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dry south and Atlantic humid north of Spain, respec-
tively. The methodology employed has included the 
use of Environmental DNA for phytoplankton inven-
tory and surveys to stakeholders and ordinary citizens 
to measure dam’s acceptance. Worse bioindicators of 
water quality associated to dams were found in Gua-
dalhorce than in Nalon River. However, stakehold-
ers valued more the ecosystem services provided by 
Guadalhorce dams, especially of cultural nature, than 
those provided by Nalón dams. Most citizens con-
sulted (N = 319 and 300 in Guadalhorce and Nalón 
regions) were favourable to the presence of dams 
and reservoirs. They would also increase their annual 
taxes to restore river connectivity, especially in Gua-
dalhorce River, while dam demolition was the least 
supported. The generally positive views would help 
to identify actions for improvement of dammed rivers 
highlighting the importance of restoring river connec-
tivity without dam demolition for local river users.

Keywords  Dammed rivers · Ecosystem health · 
eDNA metabarcoding · Bioindicators · Ecosystem 
services · Willingness to pay

Introduction

Rivers connectivity is a basic feature that needs to 
be conserved although historically humans have 
disrupted the river flow to use the resources pro-
vided by the ecosystem (Pringle 2003). Dams and 
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reservoirs are the main source of drinking water for 
the surrounding populations; however, these infra-
structures cause a big damage in the system (Crook 
et al. 2015), what entails a conflict between the river 
exploitation and the maintenance of ecosystem health 
(World Commission on Dams 2000). In impassable 
dams where river connectivity is completely blocked, 
upstream river courses are devoid of migratory spe-
cies that cannot reach upper river areas, impover-
ishing diversity as well (Reyes-Gavilan et  al. 1996; 
Mcallister et al. 2001; Han et al. 2008; Limburg and 
Waldman 2009; Horreo et  al. 2011). Other negative 
effects of both passable and impassable dams are due 
to the transformation of dammed river areas into len-
tic zones due to abnormal flow regimes, with intense 
sedimentation and suspended material (McCartney 
2009). This affects plankton reducing diversity while 
opportunistic and potentially harmful phytoplankton 
species may appear (Mcallister et  al. 2001; Okuku 
et  al. 2016) causing deep ecosystem changes from 
the bottom of the trophic chain that may endanger the 
whole aquatic community.

Even when rivers suffer serious biological altera-
tions and their courses are dramatically altered, 
dams and reservoirs are necessary to supply water 
to the population (Malmqvist and Rundle 2002). 
In a planet that suffers the strong impacts of global 
warming, having dams for water storage seems rea-
sonable. All the inhabitants in a region benefit from 
the energy and drinking water, but those living nearby 
dams and reservoirs have perhaps a different perspec-
tive because they are directly affected by the conse-
quences of the specific ecosystem changes. The envi-
ronmental impacts of dams cause controversy and 
may generate conflicts, especially in the areas directly 
affected (Boyé and Vivo 2016). Although making the 
reduction of the environmental impact of artificial 
barriers compatible with the economic benefits of 
water exploitation is part of the EU Water Framework 
Directive 2000/60 (Official Journal of the European 
Communities, 327, 22.12.2000, pp. 1–73), the truth is 
that barely half of the surface waters in the EU met 
this objective (European Environment Agency 2018). 
Solutions to the mentioned alterations may imply 
substantial changes of big impact (like dam demoli-
tion) or smaller improvements like the creation of fish 
passages, or restoration of natural wetlands upstream 
or downstream dams (Arthington et  al. 2010; Sned-
don et  al. 2017). All the actions to restore rivers 

require political decisions and effort, whether bigger 
or smaller, of public managers and private users. Citi-
zens’ support can be substantial, but studies about the 
social acceptance of dams and of different measures 
to improve their services or mitigate their impacts 
are, however, scarce.

Being a complex issue that encompasses social 
and environmental aspects, there is a need for a multi-
disciplinary approach. River restoration plans should 
be based on ecological monitoring together with 
economic and social analysis (Rodeles et  al. 2017). 
Taking into account that complexity, here we have 
employed a multidisciplinary set of tools in Guadal-
horce River within SW Mediterranean basin (Andalu-
sia, south Spain) and in Nalón River within south Bay 
of Biscay (Asturias, north Spain) to investigate how 
dams and reservoirs affect ecosystem health. Molecu-
lar tools based on environmental DNA to inventory 
phytoplankton species (Rivera et  al. 2018; Ardura 
et  al. 2020) were applied to assess water quality in 
dammed areas. Participatory approach to determine 
services and disservices provided by dams and reser-
voirs involving relevant stakeholders, and a social sur-
vey on social acceptance of dams including willing-
ness to pay, were conducted following a face-to-face 
application model (Vandenplas and Loosveldt 2017). 
The application of these tools combined will help to 
estimate the value of different ecosystem health com-
ponents and advice measures to improve the manage-
ment of disrupted rivers. Expectations were that the 
dams and reservoirs would be more appreciated in 
Guadalhorce River than in Nalón River, and residents 
in the vicinity of reservoirs would be more favourable 
to them as a result of being part of a dryer area of the 
country where drinking water is sometimes a scarce 
resource.

Materials and methods

Ethical statement

The Research Ethics Committee of the Principal-
ity of Asturias approved the study with the reference 
101/16. All information collected from questionnaires 
was anonymous and used exclusively for research 
purposes. The participants gave their consent and 
were informed that they could withdraw from this 
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study at any moment and have access to the results 
obtained.

Study areas

The Mediterranean River Guadalhorce, province of 
Málaga, Andalusia (Spain), has an irregular regime 
alternating frequent droughts and occasional flash 
floods that cause extensive damage and threaten 
human lives. The river supplies water and electric-
ity to the city of Málaga via four hydropower stations 
on the same number of dams and reservoirs that also 
regulate water flow (Fig.  1), the biggest dams were 
constructed between 1914 and 1966. It is the main 
fluvial basin of south Mediterranean Spain, with a 
Mediterranean climate of Csa subtype, a mean annual 
temperature of 18.4  °C and 520  mm of pluviosity. 
Csa is a type of hot-summer Mediterranean climate 
within Köppen-Geiger system, characterized by: Hav-
ing the coldest month averaging above −  3 to 0  °C 
(27 to 32 °F), at least one month’s average tempera-
ture above 22 °C (71.6 °F), and at least four months 
averaging above 10 °C (50 °F); at least three times as 
much precipitation in the wettest month of winter as 

in the driest month of summer, and driest month of 
summer receives less than 40 mm (Beck et al. 2018).

The river channel has been diverted in Málaga city 
to prevent inundations and decrease flood risk. It con-
tains elements of social importance and historical rel-
evance, such as the remains of the Phoenician archae-
ological site called “Cerro del Villar”, inventoried as 
Historical Patrimony (http://​www.​iaph.​es/​patri​monio-​
inmue​ble-​andal​ucia/​resum​en.​do?​id=​i7954) that are 
located near the river mouth. Between the two delta 
branches there is a protected wetland, special zone of 
bird protection (Paraje Natural Desembocadura del 
Guadalhorce), which is the last shelter of migratory 
birds still left in the very touristic coast of Málaga 
province. In Málaga city there are two water treat-
ment plants, and the habitants of the province were 
1641 in 2018.

The River Nalón is located in the central area of 
south Bay of Biscay and crosses the region of Astu-
rias. Asturias is characterized for having a temperate 
climate that is gradually changing with temperature 
increases as in other parts of the world. This river has 
seven large dams and reservoirs built between 1960 
and 1970, two of them (Tanes and Rioseco) within 
a protected area upstream—Redes Natural Park that 

Fig. 1   Map showing the location of Guadalhorce and Nalón 
rivers in Iberian Peninsula (A). Map of the areas affected by 
dams in each river; sampling sites are numbered (B: Nalón; C: 

Guadalhorce). D and E photographs show views of river zones 
showing typical riverine ecosystems between dams in the two 
riversBlue circles are highlighting the reservoirs

http://www.iaph.es/patrimonio-inmueble-andalucia/resumen.do?id=i7954
http://www.iaph.es/patrimonio-inmueble-andalucia/resumen.do?id=i7954
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is a Natura 2000 site and Reserve of the Biosphere 
(García-Ramos et  al. 2006). The main uses of the 
dams are providing energy and drinking water to the 
central part of the region and also regulate the excess 
of water downstream to avoid floods when neces-
sary. The dominant fish species within this protected 
area is brown trout (Salmo trutta) and prior to the 
construction of the dams, European eel and Atlantic 
salmon could still reach the highest part of the river. 
However, nowadays, these valuated species can only 
be found in the lowest part of the system. Here, we 
will focus on the upper part of the river, where the 
connected reservoirs of Tanes and Rioseco provide 
drinking water and energy to the central part of the 
region.

River management plans

In Guadalhorce River, the construction of an addi-
tional water treatment plant was planned near the 
river mouth in Málaga city, together with several 
modifications of the river course and riverbed in this 
area like channelization and water diversion, and a 
runway considered a barrier for river species by con-
servationists. These plans had created conflicts with 
environmentalist NGOs (non-governmental organi-
zation) and other stakeholders like landowners. The 
plan of building a large water treatment plant was 
changed in 2017 for the construction of one smaller 
treatment facility to serve the villages of Alhaurín el 
Grande and Cártama. Later changes included alterna-
tive, softer and cheaper project for the river channel 
modification that was presented in the City Council of 
Málaga City on March the 1st, 2019. As the old plan, 
its purpose was to solve the current problem of flood-
ing in the lower part of the river that especially affects 
the delta. The new project comprises several small to 
moderate actuations in the flood plain and has been 
prepared by IRTENE Consulting. Six actuations were 
approved by Málaga City Council: regrowth the left 
margin of Prado de Jurado, de las Yeguas, Boticario 
y Pocapringue channels; reconditioning the channel 
of the main river near Málaga-Fuengirola railway; 
restoration of the riverbed near M-21 bridge; reduc-
tion of riverbed elevation in several parts of the river 
channel; regrowth some parts of the main river chan-
nel; cleaning up and restoration of several river zones. 
The plan approval by the Regional Government of 
Andalusia is still pending.

In Nalón River, a new dam (Caleao) was pro-
jected upstream within the protected area, for water 
and energy supply, including water supply for steel 
companies (specifically Arcelor-Mittal), and for com-
pensatory flows to maintain biodiversity (enhancing 
water quality up to be apt for salmonids downstream). 
The project was cancelled officially after a decision of 
Asturias Parliament in 2018.

Stakeholder network to estimate ecosystem services 
and disservices

Following a participatory approach, local stakehold-
ers were identified, and contacts established to initi-
ate networking with them. The following stakehold-
ers working on different aspects of Guadalhorce River 
were contacted: Junta de Andalucía (Regional Gov-
ernment of Andalusia); EU H2020 project SWOS-
Satellite-based Wetland Observation System; NGO 
Ecologistas en Acción (it could be translated as 
“Ecologists in Action”); NGO SEO-Birdlife (Spanish 
society of ornithology); University of Málaga, Center 
of Hydrogeology and European Topic Center. In the 
Junta de Andalucia the following Services were con-
tacted: Subdirección de Explotación (“Subdirection 
of Exploitation”); Servicio DPH y Calidad de Aguas 
de la Delegación Territorial de Medio Ambiente 
(water quality service of the regional environmen-
tal office); Subdirección General de la Demarcación 
Hidrográfica del Sur (“General Subdirectorate of the 
Southern Hydrographic Sector”). With the help of 
local stakeholders, ecosystem services and disser-
vices were estimated. Collaboration for field research 
and the social survey was also obtained in the context 
of this networking. In Asturias region the following 
stakeholders participated in the evaluation of dams´ 
services: Regional Government of Asturias (Conse-
jería  de Infraestructuras, Ordenación del Territorio 
y Medio Ambiente, which is the section in charge of 
infrastructures, territory organization and environ-
ment in the Regional Government), University of 
Oviedo, EDP Energía (electricity operator through 
the reservoirs on the Nalón river), the Consortium 
for the Water Supply and Sanitation of Asturias 
(CADASA), the City Councils of high Nalón (Caso, 
Laviana and Sobrescobio) and the  Friends  of the 
River Nalón Anglers’ Association.

Ecosystem services and disservices were classified 
based on the Common International Classification of 
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Ecosystem Services (CICES V4.3; spread sheet ver-
sion available at https://​cices.​eu/​resou​rces/, accessed 
August 2020). Values between 0 and 2 were assigned 
to each service above and below dams with the help 
of the involved stakeholders. For each service scores 
were weighted using a 0 to 1 scale of certainty. 
The change in ecosystem services is the difference 
(after–before) dams’ construction (Table 3). Consen-
sus scores and certainty values were employed.

The results obtained in this study were presented 
publicly in Málaga, Spain at the Symposium on Con-
nectivity in Mediterranean rivers held on Tuesday, 
September the 3rd, 2019 in the Ada Byron Building 
of the University of Málaga. Attendants represented 
the main sectors involved in river management and 
use. Local stakeholders that have networked and col-
laborated with researchers helped in the organization 
of the workshop. In Asturias they were presented in a 
workshop held in the affected area, Rioseco Village 
was the place chosen to disseminate those results and 
several activities involving children were prepared. 
This was part of the event World Fishing Migration 
Day (https://​world​fishm​igrat​ionda​yfeed​back.​wordp​
ress.​com/​portf​olio/​spain-3/).

Social survey

Residents in the case study zones were contacted 
directly by the researchers near the sampling points 
(local users of the dams/reservoirs) and in Málaga 
(Guadalhorce) and Oviedo and Gijón (Nalón) cities, 
as samples of the general population in the provinces. 
The researcher wore neutral clothes for not influ-
encing the respondent’s opinion and just explained 
briefly the project objectives. A question about the 
dam acceptance with five answer options was posed 
as it follows:

What is your opinion about dams and reservoirs 
in Gualdalhorce/Nalón River? Please choose 
one of these options: (a) They should be elimi-
nated, (b) I would prefer them out of the area 
where I am living, (c) Should be modified for 
having less ecological impact, (d) Should be 
maintained as they are today, (e) More dams 
and reservoirs are needed to provide more ser-
vices.

Ecosystems provide us with well-being and their 
preservation can be encouraged through payments 

to tax their use (Vandenplas and Loosveldt 2017). 
A specific question was dedicated to investigating 
the willingness of the interviewees to pay additional 
taxes to improve rivers through different actions. The 
willingness to pay was measured from the following 
question: What taxes percentage (%) you pay yearly 
you would allocate to: (a) Building structures to 
facilitate fish migration; (b) Improving the economic 
efficiency of the reservoir (leisure, fishing, water 
reserves…); (c) Improving waters connectivity / riv-
ers reconnection; (d) Contributing to dam and reser-
voirs demolition; (e) Building new dams and reser-
voirs. A scale 1–5 for 0%, 0.1–0.5%, 0.5–1%, 1–5% 
and other (higher) % was employed. Questions (a) 
and (c) imply actions to improve the ecological sta-
tus of the river that do not involve dam demolition. 
Question b involves changes in the human use of res-
ervoirs. Questions d tackles directly the issue of dam 
demolition, while a high payment will in e would 
reflect a high appreciation of services provided by 
these infrastructures.

Determination of river environmental health from 
DNA metabarcoding

Water quality is the main feature measured when 
assessing the ecological status of aquatic systems 
(von der Ohe et al. 2007). These estimations can give 
an overview of the ecosystem health. There are dif-
ferent ways of measuring water quality, from physio-
chemical measures to biological indicators (Armitage 
et  al. 1983; Kim et  al. 2015). Among the last ones, 
algae, and especially diatoms, are employed to assess 
water quality based on their resistance to pollution 
and preference of trophic water status (Descy and 
Coste 1991; Kelly et al. 2008; Dell’Uomo and Torrisi 
2009; Feio et  al. 2012; Singh et  al. 2013; Cimarelli 
et al. 2015; Petr et al. 2017). They are generally visu-
ally identified from morphological traits or cultures, 
but nowadays DNA-based methodologies are increas-
ingly being applied in the study of those organ-
isms for being precise and cost-efficient (Cimarelli 
et  al. 2015; Vasselon et  al. 2017). High-throughput 
sequencing (HTS) technologies applied on environ-
mental samples (eDNA metabarcoding) may be used 
as a shortcut to estimate biological indices of water 
quality (Rivera et  al. 2018; Fernández et  al. 2018, 
2019b). Metabarcoding using a fragment from the 
chloroplastic gene Ribulose bisphosphate carboxylase 

https://cices.eu/resources/
https://worldfishmigrationdayfeedback.wordpress.com/portfolio/spain-3/
https://worldfishmigrationdayfeedback.wordpress.com/portfolio/spain-3/
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large chain (RbcL) for diatom identification has been 
already employed for evaluation of lake water quality 
(Rivera et  al. 2018), and the same methodology has 
been also recently applied to detect nuisance algae 
from ballast water (Ardura et al. 2020).

River sampling sites and samples processing

Five key sampling sites were chosen along Guadal-
horce River with the valuable help of local stake-
holders (Fig.  1). Site#1 was upstream, out of the 
influence of the reservoirs, and the rest were located 
in running waters between dams (Site#2), just below 
(Site#3) and downstream the lowest dam (Site#4) and 
near the river mouth after the river channel diversion 
(Site#5). Three bottles of 1L each were taken on each 
site. Water samples were vacuum-filtered the same 
day of collection, immediately after arriving to the 
laboratory in the city of Málaga, they were kept in ice 
during transporting. A Supor® 200 Membrane Filter 
(Pall Corporation, Life Sciences) with 0.2  μm pore 
size and 47  mm diameter was used. Water samples 
were filtered in a room separated from the molecular 
laboratory in which only water samples are handled. 
The filtration apparatus was cleaned with 10% bleach 
(5% sodium hypochlorite concentration), triple-rinsed 
with DI water, and then exposed to 20  min of UV 
light in a PCR cabinet (normally utilized for pre-PCR 
experiments) between samples to prevent contamina-
tions. The DI water carried to the field (negative field 
control) was filtered last, after the rest of river water 
samples. Finally, one litre of DI water was filtered as 
filtering negative control. Filters were manipulated 
with previously decontaminated (cleaned with bleach 
and UV as the filtration apparatus) forceps to place 
them in storage tubes. The filters were preserved in 
100% ethanol. Environmental DNA was extracted 
from filters (one extraction per filter) using PowerWa-
ter® DNA Isolation Kit (MoBio Laboratories) under 
controlled airflow conditions using a laminar flow 
PCR cabinet. A negative control to check possible 
laboratory or cross-contamination was included in the 
extraction process and analysed together with the rest 
of the samples. The extraction followed the manufac-
turer’s instructions.

Details regarding Nalón samples collection and 
processing can be found at Fernandez et al. (Fernán-
dez et  al. 2019b). Briefly, the sampling area is in 
the Upper Nalón River around Tanes and Rioseco 

reservoirs. Sites #1 and #2 are located in two inde-
pendent streams that flow separately in Tanes res-
ervoir. Site #3 is located in a third small stream dis-
charging in the mid part of Tanes reservoir. Site #4 is 
just below the dam of Tanes reservoir, and Site #5 on 
the tail of Rioseco reservoir, and Site#6 downstream 
Rioseco reservoir. The procedure of water collection, 
number of replicates and laboratory protocols were 
the same as described for Guadalhorce River.

DNA metabarcoding procedures

The extracted DNA was sent to Macrogen (Seoul, 
Korea) for further analysis. The DNA was quanti-
fied by a fluorescence-based method Victor 3 (Pico-
green, Invitrogen). A fragment of 312 bp within the 
plastid RbcL gene was PCR amplified using Diat-
RbcL-708F (5′ AGG​TGA​ARY​WAA​AGG​TTC​WTA​
YTT​AAA 3′) and Diat-RbcL-R3 (5′ CCT​TCT​AAT​
TTA​CCW​ACW​ACWG 3′) designed for diatom iden-
tification (Vasselon et al. 2017). Amplicon PCR (1st 
PCR) thermocycling conditions were: 95  °C 5  min, 
30 cycles of 95 °C 45 s, 55 °C 45 s, 72 °C 45 s and a 
final extension of 72 °C—10 min. The primers were 
modified to include IlluminaTM overhang adaptors 
and sample-specific indices following the dual-PCR 
Illumina protocol (https://​suppo​rt.​illum​ina.​com/). In 
addition, bovine serum albumin (BSA) was added to 
the PCR reactions to increase PCR yields from low 
purity templates and to avoid, as much as possible, 
the effect of inhibitors presents in the water. After 
library construction, MiSeq Illumina platform was 
employed to run the sequencing step using paired-
end sequencing (2 × 300). Adapters and indices were 
removed from the raw data along with reads < 36 bp 
using the Scythe and Buffalo software, respectively. 
As in other NGS metabarcoding studies (Cowart et al. 
2018; Port et  al. 2016), negative controls were not 
included in the sequencing run because there was no 
evidence of contamination in the PCR step.

Illumina Paired-End raw files consisting of for-
ward (R1) and reverse (R2) reads were sorted 
(demultiplexed) by library and quality scores. Indi-
ces and sequencing primers were trimmed during 
the demultiplexing step. The raw FASTQ files can 
be accessed at NCBI, SRA database with the Biopro-
ject accession number PRJNA690673; Biosample: 
SAMN17256641.

https://support.illumina.com/
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R wrapper JAMP v0.67 (https://​github.​com/​
Vasco​Elbre​cht/​JAMP) was employed to quality fil-
ter the data: sequences were merged using Usearch 
v11.0.667_i86 (Edgar, 2010) allowing for a 25% mis-
match in overlap (setting “-fastq_maxdiffs 99 -fastq_
pctid 75 -fastq_trunctail 0” as thresholds). Primers 
were trimmed and sequences were filtered by length 
(amplicon size 312 ± 10 bp reads were retained) using 
Cutadapt v1.15 (Martin 2011). Expected errors prob-
abilities were calculated to filter reads qualities (Max 
ee = 0.5; -fastq_qmax 60) using Usearch v11.0.667_
i86 (Edgar 2010). Denoising option was employed 
within JAMP pipeline, where sequences are derepli-
cated and denoised using the unoise3 algorithm from 
Usearch v11.0.667_i86 (Edgar 2010) and clustered 
at 30% similarity. Then, molecular operational units 
(OTUs; putative species) below 0.01% abundance are 
discarded, as well as haplotypes below 0.003%.

Taxonomic assignment

After the filtering steps, the sequences were assigned 
taxonomically using a locally stored reference data-
base downloaded from the NCBI on the 16/06/2020 
using the e-search query “rubisco rbcl NOT uncul-
tured NOT unclassified". To construct the database, 
that includes the accession numbers and taxonomy 
information from NCBI, the script “Entrez_qiime.
py” by Baker et  al. (2017) was employed. Then fil-
tered sequences were compared against this database 
to assign each sequence to a species whenever pos-
sible. For this the script employed was “qiime fea-
ture-classifier” within QIIME™ 2 pipeline v2020.2 
(Bolyen et  al. 2019), using BLAST algorithm, with 
the thresholds of 97% nucleotide identity percent-
age and E-value of 10–50. This means that a sequence 
with < 97% identity with any of the sequences present 
in the reference database will appear as unassigned. 
If a sequence is assigned to more than one species 
with > 97% identity, it will be assigned to a genus 
level, or lower (family, order) if the information is not 
enough to reach the genus level.

The resulting list of OTUs was exported as a 
spreadsheet table, to be edited and statistically ana-
lysed using Microsoft Excel version 2016. A manual 
expert check was done to avoid erroneous assigna-
tions due to outdated taxonomy (it may happen in 
old references). Here taxonomy followed Algaebase 
(Guiry et al. 2014).

As a final step, the resulting OTU tables from the 
three replicates of each sampling point were merged 
for further analyses.

Bioindicators of river ecosystem health

Microalgae identified from RbcL metabarcode 
were classified according to their value as indica-
tors of water quality based on EPI-D index spe-
cifically applied to Mediterranean rivers, following 
Dell’Uomo and Torrisi (2009). There are species 
characteristic of very bad (12 species), bad (7 spe-
cies), mediocre (8 species), good (9 species) or excel-
lent (10 species) water quality; the species most 
resistant to pollution and hypertrophic conditions can 
grow in bad quality waters, while sensitive species 
can only grow in waters of good quality.

In addition, considering that metabarcoding relies 
upon reference databases, we have chosen a subset 
of nine species for which there are many DNA refer-
ences used by Cimarelli et al. (2015) as bioindicators. 
These are selected from the classes of water quality 
identified by the European Water Framework Direc-
tive, and classified as indicators of excellent-good 
(Achnanthidium minutissimum (Kützing) Czarneck), 
good-mediocre (Cyclotella meneghiniana (Kützing), 
Nitzschia dissipata (Kützing) Grunow), mediocre 
(Surirella angusta Kützing), bad (Nitzschia palea 
(Kützing) W Smith) or bad-very bad (Craticula hal-
ophila (Grunow ex Van Heurck) Mann, Mayamaea 
atomus var. permitis (Hustedt) Bruder & Medlin, 
Navicula veneta (Kützing)) water quality (Cimarelli 
et al. 2015).

Statistics

Taxonomic diversity in each sampling site was meas-
ured using Shannon index with the number of species 
per class as unit. Non-metric multidimensional scal-
ing (3D, Euclidean distance) was employed to visu-
alize the differences in community species detected 
from metabarcoding OTUs in the sampling sites.

Differences in willingness to pay for an action 
between different actions on dams were tested using 
two-way ANOVA, after checking normality with Sha-
piro-Whilk and homoscedasticity with Breusch-Pagan 
test.

All statistical analyses were implemented in PAST 
software (Hammer et al. 2013).

https://github.com/VascoElbrecht/JAMP
https://github.com/VascoElbrecht/JAMP
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Results

Ecosystem alterations inferred from metabarcoding

HTS from water samples with RbcL metabarcode 
yielded a total of 1,241,083 and 744,195 reads for 
Nalón and Guadalhorce Rivers respectively. After 
applying quality filters were reduced to 1,044,264 
and 545,335 (Supplementary Table 1). The number of 
OTUs assigned down to a genus or species level was 
60 (of which 52 at species level) of freshwater phyto-
plankton (Table 1, Supplementary Table 2).

Algae diversity is severely altered by the dams 
(Okuku et al. 2016), and in this study it was clearly 
different among sampling points (Table  1), with a 
sharp decline in the locations between dams and 
some recovery downstream in the Guadalhorce River 
where G#2 was the least diverse site. Shannon diver-
sity was zero there with all the species belonging to 
the order Bacillariales. In the case of Nalón River, the 
lowest diversity corresponded to sample N#3 close 
to Tanes dam, but diversity increased between dams 
and downstream with enrichment in Xantophyceae 
(Table 1).

Despite very different ecological conditions of 
Guadalhorce and Nalón rivers that are reflected in 
many samples well separated, the samples most 
affected by dams in the two rivers (G#2 and G#3 in 
Guadalhorce; N#4 between dams and N#6 just down-
stream Nalón) were closely located in the NMDS 
(Fig.  2). With a reasonable non-significant stress of 
0.06, r2 of axis 1 0.768 and of axis 2 0.157), a clear 

lack of connectivity was reflected in the lack of inter-
nal order of the sampling points along each river, 
with upstream locations obviously separated of the 
next point downstream.

A negative effect of dams on water quality could 
be also detected in Guadalhorce and Nalón rivers. 
Several biological indicators of environmental status 
were found with RbcL metabarcode: seven species 
from Dell’Uomo and Torrissi (2009) panel and seven 
from Cimarelli et al. (2015) list, the majority indica-
tors of bad water quality, a few of good or mediocre 
and none of excellent quality (Table 2).

Table 1   Summary of 
algae diversity found from 
RbcL metabarcode in 
Guadalhorce and Nalón 
rivers

Data presented per 
sampling site the number 
of OTU (putative species) 
of each class found in the 
study, the putative species 
richness and the taxonomic 
diversity (Shannon index)

Guadalhorce River Nalón River

G#1 G#2 G#3 G#4 G#5 N#1 N#2 N#3 N#4 N#5 N#6

Bacillariophyceae 28 16 25 7 11 49 58 65 42 45 21
Coscinodiscophyceae 1 0 2 0 2 2 3 1 3 2 1
Fragilariophyceae 2 0 3 1 1 3 3 2 3 4 3
Mediophyceae 3 0 3 5 5 0 5 0 4 3 5
Chlorophyceae 0 0 0 0 0 0 1 0 0 0 0
Cryptophyceae 2 0 1 0 0 0 0 0 0 1 0
Euglenophyceae 1 0 0 0 0 0 0 0 0 0 0
Eustigmatophyceae 0 0 0 0 0 0 2 1 2 2 2
Phaeophyceae 0 0 0 0 0 1 2 1 1 1 0
Xantophyceae 0 0 0 0 0 0 2 1 5 2 2
Species richness 37 16 34 13 19 55 76 71 60 60 34
Taxonomic Shannon 0.93 0.00 0.92 0.90 1.06 0.45 0.98 0.42 1.12 1.02 1.23

Fig. 2   NMDS scatter plot representing the communities 
detected from RbcL metabarcode from the sampling points 
analysed within Guadalhorce (G#1-G#5) and Nalón (N#1-
N#6) rivers
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Algae very tolerant to water pollution and 
eutrophic conditions i.e. indicators of very bad water 
quality were more abundant downstream and in 
areas influenced by dams in Guadalhorce River, and 
in the most impounded location N#3 in Nalón River 
(Fig. 3). In the latter, indicators of excellent and good 
water quality were present in all the samples. Thus, 
the effect of dams detected on water quality using the 
indicators chosen in this study was stronger in Gua-
dalhorce than in Nalón River.

In summary, the ecological community and indica-
tors employed in this study revealed a higher degree 

of ecological disconnection and a lower water qual-
ity in dammed areas of the Guadalhorce River than in 
those from the Nalón River.

Ecosystem services and disservices

The changes in ecosystem services provided by Gua-
dalhorce and Nalón river dams perceived by stake-
holders (Supplementary Table  3) are summarized 
in Table 3. It can be seen that many services exhib-
ited a positive change both above and below dams 
in Guadalhorce River. In particular, the cultural ben-
efits and the regulation contained many services with 
positive changes. The catalogue of services scoring 
higher in this estimation included drinking water and 
energy supply, entertainment and leisure activities 
(kayaking, bath), as well as historical sites and cul-
tural patrimony. Examples mentioned were the Cam-
inito del Rey path (Biosphere Prize to Sustainable 
Tourism, Cultural Patrimony EU Prize Europa Nos-
tra) in the upper zone, and archaeological sites like 
“Cerro del Villar” in lower reaches. In Nalón River 
many disservices were found especially below dams 
(Table 3). The absence of the very appreciated Atlan-
tic salmon in the pristine spawning areas upstream 
was highlighted.

The average of all the estimated changes in ESS 
after dam construction was positive in the three 
categories above and below dams in Guadalhorce 
River, with the cultural ecosystem services being 
especially high with near 0.8 points in the both river 
zones (Fig.  4). In contrast, the change in services 
caused from Nalón River dams was perceived as 

Table 2   Key indicator 
species identified from 
their DNA using RBLC 
metabarcode from 
Guadalhorce and Nalón 
rivers, as number of 
sequences assigned to a 
species in each river

a Dell’Uomo and Torrissi 
(2009)
b Cimarelli et al. (2015)

Species EPI-Da Molecular panelb Consensus Guadalhorce Nalón

Achnanthidium minutissimum Excellent-good Excellent 0 3651
Caloneis amphisbaena Bad Bad 48 0
Cocconeis pediculus Mediocre Mediocre 0 471
Cyclotella meneghiniana Bad Good-Mediocre Mediocre 64,958 2811
Cymatopleura solea Mediocre Mediocre 161 258
Entomoneis paludosa Very bad Very bad 498 0
Mayamaea permitis Bad-very Bad Bad 138 1124
Navicula phyllepta Very bad Very bad 48 0
Navicula veneta Very bad Bad-very Bad Very bad 102 17
Nitzschia dissipata Good-mediocre Good 49 20,214
Nitzschia palea Bad Bad 5447 5181
Surirella angusta Mediocre Mediocre 447 1671

Fig. 3   Proportion of OTUs of different algae indicators of 
water quality in the sampling points from Guadalhorce and 
Nalón rivers. Indicators were classified according to the con-
sensus list of this study: Achnanthidium minutissimum excel-
lent; Nitzschia dissipata good; Cocconeis pediculus, Cyclotella 
meneghiniana, Cymatopleura solea and Surirella angusta 
mediocre; Caloneis amphisbaena, Mayamaea permitis and 
Nitzschia palea bad; Entomoneis paludosa, Navicula phyllepta 
and Navicula veneta very bad
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negative, principally in provision of material goods 
and regulation below dams. The difference between 
the two rivers summarized in Fig.  4 evidences a 
greater appreciation of dams by the consulted stake-
holders in the dry Mediterranean Málaga province 
than in Asturias region, of temperate humid Atlan-
tic climate, although objective ecological indica-
tors show a more deteriorated ecological status of 

the dammed area of Guadalhorce River than that of 
Nalón River.

A total of N = 300 (59% females, 27% reservoir 
users) and 319 (58% females, 42% reservoir users) 
interviews were conducted in Nalón and Guadal-
horce rivers respectively. Raw data are presented in 
Supplementary Table  4. In the question about the 
dam acceptance 0.3% of respondents thought they 

Table 3   Change in ecosystem services provided by Guadalhorce and Nalón river dams, as perceived by stakeholders

Categories: provision of material services, regulation, cultural services (0, 1 and − 1 represent the change in ecosystem services 
(after–before) regarding dams construction)

Category of benefits Guadalhorce Nalón

Above dams Below dams Above dams Below dams

Provision of material services
Reared animals and their outputs 0 0  − 1 0
Wild plants and animals  − 1  − 1  − 1  − 1
Aquaculture 0 0 0 0
Surface water for drinking 1 1 1 0
Ground water for drinking 0 1 0 0
Materials/biomass from plants, algae and animals 0 0  − 1  − 1
Surface water for non-drinking purposes 1 1 1 0
Ground water for non-drinking purposes  − 1 1 0 0
Energy 1 1 1 0
Regulation
C sequestration/storage/accumulation by ecosystems 1 0 1 0
Dilution by water 1 1 0 1
Mediation of smell/noise/visual impacts 1 1  − 1  − 1
Erosion protection 0  − 1 0  − 1
Flood protection 0  − 1 0 1
Hydrological cycle and water flow maintenance 1 1 0 1
Drought prevention 1 1 1 0
Soil formation—decomposition and fixing processes 0 0 1 0
Micro and regional climate regulation 1 1 1 0
Chemical condition of freshwaters 0 1  − 1  − 1
Maintaining nursery populations and habitats 0 0  − 1  − 1
Cultural services
Experiential use of plants, animals and landscapes in different 

environmental settings
0 0 0 0

Physical use of landscapes in different environmental settings 1 1 1 1
Scientific 1 1 0 0
Educational 1 1 1 1
Heritage, cultural 1 1  − 1 0
Entertainment 1 1 1 0
Aesthetic 1 1  − 1 0
Symbolic 1 1 0 0
Sacred and/or religious 0 0 0 0
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should be eliminated, 3.8% would prefer them out of 
their living area and 38.5% believed they should be 
modified for having less ecological impact, while the 
opinion of 12.6% of participants was they should be 
maintained as they are today, and 44.8% though that 
more dams and reservoirs are needed to provide more 
services. This demonstrates a majority of participants 
supporting current dams in the Guadalhorce River, 
57.4%, while the level of rejection was 4.1% of partic-
ipants. Regarding dam acceptance in Nalón River, the 
proportion of participants choosing each of the five 
options offered was: They should be eliminated, 1%; 
I would prefer them out of the area where I am living, 
10.3%; Should be modified for having less ecological 

impact, 45.7%; Should be maintained as they are 
today, 20.3%; More dams and reservoirs are needed 
to provide more services, 22.7%. These results show 
an acceptance or increase of current dams by 43% of 
the participants (lower than in Guadalhorce River), 
and a rejection by 11.3% (higher than in Guadalhorce 
River).

Regarding the willingness to pay more taxes for 
different actions improving ecosystem services on 
Guadalhorce River dams and reservoirs, the one least 
economically supported by the participants was the 
demolition of dams (Fig.  5). For this action 31% of 
participants would not increase their taxes at all, and 
less than 50% would give more than 0.5% of taxes 
increase. In contrast, improving river connectiv-
ity and constructing new dams and reservoirs were 
options supported in the region. More than 70% of 
participants would increase their taxes by more than 
0.5% for them. This is coherent with a high appre-
ciation of dams and reservoirs and the ecosystem 
services perceived by stakeholders, as shown above. 
Respondents from Asturias about Nalón River dams 
provided similar answers to the construction of fish 
scales, supported less the actions to improve river 
connectivity and also the construction of new dams 
and reservoirs (Fig. 5).

In addition to the differences between rivers 
regarding the willingness to pay for different services, 
there were differences between the users of the dams 
(inhabiting nearby or frequent visitors using reservoir 
services) and general population in the willingness to 
pay for some of the proposed actions. Users would 

Fig. 4   Mean estimates of change in provision, regulation and 
cultural services provided upstream and downstream by Gua-
dalhorce River dams. SE as capped bars

Fig. 5   Proportion of par-
ticipants willing to increase 
their taxes by a percentage 
for different actions on Gua-
dalhorce and Nalón rivers 
dams
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pay significantly more taxes than indirect users (gen-
eral population) to improve the economic efficiency 
of dams and reservoirs, and also for connectivity, and 
will pay less to demolish obsolete dams, especially 
the users of Guadalhorce River dams (Table 4).

Indeed, the differences between regions (Asturias 
versus Málaga) for the improvement of connectivity 
and building more dams, both attracting more will-
ingness to pay in Guadalhorce River, were highly sig-
nificant with F-values having p <  < 0.001 (Table 4).

Discussion

This study, although limited to two river cases, has 
a wide significance because many results can be 
extrapolated to other regions. Drastic reduction of 
water quality in dammed river areas has been already 
reported in other regions and previous research 
(Quevedo et  al. 2018; Fernández et  al. 2019b), and 
indeed is confirmed in this study based on phyto-
plankton. The differences between better conserved 
upstream sites and the sites affected by dams that 
contain more indicators of poor ecosystem health 
may be considered as a call of attention downstream.

However, and despite reduced water quality and 
connectivity, dams and reservoirs are appreciated by 
the population and especially by the river users; many 
would increase their taxes to build even more dams 
and reservoirs, especially in the dry Mediterranean 
region targeted in this study. The higher appreciation 
of dams and reservoirs services found in Málaga was 
consistently associated with more willingness to pay 

for the construction of new dams. Opposite to other 
studies where residents in dammed areas are opposed 
to reservoir construction (Wiejaczka et  al. 2018; 
Hoominfar and Radel 2020), the users and residents 
in the two case studies were more favourable to dams 
and intervention on dams than the general population. 
In addition to the undeniable use of the reservoirs for 
different applications, noticeably drinking water and 
energy, this could be due to the old age of the reser-
voirs that made them a part of the landscape for the 
present generations.

On the other hand, algae communities seem to be 
disconnected in the rivers studied, as algae and ani-
mal communities are in many other rivers affected by 
dams in Europe and worldwide (Aparicio et al. 2000; 
Santos et al. 2017; van Puijenbroek et al. 2018). The 
importance of river connectivity for local popula-
tions is highlighted in our results, where almost one 
half of the participants in the survey chose improving 
connectivity as an action worthy to increase signifi-
cantly their annual taxes. This action would increase 
the number of species allowing migratory species to 
reach the reservoirs located in the upper river reaches, 
thus enhancing recreational uses like fishing that 
are included in the well-perceived cultural services 
of Guadalhorce River reservoirs. The construction 
of passages for aquatic organisms to pass the dams 
and reconnect populations along Guadalhorce River 
should be further discussed under the light of these 
discoveries and considered as an investment in envi-
ronmental health.

The application of respectful and environmen-
tally responsible strategies for river management 

Table 4   Mean (standard deviations) of tax increases that dam/reservoir users and general population of the two regions studied 
would accept to improve dams and reservoir services of Guadalhorce and Nalón rivers

Below, F(1, 613) values for the factors region, use and their interaction. *, ** and *** for p < 0.05, 0.01 and 0.001 respectively

Fish scales Economic efficiency Connectivity Demolition Building more dams

Asturias
General 2.78 (0.94) 2.64 (0.89) 3.05 (0.92) 2.43 (1.1) 2.56 (1.09)
Users 2.7 (1.05) 3.09 (1.03) 3.11 (1.02) 2.4 (1.3) 2.03 (1.14)
Málaga
General 2.86 (0.94) 2.79 (1.02) 3.22 (0.83) 2.63 (1.14) 3.06 (0.99)
Users 2.65 (1.02) 2.95 (1.01) 3.42 (0.79) 2.18 (1.23) 3.25 (1.1)
Factor region 0.03 1.66 11.4*** 0.07 70.6***
Factor use 3.2 13.02*** 5.55* 6.7** 0.001
Interaction 0.64 3.2 1.1 4.5* 16.8***
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would be especially important in the lower reach of 
Guadalhorce River. Relatively high proportion of 
bad ecosystem health bioindicators emphasizes the 
need of controlling the urban wetland of Málaga city 
(Site#5) which protection figure should be at least 
maintained or upgraded. Guadalhorce wetland, situ-
ated in this place, is already a special protection area 
(SPA) for migratory birds and it is important to high-
light its dune vegetation. It contains species that are 
almost extinct from other littoral places of the region, 
as Medicago marina, Polygonum maritimum, Otan-
thus maritimus, Pancratium maritimum. Besides that, 
this place has a variety of native birds, reptiles and 
amphibians. Perhaps the zone could obtain a higher 
degree of environmental protection.

In Nalón River the most affected area, of worst 
water quality, would be around Tanes reservoir. The 
low health status of this area should be of concern 
as it is a protected space within the United Nations 
Educational, Scientific, and Cultural Organization 
(UNESCO) biosphere reserve of Redes Natural Park. 
A diverse fauna is contained in this protected space, 
some protected species as Salmo trutta, Lutra lutra or 
Galemys pyrenaicus that could be threatened and the 
status of the Natural Park should be re-evaluated as 
previously suggested in (Fernández et al. 2019a).

The interdisciplinary approach followed here com-
bines an environmental analysis based on eDNA 
metabarcoding for the inventory of indicator spe-
cies, and a social investigation based on participa-
tory research with local stakeholders and a face-
to-face local survey. It has to be taken into account 
that eDNA metabarcoding still has some limitations 
to overcome. Future studies could follow recently 
published guidelines for good practices, such as the 
one published by Bruce et al. (2021). Hopefully, the 
results of this case study will help to give more value 
to aquatic ecosystems and river connectivity in dry 
landscapes such as Mediterranean basins.

Conclusions

Although ecosystem health was found to be affected 
due to the presence of dams, generally positive views 
regarding reservoirs were found in the study of both 
North and South river basins, being the population 
from the south the one that showed more acceptance 
of dams and reservoirs.
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