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Abstract

The vulnerability of reservoirs in Mediterranean regions to eutrophication is attributable
to two key factors: strong seasonal hydrological variability and intensive agricultural
activity. The present study evaluated the trophic state of 47 reservoirs in the Ebro Basin in
Spain using two complementary approaches: the Organisation for Economic Co-operation
and Development (OECD) classification system and the criteria set out in Royal Decree
(RD) 47/2022. Chlorophyll-a, total phosphorus and transparency data were monitored
from 2023 to 2024. While most of reservoirs were classified as oligotrophic to mesotrophic
under the OECD thresholds, the RD 47/2022 identified 87% as being at risk of eutrophica-
tion. A significant variation in transparency was observed among the different reservoir
types (p < 0.05), with high-altitude systems showing higher levels of water transparency.
However, chlorophyll-a and total phosphorus had a significant spatial variability, exhibit-
ing only modest correlations. Chlorophyll-a was weakly but significantly correlated to
transparency (r = —0.21), while total phosphorus was not significantly associated with
either variable, suggesting a decoupling between nutrient availability and phytoplankton
biomass. The observed discrepancy between the two classification frameworks is indicative
of divergent conceptual approaches (ecological condition versus management risk). It
underscores the requirement for integrated monitoring that incorporates chemical, bio-
logical and catchment-scale indicators. These findings offer new insight into the trophic
dynamics of Mediterranean reservoirs and highlights the importance of adapting regulatory
assessment methods to region-specific climatic and hydrological contexts.

Keywords: water quality; chlorophyll-a; total phosphorus; transparency; OECD; eutrophication;
Ebro basin

1. Introduction

Water is an essential resource for life and human development owing to its unique
physicochemical properties, such as high surface tension and the ability to dissolve es-
sential salts [1]. Throughout history, human societies have evolved around freshwater
sources that sustain agriculture, health and urban life [2]. Despite covering approximately
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70% of the Earth’s surface, only about 3% of all water is freshwater, and less than 1% is
directly accessible to humans [3]. This scarcity underscores the requirement for sustainable
management and continuous evaluation of freshwater quality.

Water quality is a complex and multidimensional concept. Water quality can be defined
in functional terms as the capacity to satisfy diverse uses, including human consumption,
irrigation, industry, and ecosystem services and regulation. The specific uses of water
are determined by its physical, chemical, and biological characteristics [4]. The Water
Framework Directive [5] establishes that the quality of water is indicative of the ecological
conditions necessary to preserve the balance of aquatic ecosystems [6]. The preservation
of this equilibrium is imperative to prevent the loss of biodiversity and degradation of
ecosystem services.

Among the various processes affecting freshwater systems, eutrophication is recog-
nised as one of the most significant threats to water quality worldwide. This is attributable
to nutrient enrichment, primarily in the form of nitrogen and phosphorus, resulting in
uncontrolled algal proliferation, increased turbidity, oxygen depletion, and habitat degrada-
tion [7,8]. Eutrophication has been shown to alter food webs and to promote the occurrence
of harmful algal blooms, with potential impacts on ecosystems and human health [9].

The trophic state of a water body is a key indicator of its biological productivity
and nutrient status. The assessment of trophic state is achieved through the analysis of
variables associated with primary production, including chlorophyll-a, total phosphorus,
and transparency. These variables are then interpreted within the context of ecosystem
maturity and catchment interactions [10]. This methodology has been demonstrated to
reflect both the natural characteristics of the system and the degree of anthropogenic
influence [11-13]. In freshwater systems, phosphorus is typically the nutrient that limits
growth, and therefore it is a critical variable for determining the trophic state of the
system [14,15].

In the context of Spain, the regulatory framework governing water quality is mul-
tifaceted, encompassing a series of legal instruments meticulously designed to ensure
ecological integrity and adherence to European standards. Royal Decree 817/2015 [16]
stipulates the criteria for monitoring and assessing the ecological status of surface waters.
This legislation was subsequently refined by Royal Decree 47/2022 [17], which introduced
an updated criteria for characterising the trophic state of inland water bodies and assessing
the risk of eutrophication caused by external pressures, such as diffuse pollution from
agricultural sources. According to this decree, trophic characterisation applies exclusively
to lentic or lake-type systems, including reservoirs and provides thresholds employed in the
absence of defined national limits derived from the Organisation for Economic Cooperation
and Development [18].

Despite these advances, discrepancies may exist between the traditional OECD trophic
classification [18], which focuses on in-lake parameters, and the risk-based approach of RD
47/2022 [17]. A comparison of these two frameworks is therefore essential to understand
their implications for water management and ecological assessment.

In this context, the present study aims to characterise the trophic state and risk of
eutrophication in the reservoirs of the Ebro Basin (Spain) based on the criteria established
by the OECD [18] and Royal Decree 47/2022 [17]. The objectives are as follows: first, to
compare the classifications obtained by both methodologies in order to identify concor-
dances and discrepancies, and second, to evaluate the implications of these results for the
management and monitoring of Spanish reservoirs.
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2. Materials and Methods
2.1. Study Site

The Ebro basin, the largest in Spain with a total surface area of 85,534 km? and is in the
northeast of the Iberian Peninsula, extending into French and Andorran territory. The region
is delimited by the Cantabrian Mountains and the Pyrenees in the north, the Iberian System
in the southeast and by the Coastal-Catalan chain in the east [19]. From a biogeographical
perspective, the region under consideration is situated between the Eurosiberian and
Mediterranean regions, and is characterised by a predominantly Mediterranean climate,
with oceanic influences in the northeast and continental influences in the central portion
of the peninsula [20]. This climatic context, in conjunction with human activities such
as irrigated agriculture, hydroelectric generation and urban supply, exerts a substantial
influence on the quality and availability of water resources [19].

In the present study, 47 reservoirs were monitored and analysed throughout the
basin. Reservoir types (E-T01, E-T07, E-T09, E-T10, E-T11, E-T12 and E-T13) are defined
based on a combination of mixing regime (monomictic or dimictic), regional climatic
conditions, lithology (calcareous or siliceous), and basin area. Basin area was considered
as a morphometric descriptor and was classified into non-overlapping size categories
(<1000 km?, 1000-25,000 km?, and >25,000 km2). These classifications are in accordance
with the RD 817/2015 [16] standard (see Table A1).

In order to classify reservoirs, it is first necessary to ascertain the climatic region in
which they are located, given that climate is the primary variable under consideration.
According to Képpen'’s climatic classification of 1918, the reservoirs analysed are distributed
throughout the territory in five different climatic regions (see Figure 1). These regions are
abbreviated as follows: temperate climate without dry season with warm summer (Cfb),
temperate climate without dry season with hot summer (Cfa), temperate climate with dry
and hot summer (Csa), cold semi—arid steppe climate (Bsk), and continental climates (Dfb
and Dfc) in mountain areas. These climatic and morphometric gradients, together with
altitude and catchment land use, provide a broad spatial and environmental context for
interpreting differences in trophic conditions among reservoirs.

2.2. Sampling Methodology

In accordance with the provisions of RD 47/2022 [17], the Ebro basin reservoirs
were sampled in different campaigns between late spring and summer seasons during
2023 and 2024, corresponding to the period of maximum phytoplankton growth and
highest risk of eutrophication in Mediterranean reservoirs. During this seasonal window,
primary production typically reaches its annual peak, and trophic differences among
systems are most pronounced [10,15]. Consequently, focusing on this period provides a
conservative assessment of trophic status and eutrophication risk, rather than an annual
average condition. While seasonal variability is acknowledged, reservoirs exhibiting low
chlorophyll-a concentrations and high transparency during the peak growth period are
unlikely to experience severe eutrophication during the rest of the year. Nevertheless, the
lack of autumn and winter data represents a limitation for assessing full annual dynamics.

Sampling was conducted at a single central pelagic station in each reservoir, selected
to represent the deepest and most limnologically stable zone. This approach is commonly
applied in reservoir monitoring programs, as pelagic stations integrate water column pro-
cesses and are less affected by localized littoral or inflow-related variability. The sampling
point was selected close to the dam rather than at a fixed distance, with the objective of
ensuring comparability among reservoirs with different sizes and morphologies. Vertical
profiles were used to characterize the water column structure during each sampling event.
Spatial heterogeneity within reservoirs may not be fully captured by a single-station design,
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and thus the results primarily reflect conditions in the central pelagic zone rather than the

entire reservoir. The sample at each reservoir was obtained from a sampling point located
above the deepest point, approximately 300 to 500 m from the dam, this to detect changes
in the water column and possible situations of anoxia in the bottom layer.
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Figure 1. Approximate representation of the climatic regions according to Képpen present in the
Ebro basin and the presence in each of them of the reservoirs studied. Temperate climate without
dry season with mild summer (Cfb), temperate climate without dry season with hot summer (Cfa),
temperate climate with dry and hot summer (Csa), cold steppe climate (Bsk), mountain climates (Dfb
and Dfc). In the Mediterranean oceanic climate (Csb) there are no reservoirs sampled during these
studies. The red line indicates the border of the Ebro Basin Authority.

In each sampling point, water transparency was measured in situ with the Secchi Disk
(Zsp), then the photic zone was defined as 2.5 times the depth of vision of the disk. An
integrated water sample was obtained from the photic zone using a vertical tube with an
internal diameter of 2.5 cm. The water sample was collected in an 8 L integrator bottle,
where it was subjected to homogenisation. Following this, the water was distributed
into Polyethylene and Pyrex bottles for subsequent storage at 4 °C and filtration in the
laboratory for nutrient and chlorophyll-a analyses. The water samples were transported in
darkness and refrigerated for subsequent processing and analysis in the laboratory.

2.3. Laboratory Methodology

For the extraction of chlorophyll-a, water samples obtained from each reservoir were
filtered using 0.7 um pore glass-fiber discs. Subsequently, samples were extracted with a
1:1 solution of dimethyl sulfoxide and 90% acetone, following the method of Shoaf and
Lium [21]. After pigment extraction, chlorophyll-a concentration was calculated from
absorbance readings using the equations of Jeffrey and Humphrey [22].

The concentration of total phosphorus was determined by means of the method of
Murphy and Riley [23], which involved acid digestion and molybdenum blue, with the
resultant absorption measured at 882 nm [24].
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2.4. Statistical Analysis

Initially, a descriptive statistical analysis was conducted for each variable. Subse-
quently, the normality of the data was studied with the Shapiro-Wilk test, and the variables
which follow non-normal distributions were log-transformed where appropriate. After
transformation, normality was reassessed according to the Shapiro-Wilk test and Anderson—
Darling test. As most variables were normal according at least one of this test, we assumed
normal distribution.

For the original data (not log-transformed), in order to analyse the differences between
the various types of reservoirs, the Kruskal-Wallis test for non-parametric values was
performed, followed by a pairwise test (Dunn’s post hoc test).

To explore associations among trophic variables, Pearson correlation analysis was
applied to the log-transformed data with normal distribution. Finally, Principal component
analysis (PCA) was used as an exploratory tool to identify multivariate patterns among
reservoirs. The analysis was performed on standardized variables to ensure equal weight-
ing, and included chlorophyll-a, transparency, and total phosphorus. All statistical analyses
were performed in the software PAST (version 4.03) [25].

2.5. Trophic State Assessment

The evaluation of the trophic state of the reservoirs was conducted following the
criteria established by RD 47/2022 [17], in conjunction with the criteria proposed by the
OECD [18]. The European Water Framework Directive [5] stipulates that the annual mean
and maximum value of the indicators must be calculated from a minimum of six annual
samples. Furthermore, at least one sample must be taken every three months. However, in
this instance, the calculation was conducted in some sites without adhering to this require-
ment. Consequently, the resulting trophic classifications should not be interpreted as official
ecological status determinations, but rather as indicative and comparative assessments of
trophic conditions during the period of maximum phytoplankton development.

According to the classification system developed by the OECD [18], five categories of
trophic state are recognised in lake environments (see Table 1). This classification is based
on variables such as total phosphorus concentration, chlorophyll-a and water transparency.
The calculation of the trophic category is achieved by the data means.

Table 1. Trophic state classification according to OECD [18].

Trophic Category

Numerical =~ Mean Numerical Total Phosphorus = Chlorophyll-a Secchi Disc

Value Number (ugL-1) (ug L-1) (m)
Ultraoligotrophic 1 <1.8 <4 <1 >6
Oligotrophic 2 1.8-2.6 4-10 1-2.5 6-3
Mesotrophic 3 2.6-34 10-35 2.5-8 3-1.5
Eutrophic 4 3.4-42 35-100 8-25 1.5-0.7
Hypertrophic 5 >4.2 >100 >25 <0.7

The trophic state obtained for each variable is associated with a numerical value that
assigns each category on a scale of 1 to 5 (see Table 1). For each reservoir, the values were
averaged, and the trophic state was assigned according to the scale shown in Table 1.

Royal Decree 47/2022 [17] establishes the criteria for characterising the eutrophication
risk of surface water bodies, classifying them as non-eutrophic and eutrophic (see Table 2).
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Table 2. Indicator variables of eutrophication risk according to RD 47/2022.
Variables-Trophic State Non-Eutrophic Eutrophic
Total phosphorus (pg/L) annual mean <35 >35
Chlorophyll-a (ug/L) annual mean <8 >8
Annual maximum chlorophyll-a (ug/L) <25 >25
Secchi disk (m) annual mean >2 <2

The Impact and Pressures (IMPRESS) database is utilized in this study to fulfil a
critical requirement of the Royal Decree (RD) 47 /2022 [17] classification framework. Unlike
the OECD system, which focuses only on in-lake parameters, RD 47/2022 mandates a
risk-based approach that requires the consideration of substantial external pressures that
may result in an augmentation of nutrients within the water body. These pressures are
predominantly of anthropogenic origin, deriving from point and diffuse sources associated
with urban, industrial, and agricultural activities. The determination of the existence and
nature of these pressures, which are essential for assessing the risk of eutrophication, was
based on the reports of the Impact and Pressures (IMPRESS) database of the Ebro Basin
Authority [26]. By incorporating this catchment-scale data, the RD 47/2022 framework is
able to adopt a more precautionary approach, integrating factors like diffuse agricultural
pollution and hydromorphological alteration into its evaluation.

3. Results
3.1. Trophic State Assessment According OECD Criteria

According to the OECD classification [18], five reservoirs (10.6%) were classified as
ultra-oligotrophic, 19 (40.4%) as oligotrophic, and 23 (48.9%) as mesotrophic. The mean
values for chlorophyll-a (Table 3), transparency, and total phosphorus were 4.15 pg L1,
3.33m, and 12 pg L1, respectively. The highest recorded chlorophyll-a concentration was
found in El Val (33.9 ug L), and the lowest in El Grado (0.4 ug L. Transparency levels
ranged from 0.3 m (Yesa) to 15.1 m (Llauset), while total phosphorus levels varied from
below detection to 99 ug L~! (Utchesa).

Table 3. Statistical summary of the variables analysed. Chlorophyll-a (CHL-A) in ug L™, trans-
parency measured with the Secchi disc (Zgp) in m and total phosphorus (PTOT) in pg L1

CHL-A Zsp PTOT
ngL-! m ug L1
N 99 99 99
Min 0.4 0.3 0
Max 33.9 15.1 99
Mean 4.2 3.3 12
Std. Error 0.5 0.2 2
Variance 24.7 6.5 0
Std. Dev. 5.0 2.5 17
Median 2.8 2.5 7
25 Percentile 15 1.7 3
75 Percentile 4.5 4.1 13
Coeff. Var. 119.5 76.8 146

The findings indicate that the majority of reservoirs within the Ebro Basin are classified
as mesotrophic, suggesting that they exhibit moderate levels of nutrient enrichment and
productivity, characteristics that are commonly observed in Mediterranean reservoirs.
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(a)

3.2. Variables’ Differences Among Reservoir Types

A significant variation among reservoir types (E-T01, E-T07, E-T09, E-T10, E-T11,
E-T12, E-T13) shown in Figure 2b and Table A3 was identified for transparency (p < 0.05)
with Kruskal-Wallis test.
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Figure 2. Box plots for each variable studied: (a) chlorophyll-a, (b) Secchi disk depth, (c) total
phosphorus. Each box delimits the interquartile range (25th—-75th percentile), the horizontal line
marks the median and the whiskers indicate the range of the data, excluding outliers marked with
dots. Letters A, B and C are derived from statistical analysis. These metrics are indicative of disparities
among the groups under consideration. The presence of identical letters indicates that no differences
are present between them.

Pairwise comparisons (Dunn’s test) indicated that Type 13 reservoirs, which are
generally located in colder, high-altitude regions, exhibited the greatest transparency (mean
9.81 m), whereas Type 10 reservoirs showed the lowest values (2.1 m).

No significant differences were found for chlorophyll-a (Figure 2a and Table A4) and
total phosphorus (Figure 2c and Table A5) among reservoir types (p > 0.05), indicating
similar productivity levels across most groups. However, the relatively high variability
in chlorophyll-a within Type 7 and 12 reservoirs (coefficients of variation above 120%)
suggests heterogeneous conditions influenced by climatic and anthropogenic factors.

3.3. Eutrophication Risk Assessment and Comparison with Trophic Status

In accordance with the criteria delineated in Royal Decree 47/2022 [17], a total of
41 reservoirs (representing 87.2% of the total) were classified as at risk of eutrophication,
while the remaining 6 reservoirs (12.8%) were classified as non-eutrophic (see Figures
3b, 4 and 5b). Of the 24 reservoirs classified as oligotrophic or ultra-oligotrophic under
OECD criteria [18], only five remained non-eutrophic according to RD 47/2022 [17]. The
classification of all mesotrophic reservoirs as being at risk was a key finding of the study.

a b

23

36

s Ultraoligotrophic = Oligotrophic Mesotrophic = Non Eutrophic Inrisk

Figure 3. Summary of trophic state results according to OECD (a) and Royal Decree 47/2022 (b). ER
(At risk of eutrophication). NE (Non-eutrophic).
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Figure 4. Comparison between trophic state (left semicircle) according to OECD and eutrophication
risk (right semicircle) according to RD 47/2022.
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Figure 5. Summary of results obtained by trophic state groups according to OECD (a) and Royal
Decree 47/2022 (b). ER (At risk of eutrophication). NE (Non eutrophic).

The observed discrepancy between the two frameworks underscores the more precau-
tionary nature of RD 47/2022 [17], which incorporates external pressures such as diffuse
agricultural pollution and hydromorphological alteration in its evaluation. The distribution
of trophic states by reservoir type is summarised in Figures 3 and 5.

3.4. Multivariate Analysis

Following an evaluation of normality employing the Shapiro-Wilk test, it was deter-
mined that neither of the variables under consideration exhibited a normal distribution
(p < 0.05). After the log-transformation of the three variables, the Shapiro-Wilk test indi-
cated that log-transformed chlorophyll-a (p = 0.2731) and transparency (p = 0.6531) did not
deviate significantly from a normal distribution. In contrast, total phosphorus did not meet
the Shapiro-Wilk normality criterion after transformation; however, the Anderson-Darling
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test yielded a p-value of 0.0555, indicating behaviour consistent with normality. These
results supported the subsequent application of parametric correlation analyses to the
transformed data.

The results of the Pearson correlation analysis among the variables showed a modest
but statistically significant negative correlation between chlorophyll-a and transparency
(r=—0.21, p = 0.038). No statistically significant correlations were observed between total
phosphorus and either chlorophyll-a or transparency (p > 0.05).

Principal Component Analysis (PCA) performed on normalized variables explained
76.0% of the total variance in the first two components (PC1 = 40.6%; PC2 = 35.4%). PC1 was
characterized by high positive loadings of chlorophyll-a (0.744) and moderate positive
loadings of total phosphorus (0.280), together with a strong negative loading of water
transparency (—0.607). This component can therefore be interpreted as a trophic gradient
contrasting phytoplankton biomass and nutrient enrichment against water clarity.

PC2 was dominated by a strong positive loading of total phosphorus (0.839) and
a moderate positive loading of transparency (0.532), while chlorophyll-a showed only
a weak contribution (0.118). This pattern suggests that PC2 represents a phosphorus-
related gradient that is partially decoupled from phytoplankton biomass, highlighting
situations in which elevated phosphorus concentrations do not translate into increased
chlorophyll-a levels.

Reservoirs classified as oligotrophic or ultra-oligotrophic were grouped in negative
part of the first component and the positive part of the second component, a region
characterised by high transparency and low nutrient and chlorophyll concentrations
(e.g., Baserca, Llauset, Colomers). In counterpart, mesotrophic and eutrophic reservoirs
such as Mequinenza and El Val were located in the positive part of the first component
and in the negative part of the second component, an area related with higher productivity

and lower transparency (see Figure 6). It suggests a spatial arrangement of reservoirs that
broadly reflects differences in trophic indicators; however, this pattern should be inter-
preted as exploratory, given the descriptive nature of PCA and the non-normal distribution
of the data.
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Figure 6. Principal Component Analysis of the reservoirs sampled during the years 2023 and 2024.
PTOT is total P (TP), CHLA is chlorophyll-a and ZDS is Secchi disk depth. Types of reservoirs in
Table A1 and three letter code of reservoir according to Table A2. Loading vectors were rescaled by a
factor of 3 to improve visualization.
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4. Discussion

The trophic assessment of 47 reservoirs in the Ebro Basin revealed majority exhibited
oligotrophic to mesotrophic conditions according to OECD criteria [18]. However, nearly
all of these systems were categorised as being at risk of eutrophication under Royal De-
cree (RD) 47/2022 [17]. This discrepancy is attributable to fundamental conceptual and
methodological differences between the two frameworks and has significant implications
for water quality assessment in Mediterranean basins. A modest negative association
between chlorophyll-a and Secchi disk depth was observed, which is consistent with the
expected inverse relationship between phytoplankton biomass and water clarity. However,
given the weak strength of the correlation and the non-normal distribution of the data,
this relationship should be interpreted as indicative rather than demonstrative. However,
the lack of correlation of Total P with Chl-a and Zgp suggests that short-term variations in
phosphorus concentrations may not directly explain chlorophyll fluctuations, likely due to
internal biogeochemical processes and temporal variability in nutrient uptake.

4.1. Differences Between OECD and RD 47/2022 Approaches

The finding that 87% of reservoirs were considered “at risk” under RD 47/2022 [17],
even when oligotrophic or mesotrophic by OECD standards [18], reflects a possible bias
in the Spanish regulatory framework. This finding is aligned with the Water Framework
Directive’s preventive approach [5], but it is also possible the risk of eutrophication may
be overestimated in reservoirs with low internal nutrient loads. The overclassification of
data can result in the diversion of management resources from systems which genuinely
require intervention. Nevertheless, given the intensification of agricultural pressures and
climate-driven reductions in flow [26], such caution may be ecologically justified in the
long term.

Furthermore, this regulation reduces the number of variables to only chlorophyll-a
and total phosphorus, thus giving greater weight to the latter, and using transparency in a
complementary way through expert judgement, as it can be affected by factors not related
to the trophic state, such as inorganic solids [11,27]. Nevertheless, this simplification results
in the loss of valuable information regarding the actual ecological state and uses of water.

4.2. Spatial and Environmental Drivers of Trophic Variability

Differences among reservoir types were observed across climatic and geomorpho-
logical gradients. In the context of type 13 reservoirs, situated in mountainous regions
characterised by colder climates, high transparency and low chlorophyll-a levels were
observed. These characteristics are indicative of oligotrophic systems [28,29]. Conversely,
Types 10 and 12, located in warmer, agriculturally dominated catchments, exhibited ele-
vated nutrient concentrations and mesotrophic conditions, indicative of diffuse nutrient
inflow and prolonged residence times.

Types 10 and 12 have a similar trend as other water bodies reported in Mediterranean
and subtropical regions, where temperature, evaporation, and nutrient (mainly phosphorus)
retention have been shown to enhance productivity [30]. Similar trophic dynamics have
been observed in other subtropical reservoirs, where nutrient enrichment and hydrological
variability modulate productivity and transparency levels [31]. These studies reinforce the
role of local climatic and morphometric factors in shaping trophic behavior, even under
comparable phosphorus concentrations.

The weak yet significant negative correlation between chlorophyll-a and transparency
confirms the classical inverse relationship between phytoplankton biomass and water clar-
ity. However, no statistically significant association was detected between total phosphorus
and chlorophyll-a. This result indicates high variability in nutrient-biomass relation-
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ships among reservoirs, rather than providing evidence for the absence of phosphorus
control [11].

PCA results are interpreted as exploratory and descriptive, providing an overview
of multivariate patterns among reservoirs rather than demonstrating discrete trophic
gradients or causal relationships. These results provide further evidence in support of
the hypothesis that trophic state indices must be adapted to regional conditions [10,12].
Recent hydrological assessments by the Ebro River Basin Authority [19] also highlight
increasing variability in flow regimes and retention times, which may exacerbate nutrient
accumulation in downstream reservoirs.

4.3. Implications for Eutrophication Management

The comparison between OECD [18] and RD 47/2022 [17] outcomes highlights the
requirement for integrated monitoring strategies to differentiate between ecological condi-
tion and management risk. The conservative classification of RD 47/2022 [17] ensures early
detection; however, it may misrepresent the ecological reality of high-mountain or low-
pressure reservoirs. For instance, Yesa and Mediano reservoirs exhibited low chlorophyll-a
and high transparency, consistent with oligotrophic conditions; however, they were clas-
sified as “at risk”. In contrast, some reservoirs have been observed to maintain a stable
trophic state, such as, Sobrén and Mequinenza reservoirs. This stability may be attributed
to the constancy of their morphometric and hydrological characteristics, which include a
large surface area, high storage capacity, and relatively long residence times. These charac-
teristics act as a buffer against short-term fluctuations in nutrient levels and algal blooms. In
these reservoirs, moderate anthropogenic pressure and efficient dilution capacity contribute
to the maintenance of low chlorophyll-a concentrations and stable transparency values
despite seasonal variability.

In addition to these stable systems, some reservoirs have shown clear trophic improve-
ments over recent years if we compare it with the previous reports conducted by the Ebro
Basin Authority [9,32,33]. Conversely, nine reservoirs have exhibited an enhancement in
their trophic state, including Ebro and Barasona reservoirs, which have transitioned from a
mesotrophic to an oligotrophic condition [9,32,33]. Other cases, such as El Val and Utchesa
Seca, have shifted from eutrophic to mesotrophic states. Notably, only one case (Calanda)
has exhibited a transition from oligotrophic to ultra-oligotrophic conditions. In the case of
El Val, this improvement is attributable to better management of the reservoir [34], although
livestock contributions persist. These findings highlights that management measures may
effectively reverse eutrophication trends when sustained monitoring and adaptive regula-
tion are implemented.

In order to enhance the precision of the results, field-based trophic indicators should
be supplemented with catchment-scale pressure data and biological metrics (e.g., phyto-
plankton composition, zooplankton communities) [20,35,36]. Furthermore, the increasing
availability of remote sensing tools [37,38] provides cost-effective methods to monitor
spatial and temporal dynamics of chlorophyll-a and transparency across large basins.
The integration of physicochemical, hydromorphologic, biological, and remote-sensing
approaches has the potential to significantly reduce uncertainty and enhance adaptive
management under RD 47/2022 [17] at regional scale.

Integrated surveillance programs have been developed in other Spanish basins to
assess the ecological status of continental waters including the previous approaches [39].
These parallel efforts emphasise the need for harmonising methodologies across basins
to ensure consistent evaluation of eutrophication risks along the different basins in the
Iberian Peninsula.
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Additionally, recent advancements in satellite-based monitoring techniques have
enabled the estimation of trophic indicators such as chlorophyll-a and turbidity from
multispectral imagery. Hybrid models integrating optical and environmental parameters
have demonstrated strong potential for large-scale assessment [40], offering a valuable
complement to in situ monitoring programs. Analogous approaches employing Sentinel-
2 data have been successfully implemented to assess trophic states in urban reservoirs,
achieving high accuracy in detecting spatial heterogeneity and seasonal variation [41].
These findings highlight the growing relevance of satellite-based observation, suggesting
this could be a useful management tool under RD 47/2022 [17].

The predominance of mesotrophic states in comparison with earlier surveys [32,33]
indicates a gradual trend toward higher productivity, likely associated with diffuse nutrient
enrichment and reduced dilution during prolonged dry periods. This is consistent with
European patterns of moderate trophic degradation observed in regulated systems [42].
Therefore, it is essential to implement preventive management strategies that focus on
controlling nutrient sources, restoring of riparian buffers, and maintaining hydrological
regimes to prevent further deterioration.

4.4. Broader Limnological Context

The patterns observed in the Ebro Basin are similar to those reported for other Mediter-
ranean and semi-arid regions facing the dual challenge of water scarcity and anthropogenic
pressure [43]. Eutrophication has been extensively documented as a problem in tropical
and temperate systems. In addition, Mediterranean reservoirs exhibit an increased degree
of vulnerability due to their episodic inflows and high evaporation rates. These factors
result in the concentration of nutrients and the acceleration of trophic transitions.

Thus, this highlights the need for regional calibration of trophic indices and legal
thresholds for adequate reservoirs management. This point of view is in accordance with
the developing idea that trophic status should be evaluated within a climate-sensitive and
catchment-integrated framework, as opposed to using universal static thresholds.

4.5. Limitations and Future Research

A limitation of the current study is the reliance on monitoring data collected over a
relatively short period, specifically two sampling campaigns spanning 2023-2024. This
limited temporal scope, especially when compared to earlier long-term assessments [32,33]
that suggest a gradual trend toward higher productivity, could hide long-term trophic
dynamics. Furthermore, the sampling frequency applied, while yielding 99 total obser-
vations across 47 reservoirs, did not adhere to the European Water Framework Directive
(WEFD) stipulation requiring a minimum of six annual samples to calculate annual mean
and maximum values. This low sampling frequency may mask seasonal and short-term
variability, which is crucial in regulated Mediterranean reservoirs. As a result, trophic state
assignments are intended to provide a conservative and exploratory comparison among
reservoirs mainly during summer, rather than a fully compliant regulatory assessment.
Comparisons among systems should therefore be interpreted with caution, particularly
regarding their equivalence to official Water Framework Directive classifications.

Therefore, future research must be focused on establishing robust links between hydro-
logical variability, internal nutrient cycling, and integrating longer-term datasets to confirm
the stability and validity of the relationships identified here, such as the weak nutrient—
biomass coupling, in order to develop more reliable predictive models for eutrophication
risk under changing environmental conditions.
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5. Conclusions

The trophic assessment conducted in the present study indicates a divergence be-
tween current ecological condition assessment and regulatory management risk law. While
OECD criteria categorize nearly half of the systems as oligotrophic or ultra-oligotrophic,
the precautionary approach of Royal Decree 47 /2022 classifies 87% of reservoirs at risk of
eutrophication. This discrepancy is directly attributable to the RD 47 /2022 framework’s
integration of external pressures, such as diffuse agricultural pollution and hydromorpho-
logical alteration, reflecting the long-term susceptibility of these systems rather than their
immediate in-lake status.

No strong or consistent relationship was observed between total phosphorus and
chlorophyll-a. These results indicate complex and variable nutrient-biomass relationships
across Mediterranean reservoirs rather than a uniform or phosphorus-driven response.
Future research based on longer-term and seasonally resolved datasets will be essential
to robustly assess trophic dynamics. Multivariate patterns identified through exploratory
analyses were broadly consistent with the trophic classifications but should be interpreted
with caution due to methodological limitations, including data non-normality and limited
temporal coverage. Consequently, the observed gradients should be considered indicative
rather than demonstrative of underlying causal mechanisms.

An integrated monitoring strategy is essential to improve management strategies
under RD 47/2022 and to achieve the objectives of the Water Framework Directive. This
strategy should differentiate between ecological condition and regulatory risk and incorpo-
rate complementary techniques such as biological metrics (e.g., zooplankton) and remote
sensing tools. Remote sensing provides a cost-effective method to monitor the spatial and
temporal dynamics of chlorophyll-a and transparency across the large Ebro Basin. This
method could improve basin’s management plans. Finally, future research must focus
on establishing robust links between hydrological variability, internal nutrient cycling,
and long-term datasets to develop predictive models to monitor precisely trophic state
and eutrophication risk, especially against increasing anthropogenic pressures and climate
change effects.
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Abbreviations

The following abbreviations are used in this manuscript:

PT/PTOT Total Phosphorus

CHLA/Chl-a  Chlorophyll-a

Zsp Secchi disk depth/transparency
RD Royal Decree

Appendix A

Table Al. Resevoirs typology codes. Modified from RD 817/2015 [16] standard.

Reservoir Type Mixing Regime Litology Regional Climatic Conditions Basin Area
E-TO1 Monomictic Siliceous Humid zone (averageoannual Headwaters and
temperature < 15 °C) upper reaches
E-TO7 Monomictic Calcareous Humid zone (averageoannual Headwaters and
temperature < 15 °C) upper reaches
E-T09 Monomictic Calcareous Humid zone Main river network
E-T10 Monomictic Calcareous Not humid zone Headwaters and
upper reaches
E-T11 Monomictic Calcareous Not humid zone Main river network
E-T12 Monomictic Calcareous Not humid zone Lower rea}ches of
main rivers
E-T13 Dimictic

Table A2. Three-letter code for the reservoir along with average trophic status, type of reservoir and
location. Modified from Mufioz-Colmenares et al. [35].

Average Trophic Type of

Code Reservoir Status Reservoir Location
BAR Barasona Oligotrophic 11 Aragon
BAS Baserca Oligotrophic 13 Aragon
BUB Bubal Oligotrophic 7 Aragon
CAL Calanda Oligotrophic 10 Aragon
CAM Camarasa Oligotrophic 11 Catalonia
CAN Canelles Oligotrophic 11 Aragon
CAS Caspe Mesotrophic 12 Aragon
COL Colomers Oligotrophic 13 Catalonia
CUE Cueva Foradada Mesotrophic 10 Aragon
EBR Ebro Oligo-Mesotrophic 7 Cantabria
ESC Escales Oligotrophic 7 Aragon
EST Alcaniz Mesotrophic 10 Aragon
FLI Flix Mesotrophic 12 Catalonia
GAL Gallipuén Mesotrophic 10 Aragon
GRA El Grado Oligotrophic 11 Aragon
GUI Guiamets Mesotrophic 10 Catalonia
ITO Itoiz Oligotrophic 7 Navarre
LAN Lanuza Oligotrophic 1 Aragon
LEC Lechago Oligo-Mesotrophic 7 Aragon
LLA Llauset Oligotrophic 13 Aragon
LOT La Loteta Meso-Eutrophic 10 Aragon
MAE Maidevera Mesotrophic 7 Aragon
MAR Margalef Mesotrophic 10 Catalonia
MED Mediano Oligotrophic 9 Aragon
MEQ Mequinenza Oligo-Mesotrophic 12 Aragon
MOV Moneva Meso-Eutrophic 10 Aragon
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Table A2. Cont.
Code Reservoir Average Trophic Type Of. Location
Status Reservoir
OLI Oliana Mesotrophic 9 Catalonia
ORT Ortigosa Oligotrophic 7 La Rioja
PA]J Pajares Oligotrophic 1 La Rioja
RIA Rialb Mesotrophic 11 Catalonia
RIB Ribarroja Eutrophic 12 Catalonia
SAL Sallente Oligotrophic 13 Catalonia
SAN Santa Ana Oligotrophic 11 Catalonia
SLO San Lorenzo Mesotrophic 10 Catalonia
SSA San Salvador Oligotrophic 10 Catalonia
SOB Sobrén Meso—-Eutrophic 9 Castile and Leén
SOT La Sotonera Mesotrophic 10 Aragon
STO Santolea Oligotrophic 11 Aragon
TAL Talarn Oligo-Mesotrophic 11 Catalonia
TER Terradets Mesotrophic 9 Catalonia
TRA La Tranquera Mesotrophic 11 Aragon
ULL Ullivarri-Gamboa Oligo-Mesotrophic 7 Pais Vasco
UTC Utchesa Seca Eutrophic 10 Catalonia
VAL El Val Eutrophic 7 Aragon
YES Yesa Oligotrophic 9 Navarre
Appendix B

Table A3. Statistical summary of the values obtained for transparency (m) measured with the Secchi
disk (Zsp) according to the type of reservoir.

1 7 9 10 11 12 13
N 2 20 10 28 18 14 7
Min 5.60 0.80 0.30 0.80 1.50 1.40 1.50
Max 8.10 6.30 6.80 5.90 6.40 5.30 15.10
Mean 6.85 291 2.68 211 3.27 3.18 9.81
Std. Error 1.25 0.31 0.60 0.26 0.31 0.32 1.57
Variance 3.13 1.90 3.60 1.88 1.72 1.39 17.17
Std. Devw. 1.77 1.38 1.90 1.37 1.31 1.18 4.14
Median 6.85 245 2.55 1.65 3.10 3.20 10.00
25 Percentile 5.60 1.90 1.10 1.13 2.35 2.10 9.40
75 Percentile 8.10 3.50 3.50 245 3.93 4.10 11.90
Coeff. Var. 25.81 47.50 70.84 65.04 40.16 37.15 42.22
Table A4. Statistical summary of the values obtained for chlorophyll-a (g L~!) according to the type
of reservoir.
1 7 9 10 11 12 13
N 2 20 10 28 18 14 7
Min 1.10 1.00 0.60 0.60 0.40 1.50 1.00
Max 1.20 33.90 6.60 11.60 7.80 11.30 10.70
Mean 1.15 7.28 3.03 3.40 2.70 5.05 2.66
Std. Error 0.05 2.06 0.72 0.50 0.40 0.85 1.34
Variance 0.01 85.15 523 6.96 2.87 10.07 12.65
Std. Dev. 0.07 9.23 2.29 2.64 1.69 3.17 3.56
Median 1.15 3.65 240 2.50 2.35 3.85 1.40
25 Percentile 1.10 213 1.05 1.63 1.48 243 1.00
75 Percentile 1.20 8.33 5.35 4.35 3.60 7.45 1.70
Coeff. Var. 6.15 126.75 75.45 77.58 62.70 62.84 133.87
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Table A5. Statistical summary of the values obtained for total phosphorus (ug L™!) according to the
type of reservoir.

1 7 9 10 11 12 13

N 2 20 10 28 18 14 7

Min 5 2 <1 <1 <1 <1 <1
Max 11 43 19 99 48 89 9
Mean 8 10 8 13 8 22 4
Std. Error 3 2 2 4 3 8 2
Variance 0 0 0 0 0 1 0
Std. Dev. 4 9 6 19 12 29 4
Median 8 8 7 7 4 12 3
25 Percentile 5 4 4 4 3 8 0
75 Percentile 11 14 12 14 5 19 9

Coeff. Var. 53 88 76 148 156 132 109
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