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HIGHLIGHTS

e We compiled a 50-year data series
for the main stressors affecting the
Albufera Lake.

e GAMs were applied to model single
and multiple stressor effects on
chlorophyll-a.

e Temperature, water scarcity, and
nitrate concentrations affect
chlorophyll-a.

e Multiple stressor effects were found
to be highly dynamic and mostly
antagonistic.

e Specific measures to improve the
ecological status of the Albufera Lake
are provided.
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ABSTRACT

Aquatic ecosystems face significant impacts from human-related stressors, demanding a deep understanding of
their dynamics and interactions for effective management and restoration. The Albufera Lake (Valencia, Spain)
presents a complex scenario of multiple interacting stressors affecting its eutrophic status. In this study, we com-
piled a 50-year dataset and used Generalized Additive Models (GAMs) to analyse the dynamics of the main stres-
sors affecting the ecological status of the Albufera Lake. Then, we assessed their individual and combined effects
on eutrophication using chlorophyll-a concentration as a proxy and provided recommendations to enhance water
quality. Overall, we found a decrease in annual water inflow and a clear effect of rice cultivation on the seasonal
patterns of the Lake's residence time. Our analysis also shows an increase of average water temperature of 2 °C
for the last 50 years, and an increase in the frequency and severity of heat waves. In contrast, we found a slightly
negative long-term trend in conductivity, despite the occurrence of seasonal peaks in summer. Regarding nutri-
ents, we identified a clear reduction of total phosphorus (from 1.08 mg/L in 1987 to 0.20 mg/L in 2022), while
nitrate concentrations have been rather stable. Our results also point at an increase of toxic pressure exerted by
organic and inorganic contaminants during the last years, with seasonal toxicity peaks occurring during rice field
drainage periods. The main stressors affecting the chlorophyll-a levels were found to be temperature, water
scarcity, and nitrate concentration as well as the interactions between temperature and conductivity, conductiv-
ity and nitrate, conductivity and water scarcity, and nitrate and total phosphorus. We found that stressor interac-
tions are highly dynamic and result in synergistic and antagonistic effects that vary according to different stressor
levels. Finally, our GAM framework points to two potential scenarios: increasing freshwater inflows or deregulat-
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ing hydrology to allow seawater exchange, which are key for improving the ecological status of the Albufera Lake

in the short-term.

1. Introduction

The exponential growth of the human population and its related ac-
tivities profoundly contribute to change the structure of aquatic ecosys-
tems, setting in motion gradual or sudden shifts (Scheffer et al., 2009;
Halpern et al., 2019). These changes arise from environmental pres-
sures, often referred to as stressors, which encompass a wide range of
human activities impacting biogeochemical, hydrological, and ecologi-
cal processes at local and global scales (Vinebrooke et al., 2004; Folke
et al., 2004; Lange et al., 2018). The effects of multiple stressors can
vary, ranging from situations where a single stressor dominates to more
complex scenarios where simultaneous consideration of two or more
stressors becomes necessary to explain observed ecological responses
(Coté et al., 2016; Crain et al., 2008; Gutiérrez-Canovas et al., 2022). In
such cases, the combined effects of stressors can exhibit either additive
characteristics, where the combined effect is equal to the sum of indi-
vidual stressor effects, or interactive characteristics, where the com-
bined effect is lower than (antagonism) or greater than (synergism) the
anticipated additive response (Piggott et al., 2015). Understanding the
temporal dynamics of multiple stressors and the ways in which they in-
teract is key to providing guidance to managers involved in conserva-
tion and restoration of aquatic ecosystems (Coté et al., 2016).

Among the list of stressors affecting freshwater ecosystems, nutrient
contamination has been recognized as one of the most threatening ones
(Birk et al., 2020). Nutrient enrichment explains about 35 % of the vari-
ance in the ecological status of European surface waters (Lemm et al.,
2020). Excessive nutrient loads result in an alarming increase of phyto-
plankton biomass, producing the eutrophication of aquatic ecosystems
and reducing their biodiversity (Donohue et al., 2009; Polazzo et al.,
2022a). However, nutrient contamination is not the only stressor that
contributes to eutrophication, particularly under Mediterranean condi-
tions. For example, water scarcity, due to climate change and water ab-
straction, results in increasing residence times of lakes and coastal wet-
lands as well as reduced dilution of other contaminants (Arenas-
Séanchez et al., 2016). Similarly, increasing water temperatures and the
higher prevalence and magnitude of heat waves foster changes in the
structure of primary producer communities and an overall increase of
phytoplankton density (Markensten et al., 2010; Pulina et al., 2020).
On the other hand, metals and other synthetic chemicals (e.g. pesti-
cides, pharmaceuticals, industrial compounds) can result in toxic ef-
fects on phytoplankton grazers, thus contributing to eutrophication
(Vilas-Boas et al., 2021).

The Albufera Lake (Valencia, Spain) serves as a prime example of
the intricate interplay between multiple stressors affecting the ecologi-
cal status of surface water ecosystems. This shallow, polymictic coastal
lake is characterized by a hypertrophic status, with chlorophyll-a con-
centrations that currently range between 18 and 331 pg/L (IZONASH,
2023). It is one of the most studied coastal wetlands in the Mediter-
ranean region (Martinez-Megias and Rico, 2022), as it confronts numer-
ous challenges, including hydrological disruptions resulting from the
large rice farming area that occupies the surroundings of the lake,
physicochemical changes induced by climate change, nutrient inputs
from diverse sources, salinity fluctuations, and toxicological hazards as-
sociated to the extensive use of agricultural pesticides, legacy metal
contamination and down-the-drain chemicals (Villena & Romo, 2003;
Martin et al., 2020, Calvo et al., 2021; Soria et al., 2021a; Soria et al.,
2021b, Martinez-Megias et al., 2024). Numerous objectives and inter-
ventions have been proposed with the aim of improving lake's ecologi-
cal status, with limited success so far (Martin et al., 2020). In line with
the Water Framework Directive (WFD) and based on the results of the
ECOFRAME project (Moss et al., 2003), key targets have been estab-

lished to reach an average chlorophyll-a concentration of 30 pg/L by
2027 and to reduce total phosphorus (TP) below 50 pg/L (CHJ, 2018).
Achieving these targets requires a thorough understanding of how the
different variables affecting the eutrophic status of the lake are inter-
linked and which management actions should be prioritized.

Most studies assessing anthropogenic impacts on the Albufera Lake,
and other Mediterranean wetlands, have traditionally focused on iso-
lated stressors; while investigations that evaluate the occurrence of
multiple stressors and their cumulative impacts are notably scarce
(Martinez-Megias and Rico, 2022). Generalized Additive Models
(GAMs) provide a powerful regression framework that extends tradi-
tional linear models by allowing for non-linear relationships between
predictors and response variables (Hastie and Tibshirani, 1987; Wood,
2017). They have been applied to the analysis of ecological time-series,
harnessing their ability to capture non-linear relationships and tempo-
ral trends in data (Simpson, 2018). However, the application of GAMs
in the context of multiple stressors—where there is a need to under-
stand how concurrent, interrelated stress factors dynamically interact
and impact ecosystem function and structure—remains less explored.
In this context, a key advantage of GAMs lies in their use of tensor prod-
ucts smooths, which enable evaluating complex interactions between
multiple variables in a flexible, non-parametric framework, thus allow-
ing to capture the effects of multidimensional stressor interactions over
long time periods (Wood, 2006).

In this study we applied a GAM approach to understand the role of
multiple stressors affecting the ecological status of the Albufera Lake
and to define ecosystem restoration measures that are key to reverse its
eutrophic status. The specific objectives of this study were: (1) to
analyse and model the dynamics of each of the stressors that may have
potentially contributed to the eutrophication of the Albufera Lake dur-
ing the last 50 years; (2) to assess the single and combined effects of
these stressors on the ecological status of the Albufera Lake using the
concentration of chlorophyll-a as a proxy for eutrophication; and (3) to
define what are the variable combinations and the management mea-
sures that should be implemented to reach the chlorophyll-a concentra-
tion target set by the WFD. By doing this, we provide valuable insights
into the complex dynamics of multiple stressors that are affecting the
ecological status of an hypereutrophic lake, which can be used to in-
form ecosystem management and restoration for other wetland ecosys-
tems in the Mediterranean region.

2. Material and methods
2.1. Stressors data series

A database was constructed for various hydrological and water qual-
ity parameters that reflect the main anthropogenic pressures that have
potentially impacted the ecological status of the Albufera Lake over the
last 50 years (1973-2023). These parameters encompass: (1) water res-
idence time, as an indicator of water scarcity; (2) water temperature, to
assess the influence of global warming; (3) water conductivity, as a
proxy for salinization; (4) nitrate and total phosphorus (TP) concentra-
tions, as key nutrients; and (5) the multi-substance Potentially Affected
Fraction (msPAF), as a mixture toxicity indicator for aquatic organisms
calculated with measured concentrations of metals and organic contam-
inants (e.g. PCBs, pesticides; see e.g. Martinez-Megias et al., 2024). A
detailed description of the data source and calculations used to build
the database is provided in the Supplementary Information file I, while
the database itself is provided in the Supplementary Information file II.
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2.2. Stressor dynamics

To analyse the time-related patterns of both, the stressor data series
and the response variable (i.e., chlorophyll-a) we fitted a GAM that in-
cludes (1) a long-term trend to assess changes over the 50-year period;
(2) a seasonal component that uses the day of the year with a cyclic
spline to identify intra-annual variation; and (3) a tensor product that
combines these two to explore how seasonal effects may have shifted
over time. The model reads:

Y, = By +s, (time,) + s, (day,) + s; (day,, time, ) (@)

Where Y, is the response variable (i.e., chlorophyll-a) at time “t”, f, is
the intercept, s;(time,) is the term capturing the effect of time over the
data series (long-term trend), s,(day,) is the term capturing the effect of
the specific day of the year on the response variable (seasonal varia-
tion), and ss(day,, time,) is the interaction term in the form of a tensor
product that captures the combined effect of day (seasonal variation)
and time (long-term trend) on Y,. The spline used for s,(day,) forces the
data to start and end similarly, which is typically appropriate for mod-
elling seasonal patterns.

The GAM time series modelling for this study was conducted using
the ‘mgcv’ package in R (Wood, 2017; R Core Team, 2024), which pro-
vides a flexible framework for fitting and evaluating GAMs. To identify
the optimal model for each stressor, we systematically evaluated multi-
ple combinations of link functions and families, chosen according to the
conditional distribution of the response variable. For each model con-
figuration, the appropriate number of knots was determined using the
gam.check function from the ‘mgcv’ package. Model selection was
guided primarily by the Akaike Information Criterion (AIC), with addi-
tional validation through residual analysis to ensure consistent error
distribution. We first fitted the models using Maximum Likelihood (ML)
estimation and then refitted the best-fitting model using Restricted
Maximum Likelihood (REML), following the recommendations of
Simpson (2018). All observations were weighted based on the time dif-
ference (in days) to the nearest neighbouring observation and the sam-
ple interval. The need for explicit autocorrelation structures was evalu-
ated using the Autocorrelation Function (ACF) and the partial Autocor-
relation Function (pACF) indexes. Statistical significance of the model
components was determined when the calculated p-values were <0.05.

Due to the limited length of the time series on residence time, assess-
ing its long-term trend was deemed unfeasible. Given the existence of a
single annual inflow value for each year, the daily residence time
dataset was sampled by obtaining data for 40 d, which were then re-
lated to the total inflow for each corresponding year. Resampling the
original dataset allowed for the quantitative integration of the total in-
flow variable into the analysis. Thus, the daily residence time of these
40 d was modelled with a seasonal component, included as a cyclic
spline, and the total annual inflow as a parametric component.

Temperature modelling involved two GAMs. The first one estab-
lished the relationship between the weekly rolling mean air tempera-
ture provided by IVIA (Instituto Valenciano de Ciencias Agrarias) at the
Benifaié meteorological station and the lake's water temperature. While
the second one analysed the temporal components of these predictions
as described above. The first temperature model was also used to iden-
tify heatwaves (HW) by adopting the World Meteorological Associa-
tion's definition: “a sequence of five or more consecutive days of pro-
longed heat, where the daily maximum temperature exceeds the aver-
age maximum temperature by 5°C or more”. Thus, predictions that ex-
ceeded the annual mean maximum temperature for >5 d were flagged
as heatwaves.

In all cases, partial effects were plotted for each model component
using the “ggplot2” (Wickham, 2016) package in R (R Core Team, 2024),
illustrating the relationship of a single predictor variable (i.e., long-
term trend, seasonal component, or tensor product) on the response
variable (i.e., stressor data series), while holding all other predictor
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variables constant. For each smooth, both pointwise and simultaneous
confidence intervals were calculated using the confint function from the
“stats "R package (R Core Team, 2024), providing comprehensive uncer-
tainty estimates for the model predictions. These confidence intervals
were also included in the partial effects plots to visually represent the
uncertainty around the predicted effects. Partial effects derived from
the cyclic spline elucidate the intensity of seasonal patterns, whereas
trend's partial effects disclose long term-changes (and change speed) in
the response variable. This distinction is crucial, as it clarifies whether
observed changes are part of a natural cycle or indicative of a broader
trend. By also examining effects associated to the tensor product that
combines these two components, we assessed how seasonal patterns
change in the context of long-term trends, thus gaining a better under-
standing of the variable's evolution during the last 50 years.

2.3. Multiple stressor effects on chlorophyll-a

To assess the impact of the evaluated stressors on chlorophyll-a, a
GAM model that used residence time, water temperature, water con-
ductivity, nitrate concentration, TP and the chronic msPAF as predic-
tors was built. This model extended the chlorophyll-a temporal analysis
by incorporating the selected stressors along with the seasonal compo-
nent, offering a comprehensive understanding of the factors affecting
chlorophyll-a concentrations and their interactive effect. The model se-
lection process began with a base formula that included all individual
smoothed terms for the stressors and seasonality. We iteratively added
interactions as pairs of variable using the ti function from the ‘mgcv”
package to identify combinations that improved model fit, evaluated
using the AIC. This approach enabled us to determine which interac-
tions enhanced model performance without overfitting. All binary in-
teractions were examined except those involving the seasonal compo-
nent, to avoid complications related to the interactions of stressors and
time. During this process, various distribution families were tested, ulti-
mately selecting the one that best captured the distributional character-
istics of the data by checking its AIC value and the residuals distribu-
tion. Once the best model was identified, we applied an additional sim-
plification process, testing whether removing each interaction would
lead to further improvement in terms of the AIC. The final number of
knots for the smooth terms was determined using the gam.check func-
tion of the ‘mgcv” package.

Additionally, we computed partial effects from all variables and ten-
sor products included in the model to identify stressor interactions.
Then, we classified the binary stressor interactions into additive, antag-
onistic, or synergistic by comparing the sign and magnitude of the ten-
sor product estimate (E), with the individual estimates of the variables
involved (see Piggott et al., 2015 and Fig. 1). Additive effects are a
straightforward sum of individual effects, showing double-positive
(+1 + 1 = 2), double-negative (-1 + —1 = —2) or opposing effects
(-1 + 1 = 0) depending on the sign of the effects of the individual
stressors. Positive antagonistic interactions (+ A) occur when the com-
bined effect is less than the additive prediction but still positive (e.g.,
+1 4+ 1 = 0 < E < 2), while negative antagonistic interactions (—A)
occur when the combined effect is less negative than expected (e.g.,
-1 -1 = -2 < E < 0). Synergistic interactions are positive (+9) if
the combined effect exceeds the sum of individual effects (e.g.,
+1 + 1 = E > 2) or negative (—S) if the combined effect is more
negative than the sum (e.g., -1 -1 = E < -2).

Orr et al. (2024) highlight the critical role of null models in multi-
ple stressor analyses to separate actual interactions from random
noise. To do so, we built a chlorophyll-a null model with the same
structure but using predictors randomly sampled from observed data,
subtracting the null model's effect from each variable's effect. Given
the variability of GAMs effects within variable ranges, effects smaller
than 0.01 were assumed to be O to represent neutral interactions.
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Fig. 1. Conceptual framework for the classification of multiple stressor effects
based on Piggott et al. (2015). Our study includes a null model (control), the
effect of variable A, the effect of variable B, and the interaction effect. Interac-
tion effects are categorized as additive (AD), negative synergistic (—S), posi-
tive synergistic (+S), positive antagonistic (+A), and negative antagonistic
(—A), as shown in the figure. These multiple stressor categories are determined
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Fig. 1.—continued

by comparing A + B to the sum (AD) of the individual effects caused by stressor
A and stressor B relative to the control (CT). The three plots illustrate the inter-
action effects resulting from three possible scenarios: (a) double-negative (both
stressors result in negative effects on chlorophyll-a); (b) opposing (one stressor
results in negative effects and the other in positive effects on chlorophyll-a); and
(c) and double-positive (both stressors result in positive effects on chlorophyll-
a).

<

To further address the uncertainty in the interaction effects, we ap-
plied posterior sampling using the smooth_samples function from the
“gratia” package (Simpson, 2024) to generate multiple realizations of
the smooth terms. This approach allowed us to assess how the classifi-
cation of interaction types changed across samples, providing a more
robust representation of the interaction surface. We then classified each
region into one of the five interaction types described in Piggott et al.
(2015), which are summarized in Fig. 1, and calculated the proportion
of times each region was consistently classified in the same way across
the posterior samples. Subsequently, with the aim of visualising the oc-
currence of each type of interaction, we created a grid of observed val-
ues for each pair of variables and categorized their interactions across
their entire range. In this way, each combination of values for the two
variables was associated with an “interaction type” and were repre-
sented in a heatmap using the “ggplot2” package (Wickham, 2016) in R
(R Core Team, 2024). Only regions with >90 % consistency were confi-
dently classified, while areas with higher uncertainty were represented
with reduced opacity (alpha in R) to visually convey their lack of relia-
bility. This method ensured that the final heatmaps do not only dis-
played the interaction effects but also accounted for the uncertainty in
those effects, thereby providing a more nuanced interpretation of multi-
ple stressor interactions.

2.4. Water quality management

To assess what are the management actions that should be achieved
to reduce the chlorophyll-a concentration of the Albufera Lake and
meet the WFD target of 30 pg/L, we generated a Monte Carlo sampling
of 10,000 stressor combinations for each day of the year (i.e., a total of
3,650,000 simulations). The Monte Carlo sampling was created by sam-
pling the stressors uniformly within the day-specific observed ranges.
These ranges were determined from the stressor data series by selecting
the minimum and maximum values recorded for each variable on each
day, thus capturing the seasonal variability of environmental and water
quality parameters. Chronic msPAF values were set to zero, to exclude
stressor combinations that advocate for an increase of toxic pressure to
reduce the chlorophyll-a concentration. Similarly, the maximum TP
concentration was set to 50 pg/L, as this is the maximum value stipu-
lated by the WFD. The combinations generated for each day were used
as input to the chlorophyll-a GAM model, which predicted the associ-
ated chlorophyll-a concentrations. This dataset was then filtered to
identify combinations of variables that resulted in predictions of chloro-
phyll-a below 30 pg/L. All possible combinations were then grouped
into two groups using a k-means clustering approach based on Euclid-
ean distances, which identified two main pathways (i.e., stressor combi-
nations) to achieve the water quality targets set by the WFD. The k-
means clustering was calculated using the “stats” package in R (R Core
Team, 2024).

3. Results
3.1. Stressor dynamics
Given the distributional characteristics of the residence time vari-

able, the best fitting model used a gamma family and the logarithm as
the link function (Table S2). Within this model, we found a negative as-
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sociation of total yearly inflow with residence time, with larger inflows
decreasing residence times in the lake (Fig. 2A and B), though this rela-
tionship was marginally significant (p-value <0.1). Thus, the years
with lowest yearly water inflow (158 and 162 hm? in 2018 and 1994,
respectively) are the ones that reach maximum yearly mean residence
time (18 = 15 and 17 * 21 d; mean * standard deviation). The sea-
sonal component shows the marked influence of rice cultivation on the
hydrology of the lake, with the longest residence times occurring dur-
ing the winter-flooding (Fig. 2C). The shortest residence times occur be-
tween February and March when all rice fields are being emptied to
prepare for sowing, and between August and September, when the rice
fields are emptied for harvest. The months with the largest residence
time are October and November (with averages of 30 + 18 and
23 * 15 d, respectively), and the shortest are August and February
(3.2 = 1.5 and 3.7 *= 1.7 d). The model accounts for 66 % of the de-
viance within the hydrological data subset (Table 1). Model diagnostic
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plots for water residence time are available in the Supporting Informa-
tion (Fig. S1A).

In the case of water temperature, the Gaussian family with an iden-
tity link resulted in the best fitting models (Table S2). Temperature
models show significant patterns in both the long-term and the seasonal
dynamics, as well as their combined effects (Table 1). Water tempera-
ture temporal patterns revealed an upward long-term trend and a sea-
sonal cycle that peaks towards the end of July - beginning of August
(Fig. 3). Yearly mean water temperatures have increased from
18 = 6 °Cin 1972, to 20 = 7 °C in 2022; while the highest yearly
mean water temperature corresponds to 2021 (22 °C). Five observa-
tions exceeded 30 °C, 3 of which took place after 2020.

The tensor product heatmap reveals a shift in seasonal trends, with
cooler winter temperatures and warmer summer temperatures ob-
served in recent years compared to the 1970s. The final temperature
model explained 98 % of deviance within the temperature predictions.
Following the heatwave definition, the predictive temperature model
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Fig. 2. Hydrological information: total inflow time-series (a), predicted yearly average residence time of the lake (b), seasonal component of the residence time
GAM (c), and drawing showing the different phases of the rice growing period together with its seasonal flooding and emptying events (c). In the last figure, Eixugd
refers to the long desiccation period (7 d) used to apply pesticides (insecticides, herbicides) during rice cultivation, while the previous shorter desiccation periods

are used for the application of herbicides.
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Table 1
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Results of the Generalized Additive Models (GAMs) built to assess the temporal dynamics of residence time, temperature, conductivity, nitrates, total phosphorus,
toxic pressure (chronic msPAF) and chlorophyll-a. Each model is described by its family distribution, link function, the percentage of deviance explained, and the
restricted maximum likelihood (REML) estimate. For each parameter, the table presents the calculated parametric coefficients, including the intercept and its sta-
tistical significance, along with smooth terms for trends, seasonal effects and their interactions. The significance of each term is indicated by its p-values, with
symbols denoting levels of significance: ‘**** for highly significant (p < 0.001), “** for significant, and no symbol for non-significant results.

Family  Link Explained REML  Parametric Estimate Std. t p-value Smooth edf Ref.df F p-value
deviance coefficients Error terms
Residence Gamma Log 66.31 148 Intercept 3.60 0.36 5.18 < Season 6.44 8.00 4.33 <0.001%**
time 0.001%***
Inflow 0.00 0.24 -1.76  0.087

Temperature  Gaussian Identity 97.64 25,998 Intercept 18.99 0.10 2902 <0.001*** Trend 8.79 8.99 446 <0.001%**
Season 7.99 8.00 100,182 <0.001***
Trend X 151 159 67.7 <0.001***
Season

Conductivity ~Gamma Log 74.54 3903 Intercept 7.58 0.17 712 <0.001***  Trend 46.7 55.3 9.56 <0.001%***
Season 0.52 8.00 0.08 0.040*
Trend X 26.5 31.8 6.28 <0.001***
Season

Nitrate Tweedie Log 45.89 747 Intercept 1.54 0.25 48.86  <0.001*** Trend 9.58 11.5 7.65 <0.001***
Season 477 8.00 14.4 <0.001%***
Trend X 5.67 7.59 3.29 0.002*
Season

TP Gamma Log 43.27 —199  Intercept -1.57 0.43 -39.62 <0.001*** Trend 11.0 131 12.0 <0.001***
Season 1.24 18.0 0.11 0.175
Trend X 7.81 10.1 2.39 0.010*
Season

Chronic Gaussian Log 52.40 —90.58 Intercept -3.43 0.33 -10.53 <0.001*** Trend 1.00 1.00 9.15 0.003*

msPAF Season 13.2  18.0 3.18 <0.001***

Trend X 4.41 557 5.40 <0.001***
Season

Chlorophyll-A  Gaussian Log 55.00 3621 (Intercept) 4.82 0.43 91.25 <0.001*** Trend 16.0 19.6 11.7 <0.001***
Season 7.16 8.00 320 <0.001%***
Trend X 11.8 13.6 4.39 <0.001%***
Season

shows the occurrence of heatwaves in the years 1971, 1975, 1982,
2003, 2003, 2010, 2013, and in each year between 2015 and 2022 (Fig.
S2). In recent years, heatwaves have become more common and longer
lasting, and their severity (i.e., increase in mean temperature deviation)
has also been intensified, leading to regular episodes of water tempera-
tures above 30 °C (Table S1).

In the case of the conductivity model, the Gamma model with log as
the link function provided the best fit, as illustrated in Table S2. All
temporal components were found to have a significant effect (Table 1).
The yearly average conductivity values have decreased slightly during
the study period (from 1837 + 589 puS/cm in 1972 to 1578 + 239 uS/
cm in 2022). The maximum conductivity values were reached in 1995
(4648 uS/cm), coinciding with one of the lowest inflow periods into the
lake, and the minimum in 2020 (827 pS/cm) after a heavy rain period
in November. The seasonal pattern shows conductivity increases during
the winter months and decreases during spring and summer. The long-
term trend is slightly negative, although the tensor product heatmap
shows that in recent years there are seasonal increases in conductivity,
which are concentrated in the summer period (Fig. 3). The model ex-
plains 75 % of the total deviance.

In the context of modelling the nitrate concentration time series, the
Twedie family models were selected given that the response variable is
strictly non-negative and includes zero-inflated observations (Table
S2). In the nitrate model, both the trend and seasonality, along with
their interaction through the tensor product, had significant effects. An
upward trend of nitrate concentrations was noticeable up to 1995, with
mean yearly concentrations of 7 mg/L and peak concentrations of
25 mg/L. Since then, the nitrate concentrations experienced a decrease
until 2010, with annual average levels reaching up to 10 mg/L, albeit
with lower peak concentrations. The trend was maintained until 2020,
when it experienced a mild reduction, with mean yearly concentrations
around 4 mg/L in 2022 (Fig. 3). The tensor product shows the greater
seasonal contrast in nitrate concentrations prior to 1990, while in re-

cent years nitrate concentrations have been more constant throughout
the year. The model was able to explain 46 % of the total deviance
(Table 1).

In the case of the TP model, the Gamma model with log as the link
function was identified as the optimal fit based on the distribution char-
acteristics (Table S2). Regarding temporal patterns, it was observed
that the maximum concentrations of TP occurred around the 1990s
(Fig. 3), with a maximum yearly mean concentration reaching 1.1 mg/
L in 1987. Then, there was a yearly mean decline in concentrations un-
til 2003 (0.09 = 0.05 mg/L), after which it began to gradually increase
until 2012 (0.38 *= 0.26 mg/L). Following this, there was another de-
cline until 2017, when the minimum yearly mean was reached
(0.07 = 0.05 mg/L). After 2019, the trend appears to reverse, with a
slight increase in TP concentrations observed in 2022
(0.20 * 0.10 mg/L). TP concentrations were found to increase during
the periods of maximal primary production, in May and June, although
the seasonal component is not significant. As in the case of nitrate, the
tensor product reveals a large seasonal contrast between the 1970s and
1990s, while in recent years it has remained more constant. The model
explained 43 % of total deviance (Table 1).

The toxic pressure data series contained 170 observations, out of
which 68 (40 %) exceeded the threshold established for the determina-
tion of unacceptable toxic effects (i.e., 5 % of species potentially af-
fected; Posthuma et al., 2019). Aluminium and zinc were identified as
the most notable and recurrent contributors to aquatic toxicity (Fig.
S4A). Regarding the chronic toxic pressure model (chronic msPAF),
Table S2 indicated that the best fit was provided by the Gaussian model
with log as the link function. The model has an increasing and signifi-
cant long-term trend (Table 1). The seasonal pattern is significant and
marked by some toxic pressure peaks (Fig. 3). When categorized into
organic and inorganic compounds, we found that inorganic pollutants
remain somewhat constant, while pesticides, exhibit seasonal peaks
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yellow.

during the rice growing season (Fig. S4B). The chronic toxic pressure
model explains 52 % of the deviance within the dataset (Table 1).

The chlorophyll-a temporal model revealed significant effects of
both the trend and seasonal components, along with their interaction
(Table 1). Chlorophyll-a was found to increase from 13 * 6.3 pg/L in
the 1970s until 1983, when the maximum chlorophyll-a values were
reached: 456 = 163 pg/L (Fig. 4). Then, it remained rather stable be-
tween the 1990s and 2000s, with mean yearly concentrations around
150 pg/L. The lowest chlorophyll-a values occurred in 2017, with a
yearly mean of 68 * 43 pg/L. The study of the seasonal pattern evi-
dences the existence of two annual chlorophyll-a peaks, one in spring
(end of May), when the rice growing season starts, and another one in
October, after the emptying of the rice fields. The tensor product re-
veals recent changes in chlorophyll-a seasonality, with the first peak oc-
curring earlier in spring as compared to the previous years (Fig. 4). The
model explained 55 % of total deviance (Table 1).

Model diagnostics and autocorrelation plots can be found in Fig. S1
and S2 for the stressors, and in Figs. S6 and S7 for chlorophyll-a. In gen-
eral, no significant autocorrelations were detected, with only a few
moderate and isolated instances observed, as demonstrated by the ACF

and pACF plots. Therefore, we did not incorporate explicit autocorrela-
tion structures in the models.

3.2. Multiple stressor effects on chlorophyll-a

The GAM model used to assess the influence of the selected stressors
on chlorophyll-a concentration explained 76 % of the total deviance
(Table 2). Seasonality, temperature, water residence time, and TP had
significant effects (Fig. 5), alongside the tensor product interactions be-
tween temperature and conductivity, conductivity and nitrates, con-
ductivity and residence time, and nitrates and TP (Fig. 6). Although
conductivity and toxic pressure (msPAF) alone were not individually
significant, their interactions with other variables, such as conductivity
with msPAF, showed notable effects in the model. The model was fitted
using a Gaussian family with a logarithmic link function and achieved a
Restricted Maximum Likelihood (REML) value of 2678, supporting the
robustness of the selected model. The remaining tested configurations,
along with model quality metrics, can be found in Table S3.

The integration of tensor products in the model allows for adjust-
ments to the relationships described above for specific situations, pro-
viding more flexibility in capturing complex interactions. For instance,
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at higher temperatures, when conductivity is low, the interaction leads
to an increase in chlorophyll-a, while at conductivities above 2000 pS/
cm, the effect becomes negative, reducing chlorophyll-a levels. At
lower temperatures and low conductivity, the interaction also has a
negative effect on chlorophyll-a. The interaction shows considerable di-
versity, with different patterns emerging across the range of tempera-
tures and conductivities. At low temperatures and low conductivity val-
ues, negative synergies are observed, while at moderate temperatures
(around 20 °C) and medium conductivity levels, negative antagonisms
dominate. Positive synergies emerge at temperatures approaching
30 °C with low conductivity.

The interaction between conductivity and nitrate concentrations re-
sults in maximum values of chlorophyll-a when nitrate levels exceed
20 mg/L and conductivity exceeds 2500 pS/cm. Negative synergic ef-
fects appear when the nitrate concentration is low (<3 mg/L) and wa-
ter conductivity is lower than 2000 pS/cm, while positive synergies
arise when conductivity exceeds this threshold. Antagonisms are dis-
tributed around conductivities of approximately 2000 pS/cm, showing
predominantly positive antagonism when nitrate concentrations are be-
low 5 mg/L and negative antagonism at higher nitrate concentrations.

The interaction between conductivity and toxic pressure, repre-
sented by the chronic msPAF, remains largely neutral across most com-
binations, with values near zero in most cases. However, when conduc-

tivity is low, and the toxic pressure is high, positive effects on chloro-
phyll-a emerge. Additionally, at high toxic pressure levels (above 35 %
of species affected), negative effects on chlorophyll-a are observed
when conductivity exceeds 3000 puS/cm. Regarding stressor interac-
tions, three distinct patterns can be observed. Two regions of synergies
appear below 2000 pS/cm: negative synergies occur when the toxic
pressure is low, and positive synergies arise when toxic pressure ranges
between 5 % and 25 % of species affected. Additionally, negative an-
tagonisms are found when the toxic pressure is between 0 % and 10 %
of species affected and conductivity ranges from 2000 to 3000 uS/cm.

The interaction between conductivity and residence time reveals
two main scenarios where negative effects dominate. The first occurs
when conductivity is low (around 1000 pS/cm) and residence time is
moderate (between 20 and 60 days), while the second appears when
conductivity is high (above 3000 puS/cm) at elevated residence times
(>50 days). However, at these higher residence times, the effects on
chlorophyll-a become positive when conductivity is low. Regarding
stressor interactions, negative synergistic effects were observed at high
conductivity values and high residence times, as well as at moderate
residence times (between 20 and 40 days) and low conductivity. Nega-
tive antagonisms occur at conductivities around 2000 pS/cm, espe-
cially when the residence time is low (below 20 days).
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Table 2

Summary of the GAM model developed to predict the effect of different stres-
sors on chlorophyll-a concentration. The model employs a Gaussian family
with a logarithmic link function and explains 75.77 % of the deviance, with a
Restricted Maximum Likelihood (REML) value of 2678. The parametric coeffi-
cient for the intercept is estimated at 4.69, with a standard error of 0.03, re-
sulting in a highly significant t-value of 154 and a p-value of <0.01.The table
shows the smooth terms with their respective standard errors, F-values, and
p-values to assess statistical significance, with symbols denoting levels of sig-
nificance: “**** for highly significant (p < 0.001), ‘** for significant, and no
symbol for non-significant results.

Smooth terms edf Ref.df F p-value

Season 1217 18.0 5.47 <0.001 e
Residence time 6.75 7.71 2.90 0.005 *
Temperature 1.00 1.00 8.16 <0.001 ok
Conductivity 1.00 1.00 3.65 0.056
Nitrate 7.11 8.12 3.53 0.001 *
TP 6.26 7.12 11.35 <0.001 e
Chronic msPAF 1.02 1.04 0.40 0.521
Temperature X Conductivity 9.11 10.84 4.63 <0.001
Conductivity X Nitrate 6.14 7.37 10.6 <0.001
Conductivity X msPAF 8.74 10.18 3.21 <0.001 e
Conductivity X RT 6.08 7.33 2.99 0.004 *
Nitrate X TP 7.84 8.96 5.44  <0.001 e
TP X Residence time 3.12 3.83 2.19 0.142

The interaction between nitrate concentrations and TP tends to a
neutral effect in most combinations, except when nitrate levels exceed
15 mg/L. In these cases, the effects on chlorophyll-a become positive
when phosphorus levels are low to moderate (below 0.5 mg/L). How-
ever, as TP concentrations are between 0.5 and 3 mg/L, the interaction
results in negative effects on chlorophyll-a. Once TP exceeds 3 mg/L,
the effects return to be positive. Negative antagonisms dominate at low
TP and medium nitrate levels. As nitrate concentrations decrease, and
TP concentrations are low (< 0.5 mg/L), negative synergies appear.

The interaction between TP and residence time, although was not
statistically significant, was retained in the model because removing it
would lead to a significant increase in the AIC. The pattern reveals posi-
tive effects on chlorophyll-a at high TP concentrations and high resi-
dence times. Positive antagonistic effects were observed when TP levels
are <0.5 mg/L across nearly the entire range of residence times.

3.3. Water quality management

A total of 940,900 variable combinations (out of the 3,650,000 eval-
uated) resulted in chlorophyll-a concentrations below 30 pg/L, with
seasonal fluctuations observed in the frequency of these combinations.
Winter months exhibit a higher number of potential combinations,
reaching up to 7348 combinations on certain days, whereas in the
spring-summer period, the count significantly drops, with some days
showing only one combination of variables predicting chlorophyll-a
levels below the water quality targets. Clustering of the observations us-
ing k-means revealed the existence of two major pathways to achieve
the management targets, which were termed as ‘the brackish water
state” and “the freshwater state’, due to their differences in conductiv-
ity. The brackish water state has a mean annual conductivity of
3019 pS/cm, a mean residence time of 12.3 d, a mean TP concentration
of 0.02 mg/L, and a mean nitrate concentration of 7.93 mg/L. The
freshwater state, on the other hand, showed a mean conductivity of
1821 pS/cm, a mean residence time of 8.14 d, a mean TP concentration
of 0.02 mg/L, and a mean nitrate concentration of 8.04 mg/L. The
monthly averages for each of the simulated stressors needed to achieve
the water quality targets set by the WFD in each of the two states are
shown in Fig. 7.
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4. Discussion
4.1. Multiple stressor trends

Analysing the temporal dynamics of various stressors allowed for a
detailed understanding of the changes in the ecological status of the Al-
bufera Lake over the last fifty years. In terms of hydrology, our study
shows a clear decrease in the water inflow with a consequent increase
in the lake's residence time. This can be tied back to the improved effi-
ciency of irrigation practices in the surrounding agricultural areas,
which prevents water seepage into the lake, and the increased water re-
circulation within the lake system for rice irrigation (Martin et al.,
2020). We also observe the influence of the rice growing cycle on the
seasonal hydrological patterns of the lake, with residence times being
notably reduced during the two principal draining phases of the rice
paddies: following the winter flooding and immediately after harvest-
ing.

A particularly concerning finding is the increasing trend in water
temperatures due to climate change. Rising temperatures associated
with global warming have the potential to profoundly impact shallow
lakes. High water temperatures can lead to reduced dissolved oxygen
levels, altered nutrient cycling and decomposition rates, and increased
growth of harmful algal blooms (Paerl and Huisman, 2008; Paerl et al.,
2011; Morant et al., 2020; Salimi et al., 2021). Additionally, rising tem-
peratures may disrupt the timing of critical life cycle events of birds,
such as breeding and migration, leading to mismatches with food avail-
ability and potentially reducing overall population sizes (Bates et al.,
2008; Chandler et al., 2016). The increasing frequency and severity of
heat waves, both in the Albufera Lake and globally due to climate
change, have been linked to direct impacts on the metabolism, physiol-
ogy, and behaviour of organisms, as well as indirect effects on individ-
ual growth and reproductive success of aquatic organisms, leading to
shifts in community dynamics (Polazzo et al., 2022b). Heat waves can
also play an important role in maintaining aquatic ecosystems in a tur-
bid phase by influencing macrophyte communities and their interac-
tions (Li et al., 2017). Of particular importance is the temporal change
in phytoplankton dominance that has been observed in the Albufera
Lake during 2023, presumably due to a prolonged episode of elevated
water temperatures. Further, it has also been shown that increasing wa-
ter temperatures may affect the fate and effects of toxic compounds
such as pesticides in the Albufera Natural Park, reducing the abundance
of zooplankton grazers and fostering the increase of phytoplankton bio-
mass (Vilas-Boas et al., 2021; Martinez-Megias et al., 2023; Hermann et
al., 2024).

The salinization of freshwater coastal wetlands has undergone a sig-
nificant surge worldwide due to human-induced factors, including the
use of road de-icing salts, agricultural practices, resource mining, and
the effects of climate change (Canedo-Argiielles et al., 2016; Kaushal et
al., 2018). Empirical evidence supports the notion that salinization ex-
erts profound effects on freshwater ecosystems, leading to decreased
growth and abundance of vulnerable species, reduced biodiversity,
shifts in community composition, and alterations in ecosystem func-
tioning (Hintz and Relyea, 2019; Cunillera-Montcusi et al., 2022). The
case of the Albufera Lake is special, as until the 18 th century it was a
hypersaline wetland, until its connection with the sea was closed for
rice cultivation (Soria et al., 2021b). Nowadays, it is considered an
oligohaline wetland, with an average conductivity of around 2103 uS/
cm. Despite this, the wetland still has a marked saline influence, espe-
cially in the deeper soil horizons and due to sub-surface flow from the
Mediterranean Sea (Moreno-Ramoén et al., 2015). Previous studies con-
ducted in the Albufera Lake concluded that floods and irrigation prac-
tices influence conductivity levels, with increased water supply de-
creasing conductivity, and reduced inflow leading to a moderate salin-
ity intrusion (Soria and Vicente, 2002; Soria et al., 2021b). Here, we
found a slightly negative long-term trend in conductivity, which con-
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Fig. 5. Partial effects of the individual smooths in the chlorophyll-a predictive GAM. a) represents the seasonal effect; b) the partial effect of temperature; c) the par-
tial effect of residence time; d) the partial effect of conductivity; e) the partial effect of chronic toxic pressure (msPAF); ) the partial effect of nitrate; and g) the par-
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wise confidence intervals are depicted in dark green, whereas the parsimonious intervals are illustrated in light green.

trasts with the results shown by Soria et al. (2021b). Nevertheless, our
results do show a seasonal increase in recent summers. This circum-
stance hinders the long-term trend's ability to incorporate this deviance
and may explain the different results as compared to those shown by
Soria et al. (2021b). The summer increases in conductivity could be at-
tributed to reduced water inflow during this season and the impacts of
climate change, as evidenced by the water temperature's tensor product
and trend showing substantial increases in water temperature, espe-
cially during the summer months. The seasonal pattern of conductivity
also evidences the influence of rice flooding periods on the functioning
of the lake, with the winter months, where the rice fields are flooded
and residence time increases, showing a positive effect on conductivity.
In contrast, during the summer, the lake functions more like an estuary,
leading to a negative seasonal effect, despite the already mentioned re-
cent summer seasonal increase.

A substantial body of scientific literature has explored the causes
and effects of nutrient loads into the Albufera lake, from the 1970s to
the present (Blanco and Hernandez Giménez, 1974, Soria et al., 1987,
Romo and Miracle, 1994, Romo et al., 2005, Romo et al., 2008,

10

Onandia et al., 2015, Martin et al., 2020). Throughout this temporal
span, several measures have been implemented, encompassing initia-
tives such as the establishment and improvement of Wastewater Treat-
ment Plants (WWTPs) as well as the creation of constructed wetlands,
engineered to serve as green filters, which have proven successful in nu-
trient and pollutant removal both in the Albufera and worldwide
(Martin et al., 2020; Pipil et al., 2021; Martinez-Megias et al., 2024).
Nonetheless, the problem persists, likely due to the lake feedback mech-
anisms, the historical sequestration of nutrients in the sediment, and
the enduring influence of diffuse pollution from urban and agricultural
sources (Martin et al., 2020). Both nitrate and TP modelling results il-
lustrate that the maximum nutrient input to the lake occurred around
the 1990s. Since then, TP has declined considerably, while nitrates
have remained relatively stable, probably due to the diffuse nature of
nitrogen pollution. The seasonal patterns of both nutrients are opposite.
Due to the rapid uptake of dissolved nitrates by phytoplankton, sea-
sonal minimum levels are observed during periods of high primary pro-
duction. Conversely, maximum nitrate levels are recorded during the
winter season when less favourable light and temperature conditions
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Transparency in the interaction type heatmap was increased for observations that were less confidently classified (i.e., after sampling the posterior distributions of the

smooths, changed the interaction category in >10 % of cases).

prevail. It is worth noting that this phenomenon can obscure the fact
that the spring and summer seasons typically experience the highest
gross inputs (Onandia et al., 2015). It is very likely that increases ob-
served by Onandia et al. (2015) in nitrogen and phosphorus levels are a
consequence of fertiliser application during rice cultivation, since the
highest increases reported by these authors were observed in May and
July, which align with the fertilisation periods. Our study suggests that
there is a shift of the seasonal minimum values in recent years towards
September; probably due to the effects of raising temperatures and pri-
mary productivity during autumn. TP, on the other hand, reaches its
seasonal maximum in May, where the optimum temperatures for pri-
mary production coincide with the fertilisation of the paddy fields.
The analysis of the long-term trends of toxic pressure over the Al-
bufera Lake showed that zinc and aluminium are the most prevalent
and hazardous pollutants for freshwater organisms. Zinc is a limiting
nutrient for rice and is commonly supplemented during cultivation,
while aluminium arrival to aquatic ecosystem is mostly related to in-
dustrial processes (Lin et al., 2019; Zulfigar et al., 2021). In fact, alu-
minium salts are frequently used in water depuration (Lin et al., 2019).
The two highest contamination peaks for aluminium occur after heavy
rainfall events (above 100 mm), suggesting that aluminium entry might
be related to sudden (untreated) wastewater discharges or due to runoff
from nearby industrial areas. The primary finding derived from the
GAM modelling of the chronic msPAF are the changes in toxic pressure
over time, with the long-term trend showing a large effect on model
predictions. Chemical monitoring is expensive, and risk quantification
is highly dependent on the substances measured. Therefore, the evolu-
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tion of the toxic pressure indicator is related to the chemical monitoring
efforts and the selection of substances to be analysed. Between the
1970s and the 1990s, only a limited number of substances were quanti-
fied, and even though some of them were very toxic and bioaccumula-
tive (e.g. organochlorine pesticides), the calculated toxic pressure ob-
tained by those is lower than in more recent years. This does not mean
that toxicological hazards did not exist in that period, but chemical
monitoring was limited in terms of substance number and temporal res-
olution. After the establishment of the Water Framework Directive,
monitoring efforts by local administrations and the Jicar River Basin
Authority agency have facilitated more consistent monitoring of these
chemicals, with some samples resulting in chronic toxicity for up to
80 % of species. Consequently, a discernible long-term upward trend is
found. The results from the tensor product analysis further illustrate
this pattern, highlighting positive effects during summer in the 1970s, a
period when sampling efforts were concentrated and high toxicity
peaks were observed due to specific pesticide applications, such as fen-
thion used to control rice borers. In contrast, current sampling efforts
are more evenly distributed throughout the year. This leads to negative
effects in the tensor product during summer, while the effects in the re-
maining seasons are positive. Seasonal analysis of pesticide toxicity re-
veals a consistent peak during the rice-growing season across different
time periods. Summer toxic pressure was influenced by organic pesti-
cides such as azoxystrobin or chlorpyrifos, which have been shown to
affect micro- and macro-crustacean populations, both for species repre-
sentative of the ANP (Vilas-Boas et al., 2021; Amador et al., 2024) and
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Fig. 7. Monthly mean and standard deviation of the stressor values needed to reach a water quality target of 30 pg/L of chlorophyll-a for two the distinct clusters
of observations identified using the k-means analysis, namely the ‘brackish” and the ‘freshwater” state.

for mediterranean surface water ecosystems in general (Lopez-
Mancisidor et al., 2008).

Our modelling results show that the yearly mean chlorophyll-a con-
centration is a key indicator of the eutrophication status of the system,
increasing rapidly since the 1970s and peaking in the 1980s due to fac-
tors like rapid population growth, industrialization, and untreated
wastewater discharges. The construction of WWTPs led to a stabiliza-
tion of chlorophyll-a levels around the mid-1990s, allowing an average
concentration of approximately 150 pg/L during the next decades. Our
analysis also shows that typical chlorophyll-a spring peaks are taking
place earlier in the season, and possibly associated to the increasing wa-
ter temperatures due to climate change.

4.2. Multiple stressor effects on chlorophyll-a

Key drivers of eutrophication in Albufera Lake, based on the results
of the GAM model, include water temperature, residence time, nitrates,
and seasonality, all of which significantly impact algal productivity.
Notably, while conductivity alone and toxic pressure (msPAF) were not
individually significant, their interaction with other variables, still
played a significant role in the model.

Warmer temperatures promote accelerated algal growth, due to
metabolic rates increase and reproduction in the presence of nutrients
(Schaum et al., 2017). Furthermore, warmer temperatures can also in-
fluence water stratification patterns, creating favourable conditions for
phytoplankton dominance in the top layer (Winder and Sommer,
2012). Similarly, longer water residence periods facilitate nutrient as-
similation, and prevent phytoplankton being exported out of the system
(Stumpner et al., 2020). In the Albufera Lake, it has been shown that
longer residence times are particularly beneficial for some species of
slow-growing cyanobacteria, such as Microcystis sp., or for those
favoured by water stability, such as Aphanocapsa sp. (Romo et al.,
2013). Our study also shows that conductivity is a crucial factor influ-
encing the chlorophyll-a concentration in the Albufera Lake, with ex-
treme conductivity values reducing chlorophyll-a levels. Also, high
toxic stress by chemical mixtures (msPAF values above 30 %) decreased

chlorophyll-a concentration in the Albufera Lake throughout the year,
possibly due to transient toxic effects on phytoplankton.

Our results show that the occurrence of additive effects is low,
which supports the theory that interactions between multiple stressors
commonly result in non-additive effects and vary temporally (Jackson
et al., 2016, 2021). One of the most prominent findings is the high
prevalence of antagonistic interactions, which typically occur when
there is a clear dominance of one variable over the other (Jackson et al.,
2016). This suggests that some stressor interactions may play a buffer-
ing role in the development of phytoplankton biomass, as documented
in previous studies (Polst et al., 2022). Such effects may stem from
ecosystem's inherent resilience, allowing it to better withstand fluctua-
tions and disturbances caused by environmental stressors. Moreover, in
a management context, the rarity of additive interactions highlights the
fine line between synergies and antagonisms. In fact, the danger of posi-
tive synergies lies in that narrow boundary where small changes can re-
sult in disproportionately large environmental impacts. A clear example
of this dynamic is the interaction between high temperature peaks and
low conductivity, which results in a disproportionate increase of
chlorophyll-a, or the influence of high toxic pressure when conductivity
levels are low. On the other hand, negative synergies allow for more ef-
ficient management strategies by reducing the combined impact of
stressors, thereby minimizing efforts needed to achieve environmental
objectives. This phenomenon is illustrated in the interaction between
conductivity and residence time, where negative synergies occur at
high levels of both. In such cases, the rise in salinity intensifies the neg-
ative impact on chlorophyll-a, despite the normally positive effects
caused by low water recirculation.

4.3. Implications for ecosystem management and way forward

Our study points at two potential strategies to reduce chlorophyll-a
concentrations in the lake, supporting a brackish or a freshwater state.
The first would entail hydrological deregulation to facilitate seawater
influx, leading to reduced residence times and higher conductivity lev-
els. This would also probably mean giving up much of the rice cultiva-
tion that has shaped the wetland for centuries. However, these changes
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could have a beneficial impact on the fish stock, which has been se-
verely affected by the current hydraulic management practices (Boelens
and Claudin, 2015). The second alternative would imply increasing the
external freshwater influx into the lake, thereby reducing salinity intru-
sion and accelerating the flushing rate of phytoplankton, nutrients and
other contaminants. Grouping the observations likewise suggests the
possibility of specific interventions in certain months, where chloro-
phyll-a levels can be brought under 30 pg/L with some adjustments to
current water inflow rates.

The average residence time for the brackish scenario is 12.3 d,
whereas it is 8.14 d for the freshwater scenario. A comparison of these
residence times with those of 2022 reveals that the brackish state would
need a total annual inflow of 218 hm® (11 % decrease) while the fresh-
water cluster a total of 417 hm® (70 % increase). Therefore, we show
that to improve its ecological status, while maintaining the freshwater
character of the wetland, the inflow of fresh water must be doubled.
These figures are considerably higher than those presented by other au-
thors (Soria and Vicente, 2002), and by the current hydrological plan
(CHJ, 2016), which suggest a minimum yearly inflow of 260 and 210
hm?, respectively. It should be noted, however, that both pathways are
subjected to a TP reduction to of 0.05 mg/L, which would imply a re-
duction in TP by an order of magnitude when compared to 2022.

While these results highlight the importance of managing residence
time and conductivity to reduce chlorophyll-a levels and improve its
ecological status, it is important to acknowledge its limitations. Our
analysis focuses on the analysis of observational data and does not ac-
count for the resistance of the system and the critical processes that
contribute to maintaining its hypereutrophic status (Scheffer et al.,
2009). These include, for example, contaminant and nutrient release
from the sediment (Martin et al., 2020) and ecological factors such as
the influence of fish on phytoplankton grazers, bird population dynam-
ics, or the ecological influence of invasive species (Chaichana et al.,
2010; Huser et al., 2022). Therefore, our findings should be viewed as a
preliminary approach to identifying key variables and management ac-
tions that may contribute to improve the ecological status of the Al-
bufera Lake in the short-term. A mechanistic understanding on how dif-
ferent water and contaminant management scenarios are affecting the
resilience of the system in the long-term will be presented in a follow-
up study that uses an ecosystem model to account for contaminant and
nutrient management scenarios.

5. Conclusions

This study provides valuable insights into how multiple anthro-
pogenic stressors are affecting the ecological status of a hypereutrophic
lake. First, our analysis of the temporal dynamics of stressors over the
past 50 years reveals that pressures on the Albufera Lake are highly dy-
namic. While some stressors, such as total phosphorus (TP), have been
controlled, others, such as climate change, are on the rise, and issues
like nitrate levels and chemical pollution remain partly unaddressed.
Furthermore, our findings underscore the significance of rice farming
and hydrological management on the ecological functioning of the lake.
Second, the implementation of a GAM approach allowed the identifica-
tion of the main stressors that affect the eutrophic status of the Albufera
lake. The analysis of stressor interactions denoted a high prevalence of
non-additive interactions and feedback mechanisms, which recognizes
the importance of considering multiple stressor effects in environmen-
tal management and restoration. Third, our study indicates that to
achieve the targets set by the WFD in the short-term, it is essential to in-
crease the water inflow of the lake, especially if the goal is to maintain
its freshwater characteristics. However, the increase in water inflow
may not be effective in the long term if other measures such as reduc-
tion in nutrient and chemical loads are not effectively implemented.

13

Science of the Total Environment xxx (xxxx) 177247
CRediT authorship contribution statement

Pablo Amador: Writing — original draft, Methodology, Investiga-
tion, Data curation, Conceptualization. Juan Soria: Writing — review &
editing, Methodology, Investigation. Jestis Moratalla-Lépez: Writing
- review & editing, Methodology, Investigation. Andreu Rico: Writing
- review & editing, Writing — original draft, Supervision, Methodology,
Investigation, Funding acquisition, Conceptualization.

Uncited references

Andreu Sanchez, 2008
Boyer et al., 2009
Capon et al., 2015
Carrasco et al., 1972
Carrasco et al., 1987
Fernandez et al., 1998
Hefley et al., 2017

Lu and Tian, 2017
Rico et al., 2021
Singh and Craswell, 2021
Su et al., 2021

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This study is part of the ERAHUMED project, funded by the Talented
Researcher Support Programme - PlanGenT (CIDEGENT/2020/043) of
the Generalitat Valenciana. We thank the support provided by the Al-
bufera Biological Station. We also thank Gavin L. Simpson (Aarhus Uni-
versity) and two anonymous reviewers for their constructive comments
on an earlier version of the manuscript.

Data availability
Data will be made available on request.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scitotenv.2024.177247.

References

Amador, P., Vega, C., Pacheco, N.I.N., Moratalla-L6pez, J., Palacios, J., Minaglia, M.C.C.,
Rico, A., 2024. Effects of the fungicide azoxystrobin in two habitats representative of
Mediterranean coastal wetlands: a mesocosm experiment. Aquat. Toxicol. 267,
106828. https://doi.org/10.1016/j.aquatox.2023.106828.

Andreu Sanchez, O.E., 2008. Evaluacion de riesgos ambientales del uso de plaguicidas
empleados en el cultivo del arroz en el Parque Natural de La Albufera de Valencia
(Doctoral dissertation,. Universitat Politécnica de Valéncia.

Arenas-Sanchez, A., Rico, A., Vighi, M., 2016. Effects of water scarcity and chemical
pollution in aquatic ecosystems: state of the art. Sci. Total Environ. 572, 390-403.
https://doi.org/10.1016/j.scitotenv.2016.07.211.

Bates, B.C., Kundzewicz, Z.W., Wu, S., Palutikof, J.P. (Eds.), 2008, Climate Change and
Water. Technical Paper of the Intergovernmental Panel on Climate Change, IPCC
Secretariat, Geneva.

Birk, S., Chapman, D., Carvalho, L., Spears, B.M., Andersen, H.E., Argillier, C., et al., 2020.
Impacts of multiple stressors on freshwater biota across spatial scales and ecosystems.
Nat. Ecol. Evol. https://doi.org/10.1038/541559-020-1216-4.

Blanco, C., Hernandez Giménez, E., 1974. Estudio de la contaminacién de la Albufera de
Valencia y los efectos de dicha contaminacién sobre la fauna y la flora del lago.
(Doctoral dissertation, Universitat de Valéncia, Facultat de Ciéncies).

Boelens, R., Claudin, V., 2015. Rooted rights systems in turbulent water: the dynamics of
collective fishing rights in La Albufera, Valencia, Spain. Soc. Nat. Resour. 28 (10),
1059-1074. https://doi.org/10.1080,/08941920.2015.1024370.


https://doi.org/10.1016/j.scitotenv.2024.177247
https://doi.org/10.1016/j.scitotenv.2024.177247
https://doi.org/10.1016/j.aquatox.2023.106828
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0010
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0010
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0010
https://doi.org/10.1016/j.scitotenv.2016.07.211
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0020
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0020
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0020
https://doi.org/10.1038/s41559-020-1216-4
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0030
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0030
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0030
https://doi.org/10.1080/08941920.2015.1024370

P. Amador et al.

Boyer, J.N., Kelble, C.R., Ortner, P.B., Rudnick, D.T., 2009. Phytoplankton bloom status:
chlorophyll a biomass as an indicator of water quality condition in the southern
estuaries of Florida, USA. Ecol. Indic. 9 (6), S56-S67. https://doi.org/10.1016/
j.ecolind.2008.11.013.

Calvo, S., Romo, S., Soria, J., Picd, Y., 2021. Pesticide contamination in water and
sediment of the aquatic systems of the Natural Park of the Albufera of Valencia
(Spain) during the rice cultivation period. Sci. Total Environ. 774, 145009. https://
doi.org/10.1016/j.scitotenv.2021.145009.

Cafledo-Argiielles, M., Hawkins, C.P., Kefford, B.J., Schifer, R.B., Dyack, B.J., Brucet, S.,
et al., 2016. Saving freshwater from salts. Science 351 (6276), 914-916. https://
doi.org/10.1126/science.aad3488.

Capon, S.J., Lynch, A.J.J., Bond, N., Chessman, B.C., Davis, J., Davidson, N., et al., 2015.
Regime shifts, thresholds and multiple stable states in freshwater ecosystems: a
critical appraisal of the evidence. Sci. Total Environ. 534, 122-130. https://doi.org/
10.1016/j.scitotenv.2015.02.045.

Carrasco, J.M., Cuinat, P., Martinez, M., Martinez, M., Primo, E., 1972. Contaminacién de
la Albufera de Valencia. I. Niveles de contaminacion por insecticidas. Revista de
Agroquimica y Tecnologia de Alimentos 12, 583-596.

Carrasco, J.M., Planta, M., Gomez-Casals, V., Moragues, V., 1987. Pesticide residues in
Lake Albufera, Valencia, Spain. J. Assoc. Off. Anal. Chem. 70 (4), 752-753.

Chaichana, R., Leah, R., Moss, B., 2010. Birds as eutrophicating agents: a nutrient budget
for a small lake in a protected area. Hydrobiologia 646, 111-121. https://doi.org/
10.1007/510750-010-0166-2.

Chandler, H.C., Rypel, A.L., Jiao, Y., Haas, C.A., Gorman, T.A., 2016. Hindcasting
historical breeding conditions for an endangered salamander in ephemeral wetlands
of the southeastern USA: implications of climate change. PLoS One 11 (2), €0150169.
https://doi.org/10.1371/journal.pone.0150169.

CHJ - Confederaciéon Hidrogréfica del Jtcar, 2016. Plan Hidroldgico de cuenca 2015-2021
(Real Decreto 1/2016, de 8 de enero). Ministerio de Agricultura, Alimentacién y
Medio Ambiente.

CHJ - Confederacion Hidrografica del Jicar, 2018. Plan especial de la Albufera. Ministerio
para la Transicién Ecolégica y el Reto Demogréfico.

Coté, .M., Darling, E.S., Brown, C.J., 2016. Interactions among ecosystem stressors and
their importance in conservation. Proc. R. Soc. B Biol. Sci. 283 (1824), 20152592.
https://doi.org/10.1098/rspb.2015.2592.

Crain, C.M., Kroeker, K., Halpern, B.S., 2008. Interactive and cumulative effects of
multiple human stressors in marine systems. Ecol. Lett. 11 (12), 1304-1315.

Cunillera-Montcusi, D., Beklioglu, M., Cafiedo-Argiielles, M., Jeppesen, E., Ptacnik, R.,
Amorim, C.A., et al., 2022. Freshwater salinisation: a research agenda for a saltier
world. Trends Ecol. Evol. 37 (5), 440-453. https://doi.org/10.1016/
j.tree.2021.12.005.

Donohue, 1., Jackson, A.L., Pusch, M.T., Irvine, K., 2009. Nutrient enrichment
homogenizes lake benthic assemblages at local and regional scales. Ecology 90,
3470-3477. https://doi.org/10.1890/09-0415.1.

Ferndndez, M., Ibailez, M., Picd, Y., Manes, J., 1998. Spatial and temporal trends of
paraquat, diquat, and difenzoquat contamination in water from marsh areas of the
Valencian community (Spain). Arch. Environ. Contam. Toxicol. 35, 377-384. https://
doi.org/10.1007/5002449900391.

Folke, C., Carpenter, S., Walker, B., Scheffer, M., Elmgvist, T., Gunderson, L., Holling,
C.S., 2004. Regime shifts, resilience, and biodiversity in ecosystem management.
Annu. Rev. Ecol. Evol. Syst. 35 (1), 557-581. https://doi.org/10.1146/
annurev.ecolsys.35.021103.105711.

Gutiérrez-Cénovas, C., Arias-Real, R., Bruno, D., Cabrerizo, M.J., Gonzalez-Olalla, J.M.,
Picazo, F., et al., 2022. Multiple-stressors effects on Iberian freshwaters: a review of
current knowledge and future research priorities. Limnetica 41 (2), 245-268. https://
doi.org/10.23818/limn.41.15.

Halpern, B.S., Frazier, M., Afflerbach, J., Lowndes, J.S., Micheli, F., O'Hara, C., et al.,
2019. Recent pace of change in human impact on the world’s ocean. Sci. Rep. 9 (1),
11609. https://doi.org/10.1038/5s41598-019-47201-9.

Hastie, T., Tibshirani, R., 1987. Generalized additive models: some applications. J. Am.
Stat. Assoc. 82 (398), 371-386. https://doi.org/10.1080/01621459.1987.10478440.

Hefley, T.J., Broms, K.M., Brost, B.M., Buderman, F.E., Kay, S.L., Scharf, H.R., et al., 2017.
The basis function approach for modeling autocorrelation in ecological data. Ecology
98 (3), 632-646. https://doi.org/10.1002/ecy.1674.

Hermann, M., Polazzo, F., Cherta, L., Crettaz-Minaglia, M., Garcia-Astillero, A., Peeters,
E.T,, et al., 2024. Combined stress of an insecticide and heatwaves or elevated
temperature induce community and food web effects in a Mediterranean freshwater
ecosystem. Water Res. 121903. https://doi.org/10.1016/j.watres.2024.121903.

Hintz, W.D., Relyea, R.A., 2019. A review of the species, community, and ecosystem
impacts of road salt salinisation in fresh waters. Freshw. Biol. 64 (6), 1081-1097.
https://doi.org/10.1111/fwb.13286.

Huser, B.J., Bajer, P.G., Kittelson, S., Christenson, S., Menken, K., 2022. Changes to water
quality and sediment phosphorus forms in a shallow, eutrophic lake after removal of
common carp (Cyprinus carpio). Inland Waters 12 (1), 33-46. https://doi.org/
10.1080/20442041.2020.1850096.

IZONASH: Programa de Seguimiento de Zonas Hiimedas, 2023. Generalitat Valenciana,
Conselleria de Medio Ambiente, Infraestructuras y Territorio. Generalitat Valenciana,
Valencia, Espafia.

Jackson, M.C., Loewen, C.J., Vinebrooke, R.D., Chimimba, C.T., 2016. Net effects of
multiple stressors in freshwater ecosystems: a meta-analysis. Glob. Chang. Biol. 22
(1), 180-189. https://doi.org/10.1111/gcb.13028.

Jackson, M.C., Pawar, S., Woodward, G., 2021. The temporal dynamics of multiple
stressor effects: from individuals to ecosystems. Trends Ecol. Evol. 36 (5), 402-410.
https://doi.org/10.1016/j.tree.2021.01.005.

Kaushal, S.S., Likens, G.E., Pace, M.L., Utz, R.M., Haq, S., Gorman, J., Grese, M., 2018.
Freshwater salinization syndrome on a continental scale. Proc. Natl. Acad. Sci. 115

14

Science of the Total Environment xxx (xxxx) 177247

(4), E574-E583. https://doi.org/10.1073/pnas.1711234115.

Lange, K., Bruder, A., Matthaei, C.D., Brodersen, J., Paterson, R.A., 2018. Multiple-
stressor effects on freshwater fish: importance of taxonomy and life stage. Fish Fish.
19 (6), 974-983. https://doi.org/10.1111/faf.12305.

Lemm, J.U., Venohr, M., Globevnik, L., Stefanidis, K., Panagopoulos, Y., van Gils, J., et al.,
2020. Multiple stressors determine river ecological status at the European scale:
towards an integrated understanding of river status deterioration. Glob. Chang. Biol.
https://doi.org/10.1111/gcb.15504.

Li, Z., He, L., Zhang, H., Urrutia-Cordero, P., Ekvall, M.K., Hollander, J., Hansson, L.A.,
2017. Climate warming and heat waves affect reproductive strategies and interactions
between submerged macrophytes. Glob. Chang. Biol. 23 (1), 108-116. https://
doi.org/10.1111/gcb.13405.

Lin, Q., Peng, X., Liu, B., Min, F., Zhang, Y., Zhou, Q., Wu, Z., 2019. Aluminum
distribution heterogeneity and relationship with nitrogen, phosphorus and humic
acid content in the eutrophic lake sediment. Environ. Pollut. 253, 516-524. https://
doi.org/10.1016/j.envpol.2019.07.042.

Lépez-Mancisidor, P., Carbonell, G., Ferndndez, C., Tarazona, J.V., 2008. Ecological
impact of repeated applications of chlorpyrifos on zooplankton community in
mesocosms under Mediterranean conditions. Ecotoxicology 17, 811-825. https://
doi.org/10.1007/510646-008-0239-4.

Lu, C., Tian, H., 2017. Global nitrogen and phosphorus fertilizer use for agriculture
production in the past half century: shifted hot spots and nutrient imbalance. Earth
Syst. Sci. Data 9 (1), 181-192. https://doi.org/10.5194/essd-9-181-2017.

Markensten, H., Moore, K., Persson, 1., 2010. Simulated lake phytoplankton composition
shifts toward cyanobacteria dominance in a future warmer climate. Ecol. Appl. 20 (3),
752-767. https://doi.org/10.1890/08-2109.1.

Martin, M., Hernandez-Crespo, C., Andrés-Doménech, 1., Benedito-Dur4, V., 2020. Fifty
years of eutrophication in the Albufera lake (Valencia, Spain): causes, evolution and
remediation strategies. Ecol. Eng. 155, 105932. https://doi.org/10.1016/
j-ecoleng.2020.105932.

Martinez-Megias, C., Rico, A., 2022. Biodiversity impacts by multiple anthropogenic
stressors in Mediterranean coastal wetlands. Sci. Total Environ. 818, 151712. https://
doi.org/10.1016/j.scitotenv.2021.151712.

Martinez-Megias, C., Mentzel, S., Fuentes-Edfuf, Y., Moe, S.J., Rico, A., 2023. Influence of
climate change and pesticide use practices on the ecological risks of pesticides in a
protected Mediterranean wetland: a Bayesian network approach. Sci. Total Environ.
878, 163018. https://doi.org/10.1016/j.scitotenv.2023.163018.

Martinez-Megias, C., Arenas-Sanchez, A., Manjarrés-Lépez, D., Pérez, S., Soriano, Y., Pic6,
Y., Rico, A., 2024. Pharmaceutical and pesticide mixtures in a Mediterranean coastal
wetland: comparison of sampling methods, ecological risks, and removal by a
constructed wetland. Environ. Sci. Pollut. Res. 31 (10), 14593-14609. https://
doi.org/10.1007/511356-024-31968-0.

Morant, D., Picazo, A., Rochera, C., Santamans, A.C., Miralles-Lorenzo, J., Camacho-
Santamans, A., et al., 2020. Carbon metabolic rates and GHG emissions in different
wetland types of the Ebro Delta. PLoS One 15 (4), e0231713. https://doi.org/
10.1371/journal.pone.0231713.

Moreno-Ramén, H., Marqués-Mateu, A., Ibafiez Asensio, S., Gisbert Blanquer, J.M., 2015.
Wetland soils under rice management and seawater intrusion: characterization and
classification. Spanish J. Soil Sci. 5 (2), 111-129. https://doi.org/10.3232/
SJSS.2015.V5.N2.02.

Moss, B., Stephen, D., Alvarez, C., Becares, E., Bund, W.V.D., Collings, S.E., et al., 2003.
The determination of ecological status in shallow lakes—a tested system
(ECOFRAME) for implementation of the European Water Framework Directive.
Aquat. Conserv. Mar. Freshwat. Ecosyst. 13 (6), 507-549. https://doi.org/10.1002/
aqe.592.

Onandia, G., Gudimov, A., Miracle, M.R., Arhonditsis, G., 2015. Towards the development
of a biogeochemical model for addressing the eutrophication problems in the shallow
hypertrophic lagoon of Albufera de Valencia, Spain. Eco. Inform. 26, 70-89. https://
doi.org/10.1016/j.ecoinf.2015.01.004.

Orr, J.A., Macaulay, S.J., Mordente, A., Burgess, B., Albini, D., Hunn, J.G., et al., 2024.
Studying interactions among anthropogenic stressors in freshwater ecosystems: a
systematic review of 2396 multiple-stressor experiments. Ecol. Lett. 27 (6), e14463.

Paerl, H.W., Huisman, J., 2008. Blooms like it hot. Science 320 (5872), 57-58. https://
doi.org/10.1126/science.1155398.

Paerl, H.W., Hall, N.S., Calandrino, E.S., 2011. Controlling harmful cyanobacterial blooms
in a world experiencing anthropogenic and climatic-induced change. Sci. Total
Environ. 409 (10), 1739-1745. https://doi.org/10.1016/j.scitotenv.2011.02.001.

Piggott, J.J., Townsend, C.R., Matthaei, C.D., 2015. Reconceptualizing synergism and
antagonism among multiple stressors. Ecol. Evol. 5 (7), 1538-1547. https://doi.org/
10.1002/ece3.1465.

Pipil, H., Haritash, A.K., Reddy, K.R., 2021. Seasonal variability and kinetics of phosphate
removal in a Phragmites-based engineered wetland. Rendiconti Lincei. Scienze
Fisiche e Naturali 32 (4), 729-735. https://doi.org/10.1007/s12210-021-01017-w.

Polazzo, F., Marina, T.I., Crettaz-Minaglia, M., Rico, A., 2022a. Food web rewiring drives
long-term compositional differences and late-disturbance interactions at the
community level. Proc. Natl. Acad. Sci. 119 (17), e2117364119. https://doi.org/
10.1073/pnas.2117364119.

Polazzo, F., Roth, S.K., Hermann, M., Mangold-Déring, A., Rico, A., Sobek, A., et al.,
2022b. Combined effects of heatwaves and micropollutants on freshwater
ecosystems: towards an integrated assessment of extreme events in multiple stressors
research. Glob. Chang. Biol. 28 (4), 1248-1267. https://doi.org/10.1111/gcb.15971.

Polst, B.H., Hilt, S., Stibor, H., Holker, F., Allen, J., Vijayaraj, V., et al., 2022. Warming
lowers critical thresholds for multiple stressor-induced shifts between aquatic
primary producers. Sci. Total Environ. 838, 156511. https://doi.org/10.1016/
j-scitotenv.2022.156511.

Posthuma, L., van Gils, J., Zijp, M.C., van de Meent, D., de Zwart, D., 2019. Species


https://doi.org/10.1016/j.ecolind.2008.11.013
https://doi.org/10.1016/j.ecolind.2008.11.013
https://doi.org/10.1016/j.scitotenv.2021.145009
https://doi.org/10.1016/j.scitotenv.2021.145009
https://doi.org/10.1126/science.aad3488
https://doi.org/10.1126/science.aad3488
https://doi.org/10.1016/j.scitotenv.2015.02.045
https://doi.org/10.1016/j.scitotenv.2015.02.045
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0060
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0060
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0060
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0065
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0065
https://doi.org/10.1007/s10750-010-0166-2
https://doi.org/10.1007/s10750-010-0166-2
https://doi.org/10.1371/journal.pone.0150169
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0080
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0080
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0080
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0085
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0085
https://doi.org/10.1098/rspb.2015.2592
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0095
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0095
https://doi.org/10.1016/j.tree.2021.12.005
https://doi.org/10.1016/j.tree.2021.12.005
https://doi.org/10.1890/09-0415.1
https://doi.org/10.1007/s002449900391
https://doi.org/10.1007/s002449900391
https://doi.org/10.1146/annurev.ecolsys.35.021103.105711
https://doi.org/10.1146/annurev.ecolsys.35.021103.105711
https://doi.org/10.23818/limn.41.15
https://doi.org/10.23818/limn.41.15
https://doi.org/10.1038/s41598-019-47201-9
https://doi.org/10.1080/01621459.1987.10478440
https://doi.org/10.1002/ecy.1674
https://doi.org/10.1016/j.watres.2024.121903
https://doi.org/10.1111/fwb.13286
https://doi.org/10.1080/20442041.2020.1850096
https://doi.org/10.1080/20442041.2020.1850096
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0155
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0155
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0155
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1016/j.tree.2021.01.005
https://doi.org/10.1073/pnas.1711234115
https://doi.org/10.1111/faf.12305
https://doi.org/10.1111/gcb.15504
https://doi.org/10.1111/gcb.13405
https://doi.org/10.1111/gcb.13405
https://doi.org/10.1016/j.envpol.2019.07.042
https://doi.org/10.1016/j.envpol.2019.07.042
https://doi.org/10.1007/s10646-008-0239-4
https://doi.org/10.1007/s10646-008-0239-4
https://doi.org/10.5194/essd-9-181-2017
https://doi.org/10.1890/08-2109.1
https://doi.org/10.1016/j.ecoleng.2020.105932
https://doi.org/10.1016/j.ecoleng.2020.105932
https://doi.org/10.1016/j.scitotenv.2021.151712
https://doi.org/10.1016/j.scitotenv.2021.151712
https://doi.org/10.1016/j.scitotenv.2023.163018
https://doi.org/10.1007/s11356-024-31968-0
https://doi.org/10.1007/s11356-024-31968-0
https://doi.org/10.1371/journal.pone.0231713
https://doi.org/10.1371/journal.pone.0231713
https://doi.org/10.3232/SJSS.2015.V5.N2.02
https://doi.org/10.3232/SJSS.2015.V5.N2.02
https://doi.org/10.1002/aqc.592
https://doi.org/10.1002/aqc.592
https://doi.org/10.1016/j.ecoinf.2015.01.004
https://doi.org/10.1016/j.ecoinf.2015.01.004
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0250
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0250
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0250
https://doi.org/10.1126/science.1155398
https://doi.org/10.1126/science.1155398
https://doi.org/10.1016/j.scitotenv.2011.02.001
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1007/s12210-021-01017-w
https://doi.org/10.1073/pnas.2117364119
https://doi.org/10.1073/pnas.2117364119
https://doi.org/10.1111/gcb.15971
https://doi.org/10.1016/j.scitotenv.2022.156511
https://doi.org/10.1016/j.scitotenv.2022.156511

P. Amador et al.

sensitivity distributions for use in environmental protection, assessment, and
management of aquatic ecosystems for 12,386 chemicals. Environ. Toxicol. Chem. 38,
905-917. https://doi.org/10.1002/etc.4373.

Pulina, S., Suikkanen, S., Padedda, B.M., Brutemark, A., Grubisic, L.M., Satta, C.T., et al.,
2020. Responses of a Mediterranean coastal lagoon plankton community to
experimental warming. Mar. Biol. 167, 1-14. https://doi.org/10.1007/s00227-019-
3640-z.

R Core Team, 2024. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Rico, A., de Oliveira, R., de Souza Nunes, G.S., Rizzi, C., Villa, S., Lopez-Heras, L, et al.,
2021. Pharmaceuticals and other urban contaminants threaten Amazonian freshwater
ecosystems. Environ. Int. 155, 106702. https://doi.org/10.1016/
j.envint.2021.106702.

Romo, S., Miracle, R., 1994. Long-term phytoplankton changes in a shallow hypertrophic
lake, Albufera of Valencia (Spain). Hydrobiologia 275, 153-164. https://doi.org/
10.1007/BF00026707.

Romo, S., Villena, M.J., Sahuquillo, M., Soria, J.M., Gimenez, M., Alfonso, T., et al., 2005.
Response of a shallow Mediterranean lake to nutrient diversion: does it follow similar
patterns as in northern shallow lakes? Freshw. Biol. 50 (10), 1706-1717. https://
doi.org/10.1111/§.1365-2427.2005.01432.x.

Romo, S., Garcia-Murcia, A., Villena, M.J., Sanchez, V., Ballester, A., 2008. Tendencias del
fitoplancton en el lago de la Albufera de Valencia e implicaciones para su ecologia,
gestion y recuperacién. Limnetica 27 (1), 11-28. https://doi.org/10.23818/
limn.27.02.

Romo, S., Soria, J., Fernandez, F., Ouahid, Y., Bar6n-Sola, A., 2013. Water residence time
and the dynamics of toxic cyanobacteria. Freshw. Biol. 58 (3), 513-522. https://
doi.org/10.1111/§.1365-2427.2012.02734.x.

Salimi, S., Almuktar, S.A., Scholz, M., 2021. Impact of climate change on wetland
ecosystems: a critical review of experimental wetlands. J. Environ. Manag. 286,
112160. https://doi.org/10.1016/j.jenvman.2021.112160.

Schaum, C.E., Barton, S., Bestion, E., Buckling, A., Garcia-Carreras, B., Lopez, P., et al.,
2017. Adaptation of phytoplankton to a decade of experimental warming linked to
increased photosynthesis. Nat. Ecol. Evol. 1 (4), 94. https://doi.org/10.1038/s41559-
017-0094.

Scheffer, M., Bascompte, J., Brock, W.A., Brovkin, V., Carpenter, S.R., Dakos, V., et al.,
2009. Early-warning signals for critical transitions. Nature 461 (7260), 53-59.
https://doi.org/10.1038/nature08227.

Simpson, G.L., 2018. Modelling palaeoecological time series using generalised additive
models. Front. Ecol. Evol. 6, 149. https://doi.org/10.3389/fevo.2018.00149.

Simpson, G., 2024. _gratia: graceful ggplot-based graphics and other functions for GAMs
fitted using mgev_. R package version 0.9.0. https://gavinsimpson.github.io/gratia/.

Singh, B., Craswell, E., 2021. Fertilizers and nitrate pollution of surface and ground water:

15

Science of the Total Environment xxx (xxxx) 177247

an increasingly pervasive global problem. SN Appl. Sci. 3 (4), 518. https://doi.org/
10.1007/542452-021-04521-8.

Soria, J., Vicente, E., 2002. Estudio de los aportes hidricos al parque natural de la Albufera
de Valencia. Limnetica 21 (1-2), 105-115.

Soria, J.M., Miracle, M.R., Vicente, E., 1987. Aporte de nutrientes y eutrofizacién de la
Albufera de Valencia. Limnetica 3 (2), 227-242.

Soria, J., Vera-Herrera, L., Calvo, S., Romo, S., Vicente, E., Sahuquillo, M., Soria-Perpinya,
X., 2021a. Residence time analysis in the Albufera of Valencia, a Mediterranean
coastal lagoon, Spain. Hydrology 8 (1), 37. https://doi.org/10.3390/
hydrology8010037.

Soria, J., Romo, S., Vera-Herrera, L., Calvo, S., Soria-Perpinya, X., Pérez, J., 2021b.
Evolucién de la conductividad en la Albufera de Valencia entre 1985 y 2018.
Limnetica 40 (1), 223-232. https://doi.org/10.23818/1imn.40.15.

Stumpner, E.B., Bergamaschi, B.A., Kraus, T.E., Parker, A.E., Wilkerson, F.P., Downing,
B.D., et al., 2020. Spatial variability of phytoplankton in a shallow tidal freshwater
system reveals complex controls on abundance and community structure. Sci. Total
Environ. 700, 134392. https://doi.org/10.1016/j.scitotenv.2019.134392.

Su, H., Wang, R., Feng, Y., Li, Y., Li, Y., Chen, J., et al., 2021. Long-term empirical
evidence, early warning signals and multiple drivers of regime shifts in a lake
ecosystem. J. Ecol. 109 (9), 3182-3194. https://doi.org/10.1111/1365-2745.13544.

Vilas-Boas, J.A., Arenas-Sanchez, A., Vighi, M., Romo, S., Van den Brink, P.J., Dias, R.J.P.,
Rico, A., 2021. Multiple stressors in Mediterranean coastal wetland ecosystems:
influence of salinity and an insecticide on zooplankton communities under different
temperature conditions. Chemosphere 269, 129381. https://doi.org/10.1016/
j.chemosphere.2020.129381.

Vinebrooke, R.D., Cottingham, K.L., Norberg, J., Scheffer, M., Dodson, S.I., Maberly, S.C.,
Sommer, U., 2004. Impacts of multiple stressors on biodiversity and ecosystem
functioning: the role of species co-tolerance. Oikos 104 (3), 451-457. https://doi.org/
10.1111/j.0030-1299.2004.13255.x.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag.

Winder, M., Sommer, U., 2012. Phytoplankton response to a changing climate.
Hydrobiologia 698, 5-16. https://doi.org/10.1007/510750-012-1149-2.

Wood, S.N., 2006. Low rank scale invariant tensor product smooths for generalized
additive mixed models. Biometrics 62 (4), 1025-1036. https://doi.org/10.1111/
j-1541-0420.2006.00574.x.

Wood, S.N., 2017. Generalized Additive Models: An Introduction with R. CRC Press.

Zulfiqar, U., Hussain, S., Magsood, M., Ishfaq, M., Ali, N., 2021. Zinc nutrition to enhance
rice productivity, zinc use efficiency, and grain biofortification under different
production systems. Crop Sci. 61 (1), 739-749. https://doi.org/10.1002/csc2.20381.


https://doi.org/10.1002/etc.4373
https://doi.org/10.1007/s00227-019-3640-z
https://doi.org/10.1007/s00227-019-3640-z
https://www.r-project.org/
https://doi.org/10.1016/j.envint.2021.106702
https://doi.org/10.1016/j.envint.2021.106702
https://doi.org/10.1007/BF00026707
https://doi.org/10.1007/BF00026707
https://doi.org/10.1111/j.1365-2427.2005.01432.x
https://doi.org/10.1111/j.1365-2427.2005.01432.x
https://doi.org/10.23818/limn.27.02
https://doi.org/10.23818/limn.27.02
https://doi.org/10.1111/j.1365-2427.2012.02734.x
https://doi.org/10.1111/j.1365-2427.2012.02734.x
https://doi.org/10.1016/j.jenvman.2021.112160
https://doi.org/10.1038/s41559-017-0094
https://doi.org/10.1038/s41559-017-0094
https://doi.org/10.1038/nature08227
https://doi.org/10.3389/fevo.2018.00149
https://gavinsimpson.github.io/gratia/%3e
https://doi.org/10.1007/s42452-021-04521-8
https://doi.org/10.1007/s42452-021-04521-8
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0360
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0360
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0365
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0365
https://doi.org/10.3390/hydrology8010037
https://doi.org/10.3390/hydrology8010037
https://doi.org/10.23818/limn.40.15
https://doi.org/10.1016/j.scitotenv.2019.134392
https://doi.org/10.1111/1365-2745.13544
https://doi.org/10.1016/j.chemosphere.2020.129381
https://doi.org/10.1016/j.chemosphere.2020.129381
https://doi.org/10.1111/j.0030-1299.2004.13255.x
https://doi.org/10.1111/j.0030-1299.2004.13255.x
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0400
https://doi.org/10.1007/s10750-012-1149-2
https://doi.org/10.1111/j.1541-0420.2006.00574.x
https://doi.org/10.1111/j.1541-0420.2006.00574.x
http://refhub.elsevier.com/S0048-9697(24)07404-7/rf0415
https://doi.org/10.1002/csc2.20381

	Looking beyond the surface: Understanding the role of multiple stressors on the eutrophication status of the Albufera Lake (Valencia, Spain)
	1. Introduction
	2. Material and methods
	2.1. Stressors data series
	2.2. Stressor dynamics
	2.3. Multiple stressor effects on chlorophyll-a
	2.4. Water quality management

	3. Results
	3.1. Stressor dynamics
	3.2. Multiple stressor effects on chlorophyll-a
	3.3. Water quality management

	4. Discussion
	4.1. Multiple stressor trends
	4.2. Multiple stressor effects on chlorophyll-a
	4.3. Implications for ecosystem management and way forward

	5. Conclusions
	CRediT authorship contribution statement
	Uncited references
	Acknowledgements
	References


	fld59: 
	fld60: 
	fld61: 
	fld147: 
	fld159: 
	fld188: 
	fld195: 
	fld243: 
	fld258: 
	fld278: 


