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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Water quality data analyzed for 14 
Mediterranean basins between 1990 and 
2024

• Strong north-south variability linked to 
climate gradient and land use/cover

• Basins within farmland had higher NO3 
and P2O5, and low DO and transparency 
in water.

• Clear shift after 2005, with nutrients 
increasing mostly due to drought and 
farming
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A B S T R A C T

Water quality degradation is a major issue in Mediterranean regions, but identifying the key natural and human 
drivers remains challenging, requiring large–scale studies for meaningful synthesis and comparison. This study 
analyzed a vast Mediterranean dataset spanning 89,015 km2 across 15 Iberian river basins along a climate 
gradient (cooler-wetter north to warmer-drier south), 3 decades, 3441 stations, 19 parameters, and ∼15 million 
observations. It is the first study of this scale in the region, utilizing custom scripts for automated data compi
lation and processing.

The study revealed an evident north–to–south water quality decline, with rising electric conductivity, pH, total 
suspended solids, nitrogen, phosphorus, organic carbon, and sulphate, alongside reduced dissolved oxygen and 
transparency. This pattern correlated with the latitudinal climate gradient and intensified agriculture in the 
south (Pearson correlation coefficient: 0.1 to 0.53; Spearman's rank correlation coefficient: 0.17 to 0.56), while 
increased forest cover had a mitigating effect (Pearson: − 0.50 to − 0.07; Spearman: − 0.51 to − 0.10). Multi
decadal trend analysis revealed a shift around 2005 with most parameters decreasing, except for nitrate and 
phosphate, which rose likely due to the 2004/05 drought reducing river dilution and expanded irrigated agri
culture, especially in Alentejo with the Alqueva reservoir.

* Corresponding author at: MED – Mediterranean Institute for Agriculture, Environment and Development & CHANGE – Global Change and Sustainability Institute, 
Departamento de Geociências, Escola de Ciências e Tecnologia, Universidade de Évora, Pólo da Mitra, Ap. 94, 7006-554 Évora, Portugal.
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These findings are crucial for guiding future national management actions and pollution reduction initiatives 
in Mediterranean regions, aligning with the European Commission's “European Green Deal” that targets a 50 % 
reduction in nutrient losses to make agriculture more environmentally sustainable, and also provide a valuable 
reference to many other regions with similar challenges for water quality management.

1. Introduction

Many aquatic ecosystems across Europe face significant water 
quality issues, particularly from excess nutrients and eutrophication 
(Costa et al., 2022). Despite decades of EU efforts, such as the Nitrates 
Directive, Urban Waste Water Treatment Directive, and Water Frame
work Directive, nitrogen (N) and phosphorus (P) pollution remain a 
problem. By 2020, Europe's N and P losses exceeded safe limits by 3.3 
and 2 times, respectively, with around 36 % of rivers, 32 % of lakes, and 
80 % of coastal waters considered eutrophic (EEA and FOEN, 2020). 
Nitrate (NO3) concentrations in groundwater have remained stable since 
2000 with concentrations averaging 21 mg/L. About 14 % of the 
monitoring stations show concentrations exceeding the 50 mg/NO3 
threshold for human consumption and they are mainly located in 
northern-central and southern–western Europe (EC, 2021, particularly 
Figs. 2 and 4). EC (2021). Between 2012 and 2015 and 2016–2019, the 
total area considered polluted and eutrophic across all EU member states 
has increased by 14 % (EC, 2021). Nitrogen emissions into the atmo
sphere from agriculture through mainly animal husbandry and fertilizer 
use are estimated to cost Europe almost €400 billion annually in health 
and economic impacts (Giannadaki et al., 2018). The EU's Green Deal 
now aims to cut nutrient losses by 50 % by 2030.

Climate change is expected to worsen water quality issues globally 
(Costa et al., 2022), with Mediterranean regions becoming particularly 
vulnerable to nutrient leaching and material transport due to more 
frequent extreme precipitation events (Schlingmann et al., 2020). Sea
sonal changes in streamflow will follow shifts in precipitation patterns, 
but the impacts on hydrology and nutrient dynamics will vary by region 
(Costa et al., 2022). In erosion-prone areas such as eastern Norway, 
extreme rainfall is exacerbating nutrient loading (Confesor et al., 2023). 
The Mediterranean climate is characterized by dry, hot summers and 
cool, rainy winters; however, higher temperatures are projected in the 
future, increasing the likelihood of harmful cyanobacterial blooms by 
enhancing thermal stratification, increasing nutrient influx, and 
reducing summer flow, especially during droughts (Radbourne et al., 
2020).

The rapid expansion of agricultural and urban land further exacer
bates the challenge, increasing threatens to freshwater health. Certain 
Mediterranean regions like Portugal, for example, are particularly 
vulnerable, as they are downstream major transboundary river systems, 
in this case shared with Spain. About 78 % of the river basins located 
upstream in Spain, making Portugal susceptible to diffuse pollution. 
Agriculture occupies nearly 50 % of the Iberian Peninsula (Fernández- 
Nogueira and Corbelle-Rico, 2018), with 42.3 % of Portugal's and 52.3 
% of Spain's land use/land cover (LULC) used for farming (World-Bank, 
2024). Intensive farming practices have risen from 11.9 % in 2005 to 
14.5 % in 2018. Urban areas have also expanded, with urban pop
ulations in 2021 reaching 66.85 % in Portugal and 81.06 % in Spain 
(World-Bank, 2024).

Studies of water quality of major Mediterranean river systems and 
reservoirs remain largely individualized on specific systems. For 
example, in Portugal focus has been given to the Alqueva Reservoir 
(Raposo et al., 2022; Rodrigues et al., 2020; Neves et al., 2021; Alves- 
Ferreira et al., 2024), Aveiro Lagoon (Vale, 2023; Lopes et al., 2019), Ria 
Formosa (Cravo et al., 2019; Rodrigues et al., 2021), Tagus (Franz et al., 
2014; Silva et al., 2012), Douro (Azevedo et al., 2008; Cabecinha et al., 
2009) and Guadiana (Company et al., 2008; Palma et al., 2021) Rivers. 
Particular emphasis has been given to the effect of urban pollution 
(Almeida et al., 2021; Teixeira et al., 2020), eutrophication arising from 

agricultural nutrient export (Bellém et al., 2013; Vieira et al., 2013), and 
pesticide contamination (Alves-Ferreira et al., 2024; Palma et al., 2021). 
More recently, some focus has been put into understanding the impact of 
wildfires on water quality (Vidal et al., 2021; Serpa et al., 2020).

However, large-scale water quality studies that provide integrated 
and comparative analysis of different river systems are rare, not only in 
Mediterranean regions but also across Europe and globally. In Portugal, 
which encompasses 15 major Mediterranean basins, there are very few 
examples. For instance, Pacheco and Sanches Fernandes (2016) exam
ined environmental land-use conflicts in 85 small agricultural water
sheds (each with over 50 % agricultural land) and found NO3 
concentrations along the Atlantic coast beyond the legal limit of 50 mg/ 
L imposed by the European and Portuguese laws. These were linked to 
factors such as larger population densities (> 100 Hab.Km− 2), incom
plete sewage coverage, and deficient wastewater treatment (see Fig. 1 in 
Pacheco and Sanches Fernandes (2016)). Santos et al. (2013) studied the 
northern transboundary Minho River, finding generally good water 
quality, with Biological Oxygen Demand (BOD5) below 5 mg/L, Kjeldahl 
Nitrogen (KN) below 2 mg/L, and Total Phosphorus (TP) below 1 mg/L. 
However, the Valença and Louro sub-systems in Spain were the most 
polluted, with Louro being the worst with maximum observed concen
trations of 26 mg/L for TSS, 6.6 mg O2 for BOD5, 20.8 mg O2/L for COD, 
and 9.9 mg N/L for TN. Further south, Catarino et al. (2024) assessed the 
Lage Reservoir in the Alqueva hydro-agricultural system, finding BOD5 
values exceeding the limits for excellent ecological potential, reaching 
10 mg/L during dry periods, and TN concentrations mostly above good 
ecological thresholds (0.96 ≤ TN ≤ 2.44 mgN/L).

While this focus on specific systems has allowed to deepen our 
knowledge on a variety of regional water quality problems, large-scale 
multi-basin comparative studies are needed to provide broader inte
grated evaluations of cross-regional and climate drivers. The research 
herein aims to reduce this research gap by examining surface water 
quality patterns across a Mediterranean area of 89,015 km2 (entire 
country of Portugal), covering 15 major national and international river 
basins. The goal is two fold: (1) identifying key cross-regional patterns 
and drivers across this large Mediterranean region and (2) advancing 
methodological approaches for deadling with large water quality data
sets across large domains that often comprise observations with variable 
sampling frequencies. The findings are relevant to other European 
Mediterranean regions, such as Spain, Italy, Greece, South of France, but 
also North of Africa and other regions around the globe with similar 
climates, such as California, Chile, South Africa, Southwest Australia, 
and northern China. To achieve this goal, the research used a unique 
extensive water quality dataset that spans across 3 decades and multiple 
Mediterranean river basins.

2. Materials & methods

2.1. Long-term dataset (1990–2024)

The dataset used is derived from the nationwide database repository 
managed by the Portuguese Environment Agency (APA). The National 
Water Resources Information System (SNIRH) makes it publicly avail
able. This is a large unique dataset, which required the development of 
scripts for automating data compilation and processing since SNIRH's 
server allows only a maximum of 50 station–parameter combinations 
per download, which likely largely contributes to the lack of studies at 
such scales in this region. The complete dataset is available through 
SNIRH's website and the analysis performed in this study is available 
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through a ZENODO database: zenodo.org/records/13971004. The re
pository also includes (a) all the scripts developed for this research (data 
extraction, compilation, and processing), (b) the figures generated 
provided in interactive HTML format, (c) the basin delineations of all the 
stations in gkpg format, and (d) basin-landuse intercept areas used to 
determine correlations between the different parameters and LULC 
types. The algorithms develop to extract data from SNIRH are also 
available at github.com/ue-hydro/eyedrop_data_extract.

In this study, we used the water quality sub-dataset for surface water, 
including rivers or small streams, lakes and reservoirs. It consists of 
observations since 1990 from a total of 3441 stations or sampling lo
cations (in the case of point measurements). The database contains over 
756 parameters, including physico-chemical support parameters, 
potentially toxic metals, organic compounds, and microbiological pa
rameters. However, in this study, we focused on a sub-set of 19 pa
rameters totalling 14,408,054 observations as shown in Table 1.

The selection of parameters was based on the following criteria: (a) 
their relevance to the study objectives, with a focus on parameters that 
enable a preliminary assessment of water quality status and trends over 
the past 34 years, including variability across different basins; (b) their 
capacity to indicate agricultural contamination, particularly those sen
sitive to meteorological variability and relevant to eutrophication pro
cesses; and (c) the availability of sufficient spatial and temporal data 
coverage, ensuring robust and meaningful analysis across multiple 
basins.

Fig. 1 presents the locations of all observation stations across the 
river basins, along with the land use and land cover (LULC) classification 
based on CORINE 2018 (Feranec, 2016). To improve the interpretability 
of results and align with the approach commonly adopted by national 
and European agencies (e.g., the European Environment Agency), the 15 
river basins were grouped into 8 larger regional units. In this grouping, 
smaller basins were integrated into adjacent, larger river systems: Minho 
and Lima (Group 1), Cávado, Ave, and Leça (Group 2), Douro (Group 3), 
Vouga, Mondego, and Lis (Group 4), Tejo and Ribeiras do Oeste (Group 
5), Sado and Mira (Group 6), Guadiana (Group 7), and Ribeiras do 
Algarve (Group 8). The map shows that the water quality monitoring 
stations are well distributed across the country, providing a solid basis 
for spatial assessment and the identification of regional trends. This 
spatial coverage is particularly important given the variation in 

sampling frequency between automatic monitoring stations and field 
campaigns, as detailed in Table 1.

While interactions with groundwater systems may be important for 
understanding particular surface water quality patterns, our focus was 
the surface component only. Mediterranean rivers are characterized by 
flashy hydrological responses, so the contribution of groundwater is 
frequently reduced. Yet, future research should include disentangling 
the contribution of surface water-groundwater (SW–GW) interactions.

2.2. Methodology

The following methodology was applied to all 19 parameters listed in 
Table 1. While the full set of results is available in the ZENODO re
pository, only a selection is presented here for clarity. Parameters were 
chosen based on (1) the robustness and consistency of observed trends, 
and (2) the size and representativeness of datasets across basins to 
support regional comparisons. Geographic data were sourced from 
OpenStreetMap (Bennett, 2010).

2.2.1. Multi-basin patterns along a climate gradient
The study basins span a north–south Mediterranean climate gradient. 

To assess cross-regional patterns, water quality data were grouped by 
basin and summarized using median concentrations. These were sorted 
by latitude and visualized through maps and boxplots (showing min, 
max, and 25th, 50th, and 75th percentiles). Given the dataset size, point- 
level quality control was not feasible. Medians and percentiles were used 
in place of means to minimize sensitivity to outliers. Stations vary in 
operation periods, measurement frequency, and dataset size (see 
Table 1); scatter plot circle sizes reflect data volume, highlighting more 
robust datasets.

Seasonal variation was assessed by separating data into wet (Octo
ber–April) and dry (May–September) seasons. Boxplots across the lat
itudinal gradient depict the interplay of climate and seasonality. To 
explore long-term trends, data were grouped in 5–year intervals from 
1990 to 2024, with the last interval covering 2020—2024. Results, 
stratified by parameter and basin, support comparison across the Med
iterranean context.

An autocorrelation analysis has been performed and shown in Ap
pendix A for all 19 water quality parameters across multiple time lags 

Table 1 
Water quality parameters analyzed. The “Station type” can be “auto” (automatic station) or “sampling” (field campaigns). The frequency of the measurements is given 
in “days” and is the average calculated for all the stations for each parameter.

Parameter # stations Station type # observations Period Frequency* (days)

• General
Temperature (◦C) 91 Auto 3,834,154 [2000, 2022] 0.06
Transparency (m) 379 Sampling 10,879 [1990, 2023] 136.01
Turbidity (NTU) 91 Auto 2,928,205 [2001, 2022] 0.08
pH – Field 92 Auto 492,565 [2001, 2022] 0.41
Conductivity (μS/cm) 92 Auto 2,893,297 [2000, 2019] 0.08
Average conductivity (μS/cm) (6 h) 91 Auto 458,691 [2001, 2019] 0.51
Total suspended solids (mg/L) 2201 Sampling 104,144 [1990, 2023] 223.84
Potassium (K) (mg/L) 156 Sampling 1618 [1990, 2023] 158.79
Sulphate (SO4) (mg/L) 697 Sampling 22,540 [1990, 2023] 131.26

• Oxygen
Dissolved oxygen (mg/L O2) 91 Auto 3,309,543 [2000, 2022] 0.07
BOD5 (mg/L O2) 2009 Sampling 102,569 [1990, 2023] 215.97

• Bacteria
Cyanobacteria (cells/mL) 165 Sampling 3311 [1995, 2023] 121.44

• Nutrients
Total nitrogen (TN) (mg/L N) 1803 Sampling 36,039 [2002, 2023] 279.98
Nitrate (mg/L NO3) 2038 Sampling 95,082 [1990, 2023] 245.58
Ammonium nitrate (NH4) (mg/L N) 236 Sampling 2835 [2003, 2019] 76.86
Total phosphorus (mg/L P) 1984 Sampling 81,438 [1990, 2023] 243.56
Phosphate (mg/L P2O5) 1059 Sampling 70,168 [1990, 2023] 79.27

•Carbon (C)
Total organic C (TOC) (mg/L C) 1589 Sampling 23,901 [1998, 2023] 289.71
Dissolved organic C (DOC) (mg/L C) 480 Sampling 2779 [2011, 2023] 222.82

* Mean frequency of measurement (days).
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(12 months) and for all 3441 drainage basins, resulting in 78,4548 
combinations. This analysis aimed to detect potential temporal de
pendencies within the dataset. Given the large number of combinations, 
histograms were plotted to summarize the autocorrelation structure and 
provide a comprehensive overview.

2.2.2. Is LULC a strong predictor of water quality in Mediterranean basins?
Drainage basins for all 3441 monitoring stations were delineated to 

evaluate land use and land cover (LULC) effects. Traditional DTM-based 
delineation methods, though effective, were computationally infeasible 
at this scale. Instead, a hybrid vector—raster approach was adopted, 

based on algorithms from Heberger (2023), and using MERIT–Hydro 
and MERIT–Basins datasets (Yamazaki et al., 2019). Despite known 
limitations in complex terrain, this method proved reliable when 
benchmarked against well-known basins.

For each delineated basin, the percentage of area covered by each 
LULC class was computed using the CORINE dataset (Feranec, 2016). 
This process was fully automated to manage the large number of 
basin–land cover intersections. Fig. 2 presents sample stations, their 
drainage basins, and associated LULC overlays. All code and algorithms 
used are available in the ZENODO repository.

This procedure yielded three core variables for each of the 3441 

Fig. 1. (a) Major river basins, automatic sampling stations (black dots; a total of 116 stations) and location of periodic sampling (white dots; a total of 3710 lo
cations); and (b) LULC in Portugal based on CORINE 2018. More details about the characteristics of this dataset are provided in Table 1.

Fig. 2. LULC analyses involved delineating the drainage basins of all the 3441 stations or sampling locations involved in the study and determining the respective 
percentages of the different types of LULC obtained based on CORINE 2018.
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station-specific drainage basins: (1) median water quality concentra
tions, (2) total drainage area, and (3) percentage cover of each LULC 
class. These were used to assess the predictive strength of LULC on water 
quality across Mediterranean basins using two correlation metrics: (1) 
Pearson's correlation coefficient (PCC, Eq. (1)) for linear relationships, 
and (2) Spearman's rank correlation coefficient (SRC, Eq. (2)) for 
monotonic trends, independent of linearity. 

ρx,y =
cov(x, y)

σxσy
(1) 

where ρ is the Pearson correlation coefficient, x is LULC percentage (e.g., 
agriculture, forest), y is the median concentration of the water quality 
parameter, cov(x, y) is the covariance between x and y, and σx, σy are 
their standard deviations. 

ρ = 1 −
6
∑

d2
i

n(n2 − 1)
(2) 

where ρ is Spearman's rank correlation coefficient, di is the difference in 

ranks for each observation, and n is the total number of observations.
While commonly used, these correlation metrics are particularly 

well-suited for this study due to its broad spatial coverage (15 national 
and international basins), long temporal span (34 years), geographic 
focus (Mediterranean), and emphasis on water quality – a dimension 
often overlooked relative to water quantity. This study focuses primarily 
on pattern identification and the correlation between LULC and water 
quality; yet, a preliminary application of a Generalized Additive Model 
(GAM) is presented in Appendix A to illustrate potential non-linear re
lationships that may warrant further investigation.

3. Results

3.1. Multi-basin patterns along the climate gradient

Fig. 3 shows the median values of temperature, conductivity, pH, 
transparency, dissolved oxygen (DO), and total suspended solids (TSS) 
calculated for all stations covering all basins. Across the basins, the 
median water temperature increases southwards (Fig. 3a) and boxplot 

Fig. 3. Median temperature, conductivity, pH, transparency, dissolved oxygen (DO), and total suspended solids (TSS) across stations, including spatial distributions 
maps and box plots of median concentrations per river basin. In the boxplots, the x-axis corresponds to the 8 river basin groups, which are ordered from north to 
south. Each map in the figure shows the spatial distribution of an individual parameter and is accompanied by an adjacent boxplot showing the medians concen
trations grouped by major river basins and ordered along the north (cooler, rainier) to south (warmer, dried) climate gradient (left to right in the x-axis). In the maps, 
the circles display (1) different colours to indicate the median parameter value (e.g., concentration) and (2) different sizes to indicates the relative dimension of the 
dataset used to generate the medians.
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(Fig. 3b). Parameters like conductivity, pH, and TSS follow a similar 
spatial north-to-south distribution. Conversely, DO and transparency 
decrease as the basin's location moves southwards. While for DO, the 
change is likely related to the inverse relationship between temperature 
and oxygen saturation concentrations, the transparency patterns can be 
caused by several factors that include (a) more precipitation in northern 
basins leading to increased streamflow thus higher dilution capacity, (b) 
increased temperatures and light period in southern basins leading to 
eutrophication and algae blooms (this also amplifying further DO 
depletion due to increased microbial respiration), and (c) less vegetation 
in southern basin due to dried conditions leading to increased erosion.

Fig. 4 shows the results of various nutrient and carbon species and 
groups, namely TN, NO3, TP, P2O5, TOC and SO4. Results show that TN, 
TOC, and SO4 increase southwards, except for the southernmost basins 
(Ribeiras do Algarve, last bar in each box plot), which have the smallest 
drainage basins and, therefore, likely provide less opportunity for runoff 
mobilization of soil constituents from agricultural lands. TN and TOC 
include dissolved and particulate forms; thus, an increase in concen
trations from north to south (as precipitation decreases and 

temperatures increase) may be related to a reduced streamflow dilution 
capacity (increasing concentrations), as well as an increase in agricul
tural land (see Fig. 1).

Conversely, NO3 and P2O5 concentrations seem to follow the oppo
site pattern, generally decreasing southwards as precipitation also de
creases. In this case, this may be partially related to a decrease in 
precipitation, reducing the runoff transport capacity of soluble nutri
ents. Also, although maybe of limited effect, is that since NO3 and P2O5 
are both biogenically produced through oxidation processes, a decrease 
in oxygen levels southwards (see Fig. 3c and d) could potentially limit 
nitrification (for N) and mineralization (for P) rates. The patterns of TP 
are less clear but seem to show an increase towards the central part of 
Portugal followed by a decrease as basins move southwards.

3.2. Differences in seasonal effects across regions

Fig. 5 shows the seasonal medians per basin for DO, transparency, 
cyanobacteria, TOC, TN, NO3, TP, and PO4. As expected, DO levels are 
higher during the wet season for all large and small basins. Transparency 

Fig. 4. Median values of total nitrogen (TN), nitrate (NO3), total phosphorous (TP), phosphate (P2O5), total organic carbon (TOC) and sulphate (SO4) across stations, 
including spatial distribution maps and box plots of median concentrations per river basin. In the boxplots, the x-axis corresponds to the 8 river basin groups, which 
are ordered from north to south. Each map in the figure shows the spatial distribution of an individual parameter and is accompanied by an adjacent boxplot showing 
the medians concentrations grouped by major river basins and ordered along the north (cooler, rainier) to south (warmer, dried) climate gradient (left to right in the 
x-axis). In the maps, the circles display (1) different gradients to indicate the median parameter value (e.g., concentration) and (2) different sizes to indicates the 
relative size of the dataset used to generate the medians.
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Fig. 5. Boxplots of concentrations between seasons and across stations for (a) DO, (b) transparency, (c) cyanobacteria, (d) TOC, (e) TN, (f) NO3, (g) TP, and (h) 
phosphate. The x-axis corresponds to the 8 river basin groups, which are ordered from north to south.
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is similar between seasons but has a wider amplitude during the dry 
season, likely due to periods of high algae productivity and little pre
cipitation resulting in reduced dilution. A similar pattern is observed for 
cyanobacteria but in an even more pronounced manner. Also TP ob
serves a similar trend, which in this case may be also related to dried 
conditions in the summer leading to reduced vegetation thus providing 
less protection against soil erosion (Alliaume et al., 2014; Francia 
Martínez et al., 2006; Gómez et al., 2009). In turn, TN and NO3 levels 
seem to show the opposite pattern, depicting a higher amplitude during 
the wet season. This may be related to (a) intense winter rainfall-runoff 
events causing the rapid mobilising of N from the soil, (b) less uptake of 
N by plants and algae during winter (lower primary productivity), and 
(c) higher mineralization rates. In the case of NO3, the increase during 
the wet season may also be linked to increased DO levels promoting 
nitrification.

3.3. Comparing multidecadal trends & inflection points across basins

Fig. 6 shows the evolution of DO, BOD5, TSS, TOC, TN, NO3, TP, and 
P2O5 over the last 3.5 decades (increments of 5 years) through boxplots 
generated for each basin. Results show that DO levels have been 
generally stable in northern basins but slightly increased in southern 
ones, particularly in the Sado & Mira, and Guadiana basins. For BOD5, 
TSS, DOC, TP and P2O5, a general reduction in concentrations is 
observed mostly for central and southern basins, namely in Tejo & 
Ribeiras do Oeste, and Guadiana, which showed markedly higher con
centrations than northern basins before 2005. These substantial con
centration drops after 2005 are notable, suggesting an improvement in 
the general status of the water bodies. The shift coincides with an 
extreme drought that occurred in 2004/05 (Santos et al., 2007) and also 
the construction of the Alqueva dam in 2002 with subsequent expansion 
in the irrigation perimeter (52,000 ha by 2012; 68,000 ha by 2013; 
120,000 ha by 2016); however, a direct causal effect cannot be estab
lished. On the other hand, NO3 and P2O5 levels seem to follow the 
opposite trend, particularly in the southern basins. While in northern- 
central basins, from Minho & Lima to Tejo & Ribeiras do Oeste, a sub
stantial drop in NO3 and P2O5 concentrations is observed starting in 
2010 (lasting to the present day), the southern basins (particularly Sado 
& Mira, and Guadiana) show the opposite trend with an increase in 
concentrations, which may be related to the steady increase of irrigated 
agriculture, with the use of higher amounts of production factors as 
fertilisers and pesticides, after the Alqueva reservoir construction in 
2002, and introduced newly irrigated areas that total 130,000 ha in 
2024 (with planned to continue growing).

3.4. Is LULC a predictor of water quality in these Mediterranean basins?

Fig. 7 shows the “Pearson Correlation Coefficient (PCC)” and 
“Spearman Rank Coefficient (SRC)” relating the various water quality 
parameters with the percentage of LULC of the corresponding drainage 
basins. Results show a consistent positive correlation between most 
water quality parameter concentrations and the fraction of agricultural 
land [PCC = [0.1, 0.53]; SRC = [0.17, 0.56]] and grassland [PCC =
[0.05, 0.46]; SRC = [0.07, 0.35]] areas in the respective drainage basin. 
Exception goes for two parameters, DO and transparency, which show a 
negative correlation [PCC(DO) = − 0.35; PCC(transparency) = − 0.38; 
SRC(DO) = − 0.39; SRC(transparency) = − 0.40], reinforcing the general 
water quality decline tendency as agriculture expands in the basins. As 
basin size increases, values of water quality parameters seem to show a 
slight tendency to decrease as well, suggesting dilution and retention 
effects [PCC = [− 0.1, − 0.0]]. Also, as the fraction of forests, open areas 
with little vegetation (likely unfertilised), and bushes increase, an 
improvement in the water quality status is observed, with reduced 
nutrient concentrations [PCC = [− 0.5, − 0.07]; SRC = [− 0.51, − 0.1]) 
and increased DO [PCC = 0.23; SRC = 0.3) and transparency levels 
[PCC = 0.09; SRC = 0.09). Forests are well known to act as a buffer 

against contamination, helping maintain and improve water quality in 
streams and decreasing soil erosion (Zhou et al., 2017).

Finally, as the proportion of surface water areas (e.g., lakes, reser
voirs, estuaries, and wetlands) increases within a drainage basin, con
centrations of certain constituents (e.g., pH, SO4, DOC, TOC, TP, and K) 
generally rise, while most others (e.g., turbidity, cyanobacteria, and 
phosphate (PO4)) tend to decrease. For pH, the increase [PCC = 0.16; 
SRC = 0.18] may be explained by the general positive relationship be
tween surface water area and water deep in lakes and ponds, which are 
more susceptible to stratification, causing a higher pH. For DOC and 
TOC, the positive relationship with water surface area [PCC(DOC) =
0.09; SRC(DOC) = 0.31; PCC(TOC) = 0.14; SRC(TOC) = 0.32] may be 
explained by increased biomass in larger lakes and ponds, while the 
negative relationship with P2O5 [PCC = − 0.1; SRC = − 0.19] is probably 
related to increased sorption to sediments that tends to increase with 
high pH. Phosphorous can remain adsorbed to sediments for a long 
period of time, and when anoxic conditions occur (during dry periods), it 
can be resuspended. As for BOD5, the decrease [PCC = − 0.1; SRC =
− 0.03] is probably related to technology improvement and resizing of 
sewage treatment plants, contributing to organic pollution reduction in 
freshwaters.

4. Discussion

4.1. Dominant cross-basin water quality trends and natural-human 
drivers

Understanding how (and why) key natural and antropogenic con
ditions change the overall water quality status across different Medi
terranean river basins is critical to identify common and diverging 
patterns and drivers across regions. Table 2 explores the findings of the 
previous sections towards answering these questions. The table brings 
together climate (precipitation and temperature) and main LULC-types 
information to help interpret the key water quality patterns.

The table shows that the number of problematic water quality pa
rameters tends to increase southwards, except for the “Ribeiras do 
Algarve” that comprises a group of small creeks with small drainage 
basins (probably leading to lower runoff pollution mobilization capac
ity). This latitude-driver water quality deterioration is inversely related 
to precipitation/temperature patterns that decrease/increase south
wards, hinting at concentration increases being driven by lower natural 
dilution and buffering capacity. Results show that NO3 remains the most 
pervasive problem across most of the Mediterranean basins examined, 
although in recent years concentrations have declined in certain basins 
(e.g., Cavado, Ave & Leça, and Ribeiras do Algarve). Conversely, the 
Guadiana and Sado & Mira river basins have experienced increased NO3 
concentrations, likely due to the combined effects of agricultural 
expansion, fertilizer use, and limited precipitation, which reduces 
dilution of pollutants. Notably, these basins have among the highest 
percentages of agricultural land and lowest forest coverages, which 
combined with low precipitation rates, result in them exhibiting the 
largest range of problematic water quality parameters, including TSS, 
BOD, NO3, TP, and DOC.

The Douro River basin represents an interesting exception. Despite 
having one of the highest proportions of agricultural land (30 % of the 
total area), concentrations of most pollutants have been declining; yet, 
with NO3 remaining as the primary parameter of concern. The consid
erable annual precipitation in this basin is likely a key factor in atten
uating the water quality problems through dilution. Additionally, the 
predominance of traditional agriculture in the northern basins, as 
opposed to the intensive, irrigated agriculture more typical in the south, 
may also help justify the relatively lower impact of agriculture on water 
quality in this region.
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Fig. 6. Boxplots of concentrations from 1970 to 2024. The x-axis corresponds to the 8 river basin groups, which are ordered from north to south.
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4.2. Effects of climate change

Disentangling the effect of climate change on water quality patterns 
is not trivial due to the combination and superposition of natural and 
antropogenic effects. To help with this, 5-year average annual precipi
tation and air temperature trends have been obtained from the Portu
guese Institute for Sea and Atmosphere (IMPA) for the period of 1930 
and 2021 (Fig. 8) to help discuss the historical water quality trends 
observed in Section 4.1. Annual precipitation has been decreasing over 
the last decades, while air temperature follows the global trend of steady 
increase. The two years with the most pronounced variability in water 

quality were 2005 and 2010, generally coinciding with the occurrence of 
major droughts (2004/05 and 2013/14).

In 2005, a drop in BOD5, TSS, DOC, TP and P2O5 was observed 
particularly in the southern basins. Around this year, the most pro
nounced climatic change observed was a decrease in precipitation that 
started in 2004 and remained abnormally low thereafter. A precipitation 
decrease generally leads to runoff reduction and, consequently, a 
decrease in erosion, and mobilization of diffuse pollution, one of the 
main factors contributing to the increase in surface water concentrations 
of the aforementioned parameters.

In 2010, NO3 and P2O5 decreased in the northern basins and 

Fig. 7. Correlation coefficients: (a) Pearson correlation coefficient (PCC) and (b) Spearman rank coefficient (SRC).
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increased in the southern ones. To help investigate the causes for these 
regional differences, Fig. 9 shows the mean annual rainfall anomalies 
have been obtained from Portela et al. (2020) for the period of 1913 and 
2019. The figure highlights a more pronounced decrease in rainfall in 
the northern parts of Portugal, which can help explain the NO3 and P2O5 
decrease in the northern basin, as less precipitation leads to less runoff 
nutrient mobilization. In turn, the less pronounced decrease in precipi
tation in the south suggests that the associated reduction in runoff 
nutrient mobilization, which is weaker in the south, is overridden by the 
intensification of agricultural activities in the south, particularly after 
the building of the Alqueva dam in 2002 (52,000 ha of new irrigated 
area by 2012, increasing to 68,000 ha by 2013, and to 120,000 ha by 
2016).

4.3. Limitations and future work

Some limitations of this study are noted. First, groundwater data was 
not included, as the study's primary focus was on surface water quality. 
Although this exclusion was intentional, future analyses that incorpo
rate groundwater data may uncover important interactions between 
surface and groundwater that could help explain some of the water 
quality patterns observed. Another limitation is the lack of synchronous 
hydrological and water quality data, which could have provided insights 
into, for example, discharge-water quality relationships. Due to the 
hydrological stations being located in different areas and not synchro
nized with water quality stations, establishing these relationships was 
not feasible. Instead, precipitation was used as a proxy for runoff and 
streamflow. Future studies should aim to establish more direct connec
tions between water quality and streamflow across these, and other, 
Mediterranean basins. Finally, data on natural and management-related 

Table 2 
Summary of key water quality parameter changes and problems for each basin.

Basin Mean annual precipitationa &  
air temp.b

Main LULCc (%) Main parameters trends (1970–2024) Problematic parameters (last 5 years)

Increase Decrease

Minho & Lima 1900 mm 
14 ◦C

37 % forests 
28 % shrub area 
16 % agriculture

NO3 TSS –

Cavado, Ave & Leça 1923 mm 
14.5 ◦C

36 % forests 
21 % agriculture 
18 % shrub area

BOD5 TSS, TN, NO3, TP, P2O5 NO3

Douro 984 mm 
14.5 ◦C

35 % forests 
30 % agriculture 
25 % shrub area

BOD5 DO, TN, TP NO3

Vouga & Mondego 1064 mm 
15.5 ◦C

55 % forests 
20 % agriculture 
13 % shrub area

NO3 TSS, DOC, TN, P2O5 NO3

Tejo & Rib. do Oeste 791 mm 
16 ◦C

42 % forests 
24 % agriculture 
10 % agroforestry

DO, DOC BOD5, TSS, TN, TP, P2O5 DO, BOD5, TSS, DOC, NO3, TP

Sado & Mira 592 mm 
17 ◦C

36 % forests 
24 % agriculture 
19 % agroforestry

DO, NO3, P2O5 TSS, DOC DO, TSS, DOC, NO3, TP, P2O5

Guadiana 367 mm mm 
18 ◦C

31 % agriculture 
23 % forests 
22 % agroforestry

DO, NO3 BOD5, DOC DO, BOD5, TSS, DOC, TN, NO3, TP

Rib. do Algarve 423 mm 
18 ◦C

36 % forests 
26 % shrub area 
24 % agriculture

DO TSS, NO3, TP –

a Between 1971 and 2000 (mm) obtain from IPMA's Portal do Clima.
b Average calculated based on www.weather-atlas.com.
c Determined based on CORINE 2018.

Fig. 8. Precipitation and air temperature anomalies between 1981 and 2010 (upper and lower panels respectively). Data obtained from IPMA (Instituto Português do 
Mar e da Atmosfera, Portuguese Institute for the Ocean and Atmosphere). The data series was obtained based on about 50 stations.
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drivers from upstream basin areas located in Spain was limited. Future 
research should seek collaboration with Spanish researchers for inte
gration of new datasets and expand the research further.

5. Conclusions

A 3-decade long water quality dataset (1990 to 2014) covering a 
89,015 km2 Mediterranean region and 15 major national and interna
tional river basins, located along a climate gradient, has been examined 
to help disentangle the key natural and anthropogenic drivers of water 
quality in Mediterranean regions. The analyses is not trivial because the 
effects are compounded by (1) a climate gradient, (2) climate variability, 
(3) LULC diversity, and (4) climate change.

The data showed a strong north-to-south variability in most water 
quality parameters (cooler-wetter north Vs hotter-drier south). DO and 
transparency decrease southwards, while TN, TOC, and SO4 increase, 
driven by more intensive agriculture and reduced precipitation, which 
weakens stream dilution. DO and transparency levels are higher during 
the wet season across basins. In contrast, TN and NO3 levels are more 
variable in the wet season due to nutrient mobilization from intense 
rainfall-runoff. From 1990 to 2014, DO remained fairly stable, but BOD, 
TSS, DOC, and TP declined, whereas NO3 and P2O5 rose, particularly 
after 2005. Reduced BOD5 and TP may relate to improved sewage 
treatment, while the increase in NO3 and P2O5 likely stems from 
intensified agriculture and fertilizer use. Indeed, agriculture and grass

land expansion correlated positively with most parameters, except DO 
and transparency, indicating a negative impact and general degradation 
effect.

Large-scale water quality studies that offer integrated, comparative 
analyses of river basins are scarce not only in Mediterranean regions but 
across Europe and worldwide. This study seeks to bridge that gap, 
providing insights valuable for decision-making, process understanding, 
and large-scale modeling. We think that this contribution will be useful 
not only to academia, but also regional and national authorities, which 
will have now more information to allow them to prioritize water 
quality problems to solve and resources to mobilize (where, when and 
how).
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Appendix A. Autocorrelation analysis

Fig. A.1 presents the cumulative distributions of autocorrelation coefficients computed across all parameter, station, and lag combinations. The 
results indicate that while some degree of autocorrelation is present, it is limited to a relatively small subset of parameter-station pairs and is primarily 
confined to short lags (1-month and 2-month). This is a limited persistence that does not compromise the robustness of the broader analysis. The 
presence of autocorrelation in certain cases is expected, particularly for parameters influenced by seasonal or climatic variability—such as dissolved 
oxygen and water temperature—which are known to respond to fluctuations in air temperature. 

Fig. 9. Mean annual rainfall anomalies.
(Adapted from Portela et al. (2020).)
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Fig. A.1. Autocorrelation coefficients for all 19 water quality parameters, 3441 stations, considering 1–12 month lags.

Appendix B. Generalized Additive Model (GAM) - preliminary analysis

To investigate potential non-linear relationships between land use and land cover (LULC) proportions and median water quality concentrations, 
Generalized Additive Models (GAMs) were employed. This preliminary analysis is intended to inform and guide subsequent research efforts. GAMs 
generalize linear models by incorporating smooth, data-driven functions of predictor variables, enabling the modeling of complex, non-parametric 
relationships without assuming a specific functional form. In this study, separate GAMs were fitted for each water quality parameter using the per
centage of individual LULC classes as predictors, across 3441 station-specific drainage basins. This approach facilitates the identification of threshold 
responses and non-linear trends that may not be captured by conventional correlation metrics. The general structure of the models applied in this 
study is as follows: 

Y = α+ f1(X1)+ f2(X2)+⋯+ fp
(
Xp

)
+ ε (B.1) 

where Y is the median water quality concentration, Xi represents the percentage of a given LULC class, fi are smooth functions estimated from the data, 
α is the intercept, and ε is the error term.

Fig. B.1 shows the fitted GAMs for selected parameters relating them particularly with percentage area of the respective drainage basins occupied 
by (a) agriculture and (b) forest. All remaining results are available in the ZENODO database. 
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Fig. B.1. Smooth functions estimated through GAMs relating selected water quality parameters with (a) % agriculture and (b) % forest cover.
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Table B.1 summarizes the GAM performance for the selected parameters of Fig. B.1.

Table B.1 
Summary of GAM performance for the selected parameters of Fig. B.1.

Parameter Percentage area R-squared p-Value EDF

Conductivity (μS-cm) Agriculture 0.41 >0.001 8.68
Conductivity (μS-cm) Forest 0.31 >0.001 9.18
pH Agriculture 0.4 >0.001 8.73
pH Forest 0.4 >0.001 9.18
Dissolved oxygen (mg/l) Agriculture 0.3 >0.001 8.70
Total dissolved solids (mg/l) Forest 0.4 >0.001 8.06

The Generalized Additive Models (GAMs) indicate statistically significant (p < 0.001) and non–linear relationships between water quality pa
rameters and land use types, with moderate explanatory power (R2 ranging from 0.3 to 0.41). Conductivity and pH showed the strongest associations 
with both agricultural and forested land covers, while dissolved oxygen and total dissolved solids were more weakly explained. The effective degrees 
of freedom (EDF ≈ 8–9) suggest complex, smooth relationships, reinforcing the importance of accounting for non–linearity in land use–water quality 
interactions.

Data availability

Data and code developed for this research can be downloaded from 
ZENODO and GitHub repositories.
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