Urdaibai estuarine waters was caused
by the discharges coming from the WWTP of Gernika, due to the low
efficiency of the WWTP (Franco et al., 2004). This high ammonium and
phosphate concentrations have led to “deficient” or “bad” ecological
statuses of the inner estuary from at least 2008 and until 2020 (Borja
et al., 2021). In 2021, immediately after (within one month) the
diversion of the WWTP effluent outside the estuary, a significant
decrease of ammonium and phosphate was seen (Bilbao et al., 2022),
and the present study confirmed it was not something punctual or
temporary. The most noticeable ammonium and phosphate decreases
were recorded in the inner estuary, in the surroundings of the WWTP,
where the ammonium and phosphate concentrations were 14 times and
4 times lower in 2022, respectively. Many studies (e.g., Ho et al., 2008;
Liu et al., 2022; Mallin et al., 2005) showed positive results similar to
those in Urdaibai estuary after upgrading the local WWTP or sewerage
system, with significant reductions of ammonium and phosphate con-
centrations. However, and in accordance with what it was expected,
these concentration changes only affected the nutrients of anthropo-
genic origin, while nitrate and silicate, nutrients from diffuse origins
from land drainage and rock weathering (Turner et al., 2003; Valencia
and Franco, 2004), did not show significant differences in their con-
centrations between 2020 and 2022 throughout the Urdaibai estuary.

The disparity in the nutrient loading changes between 2020 and
2022 caused by the cessation of the wastewater discharges (DIN and P
changed, but Si did not) has led to changes in estuarine DIN:Si:P nutrient
ratios. If the atomic DIN:Si:P ratio of 16:16:1 (Redfield, 1958) is taken as
a criterion for balanced nutrient composition (e.g., Lane et al., 2004),
the ratios revealed an excess of DIN throughout the entire Urdaibai es-
tuary in 2020 and 2022, although sewerage works softened this imbal-
ance. This has led to Si and P being potential limiting nutrients in the
estuary (Justic et al., 1995; Redfield, 1958). In both years (2020 and
2022) the outer Urdaibai estuary was Si-deficient and, from URD2 to
UR5, P-deficient, in agreement with previous descriptions by Madariaga
et al. (1994). The change was found in the surroundings of the WWTP
(URD6), where waters were Si-deficient in 2020 but became P-deficient
after the sewerage works, due to the marked decreases of ammonium
and phosphate. Changes in nutrient ratios and limitations caused by
anthropogenic activities have become common in many other coastal
areas (Guo et al., 2020; Sun et al., 2022), also registering deficiencies of
P and Si associated with large amounts of N loadings (e.g., Wang et al.,
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2012; Yuan et al., 2018). These differences in nutrient molar ratios and
limiting factors are commonly associated with biological responses,
especially from phytoplankton (Lie et al., 2011; Wu et al., 2017a).

4.2. Phytoplankton biomass and community composition

Focusing on phytoplankton, both biomass and community compo-
sition changes were recorded between 2020 and 2022 in the Urdaibai
estuary. Previous works have described the noticeable spatio-temporal
variability of the phytoplankton biomass (Chl a) and/or the commu-
nity composition in relation with the salinity, temperature, and nutrient
gradients of the estuary, mostly prompted by the effect of the river, tidal
incursion, and wastewater discharges coming from the WWTP (e.g.,
Ansotegui et al., 2003; Madariaga, 1995; Orive et al., 1998; Trigueros
and Orive, 2001). In the present study, among all the analysed variables
that have direct effects on phytoplankton abundance and composition (i.
e., temperature, salinity, turbidity, and hydrometeorology), nutrient
concentration was the only one showing significant differences between
2020 and 2022 in the estuary. Thus, it was assumed that the inter-annual
changes observed in the present study in the phytoplankton community
of the Urdaibai estuary might be explained by the significant changes in
nutrient concentration, its composition, and its ratios resulting from the
sewerage works. However, it is known that phytoplankton population
dynamics are the result of imbalances between reproduction and losses,
the latter including grazing, sinking, and natural mortality (Brussaard,
2004). Therefore, there are several biotic factors that were not consid-
ered but could have also influenced the changes in the phytoplankton
community of the Urdaibai estuary, such as viruses (Brussaard, 2004),
bacteria (Seymour et al., 2017), and grazers (Lürling, 2021).

Regarding phytoplankton biomass, the spatio-temporal patterns
observed in 2020 and 2022 coincided with that observed in late 90’s in
the studies performed along the Urdaibai estuary (e.g., Ansotegui et al.,
2001), however, several differences were detected after sewerage works.
In the outer and middle Urdaibai estuary, the Chl a concentration was
significantly lower after sewerage works, probably due to the decrease
in DIN and P, in agreement with several studies that reported a positive
relationship between the reduction of nutrient inputs and the decrease
of phytoplankton biomass (e.g., Beardall et al., 2001; Wetz et al., 2011).
Nutrient limitation in the outer and middle estuary might be explained
by the oligotrophic character of the Basque coast (Muñiz et al., 2018)
and, mainly, the scarce amount of nutrients reaching these areas from
inner estuary, due to the cessation of high nutrient loadings and to the
dilution effect caused by tidal incursion (Villate et al., 2017). Slight
biomass decreases were preliminarily detected in URD1 and URD2
immediately after the cessation of wastewater discharges (Bilbao et al.,
2022), but the present study confirmed the change is notable and sig-
nificant. Additionally, in the outer and middle estuary, sewerage works
led to a decrease in the number of phytoplankton blooms (cell abun-
dances higher than 7.5 x 105 cells L− 1; Revilla et al., 2009). This might
also be explained by nutrient limitation in this area, promoting
competition for the limited resources and leading to an alternation of the
blooming taxa.

On the contrary, in the surroundings of the WWTP of Gernika
(URD6), phytoplankton biomass increased in 2022, which means that
sewerage improvements did not cause nutrient limitation and phyto-
plankton growth persisted throughout the year. Indeed, Chl a concen-
trations above 20 μg L− 1 that indicate hypertrophic conditions in the
inner estuary (Hagy et al., 2022) were more frequently recorded after
the sewerage works (Table 4), reaching a Chl a maximum of 251.5 μg
L− 1, the highest ever reported in previous works in the area. This
biomass increase could respond to the excessive ammonium loads
received from the WWTP before the sewerage works, which might have
caused phytoplankton growth suppression in the area during the dis-
charges. Highly elevated ammonium concentrations (exceeding several
tens to hundreds of μmol L− 1) can lead to phytoplankton growth sup-
pression rather than enhancement (Glibert et al., 2016). Thus, in 2020,

when the median ammonium concentration in URD6 was 153 μmol L− 1
(with a range of 65–334 μmol L− 1), the concentration might have been
excessive for phytoplankton growth, while the decrease to 10 μmol L− 1
(reaching a maximum of 24 μmol L− 1) after the sewerage works enabled
adequate growth, leading to the biomass increase. Several studies pre-
viously observed phytoplankton growth suppression with increasing
ammonium concentrations (above 10 μmol L− 1), such as Yoshiyama and
Sharp (2006) in the Delaware Bay and Dugdale et al. (2007) in the San
Francisco Bay Delta. Additionally, sewerage works might have reduced
the input of particulate matter in URD6, as happened in other estuaries
(Carey and Migliaccio, 2009; Eccles et al., 2020; Toublanc et al., 2016).
Therefore, the higher biomass values registered in 2022 might have also
responded to the higher light availability due to the decreased turbidity
in the area (Karlsson et al., 2009; Yamamichi et al., 2018). Indeed, the
lack of significant differences registered in the water turbidity values
between 2020 and 2022 might be explained by the increase of phyto-
plankton biomass, masking the reduction of the turbidity achieved with
the sewerage works.

Regarding phytoplankton community composition, although the
sampling stations and frequency and do not exactly coincide with the
studies performed in the estuary before, the phytoplankton community
of the Urdaibai estuary in 2020 was similar to that described in the late
90’s (Madariaga et al., 1994; Orive et al., 1998; Trigueros and Orive,
2001). However, several differences were registered in 2022 related to
variations in nutrient loadings. The most noticeable changes were the
increase in the contribution of PrCA to total phytoplankton biomass
from URD1 to URD4 and higher presence of FCA in the inner estuary,
leading to the decrease of ACA and CbCA.

Concerning Pras containing prasinophytes (PrCA), which comprise
the Prasinophyceae orders Mamiellales, Pseudoscourfieldiales (Pycno-
coccaceae), and Prasinococcales (Latasa et al., 2004), the most
commonly and abundantly reported in the estuary in 2020 were Bath-
ycoccus prasinos, Micromonas spp. (M. bravo,M. commoda andM. pusila),
and Ostreococcus spp. (O. lucimarinus, O. mediterraneus, and O. tauri)
(Bilbao et al., 2023). Some of these were previously reported in the
Urdaibai estuary and other nearby systems like the Nervion Estuary
(Ansotegui et al., 2003; Laza-Martinez et al., 2007; Seoane et al., 2005)
and most of them belong to the picoplanktonic fraction (cells <3 μm in
diameter) (Guillou et al., 2004), being hard or impossible to identify and
quantify them by microscopy (e.g., Ansotegui et al., 2003). In the pre-
sent study, pigment analysis determined a significant increase of PrCAs’
contribution to the total biomass of the Urdaibai estuary after the
sewerage works, being two times higher in URD1, five times in URD2,
three times in URD3 and six times in URD4, although it was not possible
to identify the organisms responsible for it. The absence of PrCA in
URD5 and URD6 is explained by the marine character of these organ-
isms, being typical in coastal waters (Collado-Fabbri et al., 2011), open
ocean (Treusch et al., 2012; Vaulot et al., 2012) and the outermost
estuarine areas (Lemaire et al., 2002), becoming one of the major con-
tributors to marine picophytoplankton (Lohrenz et al., 2003; Wu et al.,
2017b). Their increase from URD1 to URD4 after sewerage works might
be explained by their high surface:volume ratio, efficient growth rates,
and enhanced nutrient uptake rates (Paerl et al., 2003), PrCA being more
competitive than other phytoplankton functional groups when nutrients
are not so abundant (Glibert et al., 2010). An increase of PrCA after the
sewerage works (and reduction of anthropogenic inputs of N and P) was
also described by Leruste et al. (2016) in Mediterranean lagoons, where
prasinophytes in the 3–6 μm size range replaced small diatoms. Never-
theless, this significant change registered in Urdaibai should be further
studied, to determine if PrCA will continue having an important
contribution to the total phytoplankton biomass of the estuary and
which are the taxa responsible for this, or if it was just a mid-term effect
of the sewerage works.

Regarding the community composition shift in the inner estuary, the
increase of FCA over the decrease of ACA (cryptophytes) and CbCA
(green algae except for PrCA) might be interpreted as recovery of the
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system after years of anthropogenic nutrient enrichment by the WWTP.
The community composition of the inner Urdaibai estuary during the
WWTP discharges (2020) was the expected for human impacted estu-
aries, as described in the late 90s (e.g., Ansotegui et al., 2003; Orive
et al., 1998; Trigueros and Orive, 2001), with a high contribution of
flagellates to the total biomass, due to the dominance of ACA and the
high presence of CbCA and K. foliaceum (contributing to FCA). Smayda
(1990) suggested that the elevation of inorganic N:Si ratios in coastal
areas might affect species dominance within the phytoplankton assem-
blage, prompting the growth of flagellates over diatoms (Roberts et al.,
2003; Sommer, 1994). Thus, from a nutrient composition perspective, in
the Urdaibai estuary, before sewerage works, non-siliceous phyto-
plankton (e.g., ACA, CbCA and K. foliaceum) probably used the excess of
N and P coming from the WWTP, while the Si limited diatoms could not
use it, and became dominant in the inner area (Jiang et al., 2014;
Tréguer and De La Rocha, 2013). Indeed, similar shifts in phytoplankton
assemblage composition have been observed in many estuarine eco-
systems related to anthropogenic N and P enrichment (Dutto et al.,
2012; Glibert et al., 2011; Jiang et al., 2014; Liu et al., 2022). Crypto-
phytes (ACA) are known to dominate the inner area of eutrophicated
estuaries other than Urdaibai (Adolf et al., 2006; Santos et al., 2022;
Valdes-Weaver et al., 2006), due to their ability to adapt to turbid en-
vironments (Collini, 2022; Weng et al., 2009), their high growth rate
(Paerl et al., 2003), their advantage in ammonium-enriched waters
(Horner and Thompson, 2001), and their mixotrophic character (John-
son et al., 2013). As for the green algae (CbCA) present in the inner
Urdaibai estuary before sewerage works, the main taxa were euglenoids
like Eutreptiella spp. and chlorophytes, such as Tetraselmis spp. and
several unidentified picoplanctonic coccoids. Euglenoids are known to
thrive in shallow, nutrient rich, and low light waters (Poniewozik and
Juráň, 2018), where they coexist with other flagellates like cryptophytes
(Jeong et al., 2021), sharing features such as fast reproduction and
mixotrophy, which explains their presence in the inner Urdaibai estuary
during the wastewater discharges. As for small (<5 μm) chlorophytes,
being Picochlorum spp. and Nannochloris sp. the most representatives in
the area (Bilbao et al., 2023), they have particularly high affinity for
ammonium uptake compared to diatoms and dinophytes (Leruste et al.,
2016; Litchman et al., 2007), which might explain the frequent presence
of these non-siliceous algae.

However, one year after the cessation of wastewater discharges,
there was an overall decrease of the contribution to total biomass of ACA
(e.g., from 54% to 27% in URD4) and CbCA (e.g., from 25% to 5% in
URD6) in the inner estuary, being replaced by a higher presence FCA
(Fig. 5). The FCA group of the inner Urdaibai estuary is mostly
comprised of small diatoms and the Fuco-containing dinoflagellate
K. foliaceum. However, the higher contribution of FCA to the total
phytoplankton biomass during 2022 (form URD3 to URD6), being two
times higher in URD4 and three times higher in URD5, was mostly
caused by the higher diatom abundance, with the increase of taxa like
Cyclotella, M. polymorphus, Skeletonema, and Thalassiosira. In general,
diatoms show high maximum nutrient uptake rates and high growth
rates, being favoured under high or fluctuating nutrients (Leruste et al.,
2016; Litchman et al., 2007), which explains their presence in 2020 and
2022. The lower diatom presence in 2020 might be associated with the
elevated levels of ammonium coming from the WWTP rather than with
nutrient limitation or stoichiometry (varying nutrient ratios) (Glibert
et al., 2011). Many organisms prefer ammonium as an N source because
it is already in reduced form, being easily assimilated (e.g., McCarthy
et al., 1977), however, some diatoms physiologically prefer, and
sometimes require, nitrate over ammonium (Lomas and Glibert, 1999).
Additionally, this is accentuated when cells are in an energy-imbalance
state, such as in situations involving fluctuating light conditions like in
the inner Urdaibai estuary, when nitrate serves not only as a nutrient,
but also contributes to maintaining the cellular energy balance (Lomas
and Glibert, 1999). Thus, the increase of the FCA contribution to total
phytoplankton biomass in the inner estuary in 2022 could be explained

by the lower ammonium concentrations and higher availability of ni-
trate for diatom growth resulting from sewerage works in the Urdaibai
estuary. Indeed, declines in diatoms were significantly correlated with
the increase in ammonium concentration in the San Francisco Estuary
(Glibert et al., 2011), and several studies have confirmed the favoured
growth of diatoms under nitrate enrichment (Domingues et al., 2011;
Glibert et al., 2014). Apart from this, Si was no longer the limiting
nutrient in URD6 in 2022, since after sewerage works the innermost
estuary was P-deficient. Consequently, the growth of non-siliceous
phytoplankton groups (ACA and CbCA, or K. foliaceum) was not fav-
oured over diatoms anymore. Taking all this into account, the higher
contribution of FCA to total phytoplankton biomass in 2022 might be
considered a recovery sign of the Urdaibai estuary.

Thus, overall, the present study reveals mid-term changes in the
nutrient concentrations of the Urdaibai estuary following sewerage
works, leading to noticeable shifts in phytoplankton biomass and com-
munity composition. However, other factors, such as biotic changes
(Brussaard, 2004; Lürling, 2021; Seymour et al., 2017) or inherent
annual variability, could also account for the variations registered in the
phytoplankton community. Additionally, it is important to acknowledge
that years of excessive external nutrient loadings might result in the
storage of nutrients in benthic sediments, which may be slowly released
even after external loading disappear (e.g., Corbett, 2010). The resil-
ience of the estuary will also determine the medium- and long-term ef-
fects of the sewerage works on the system, especially the recovery
capacity (Wainger et al., 2017). Therefore, these results should be
interpreted with caution, as they represent preliminary findings based
on data from the first year after the sewerage works. Future studies
including a more comprehensive temporal dataset will help to better
understand the underlying causes of the observed changes and to define
the system’s long-term response to sewerage works.

Nevertheless, the insights presented in this study provide pre-
liminary findings on the effect of restoration works on the Urdaibai es-
tuary, contributing to the understanding of interactions between
anthropogenic activities, estuarine ecosystems and phytoplankton.
These findings may be applicable to other temperate estuaries and will
serve as a basis for future phytoplankton and interdisciplinary studies in
the Urdaibai estuary, as well as for developing future temporal datasets.
Moreover, in the present study, pigment analysis through PIGMENTUM,
novel in its application, was found to be very useful for determining
changes on the phytoplankton community composition, including
groups containing small and fragile cells underestimated by other pro-
cedures (Jeffrey et al., 1997). This pioneering application demonstrates
the efficacy and utility of PIGMENTUM and establishes a foundation for
its future application in phytoplankton research.

5. Conclusion

The cessation of wastewater discharges coming from the Gernika
WWTP to the Urdaibai estuary had significant medium-term effects on
the system. Ammonium and phosphate concentration decreased signif-
icantly, leading to changes in nutrient ratios and composition, which
had a direct effect on phytoplankton biomass and community compo-
sition. In the outer and middle estuary, biomass decreased significantly
due to lower nutrient concentrations, while in the surroundings of the
WWTP, it increased after the sewerage works, probably because the
excessive ammonium loadings coming from the WWTP discharges were
causing phytoplankton growth suppression in the area. As for commu-
nity composition, two significant changes were recorded after the
sewerage works: PrCA contribution to total phytoplankton biomass
increased from URD1 to URD4 and, in the inner Urdaibai estuary
(URD3‒URD6), there was a shift from mainly flagellates (ACA and
CbCA) to FCA, due to the increase of diatoms, that might indicate the
recovery of the area. These changes might have potential ecological
implications in the near future, since phytoplankton community
composition changes may have effects throughout the trophic chain and
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therefore, they should be further studied. Additionally, PIGMENTUM
was proven a useful tool for studying community composition and its
variability, recording contribution changes of groups like PrCA, contain
picoplanktonic organisms, that would have been ignored with
microscopy.
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Ibáñez, C., Peñuelas, J., 2019. Changing nutrients, changing rivers. Science 365 (6454),
637–638. https://doi.org/10.1126/science.aay2723.

Iriarte, A., Aravena, G., Villate, F., Uriarte, I., Ibáñez, B., Llope, M., Stenseth, N.C., 2010.
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