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Abstract IUCN Red List assessments for fish
species can quickly become out of date. In recent
years molecular techniques have added new ways of
obtaining information about species distribution or
populations. In this work, we propose the Iberian
Peninsula as an example of reassessment needs in its
endangered freshwater fish fauna. We compiled the
list of freshwater fish species occurring in continental
Spain and Portugal and examined their conservation
status in global and national Red Lists. We retrieved
records for these species in the Iberian Peninsula and
calculated several biological indexes (richness and
vulnerability indexes). Our results showed a patchy
data coverage of fish records in the Iberian Peninsula.
Threat levels reported within national Red Lists are
higher than their global counterparts, reinforcing the
necessity of improving and maintaining up to date
national Red Lists. Iberian watersheds have moderate
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levels of threat and high levels of out of date
assessments. The nearly fully completed genetic
databases for Iberian fish species, along with the
limited distribution of many endangered species and
the necessity of update their assessments constitute an
excellent opportunity to use data obtained from eDNA
to improve species monitoring practices and their
conservation status.
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Introduction

The Earth is home of more than 1.2 million described
species and many others remain undiscovered (Mora
et al., 2011). Currently, species extinction rates have
been estimated to be 1000 times faster than those
registered in the fossil record (De Vos et al., 2015) and
the sixth mass extinction (Ceballos et al., 2017) is one
of the most relevant issues occurring in the XXI
century. Ecosystems are losing their biodiversity at too
high rates mainly due to anthropogenic causes such as
climate change, species invasions and habitat alter-
ation (Dudgeon et al., 2006; Dirzo et al., 2014; Reid
et al., 2019). Among all ecosystems, inland waters are
one of the most affected (Strayer & Dudgeon, 2010;
Collen et al., 2014). Wetlands are disappearing three
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times faster than forests (Ramsar Convention on
Wetlands, 2018) and freshwater vertebrate populations
decrease faster than their terrestrial or oceanic relatives
(WWF, 2020). Although freshwaters cover a very
restricted area on the Earth (Lehner & Do6ll, 2004), they
host almost 10% of all described species (Strayer &
Dudgeon, 2010) including 18,000 fishes (Fricke et al.,
2020). Fishes are among the most charismatic and good
studied organisms that inhabit freshwater and nowa-
days may be considered the most threatened vertebrate
group (Hughes, 2021). Moreover, their endemism level
is incredibly high (Pelayo-Villamil et al., 2015;
Tedesco et al., 2017), and their loss could be an
irreparable consequence of global biodiversity.

To inform about species extinction risk, the Inter-
national Union for the Conservation of Nature (IUCN)
has developed since 1964 the TUCN Red List. From its
begin, [IUCN Red List has become an increasingly
powerful tool for conservation planning, management,
monitoring, and decision making (Rodrigues et al.,
2006). Nowadays, almost 10,000 freshwater fish
species have been assessed, and approximately 23%
are currently threatened with extinction (IUCN, 2020).
However, their assessment rate remain below com-
pared to any other vertebrate group (Tapley et al.,
2018; Miqueleiz et al., 2020).

To fix this gap and optimize the efficiency of [UCN
Red List, many efforts are focusing on identifying
priority assessment areas (Hermoso et al., 2017) and
evaluating threat risk for total freshwater fish (Global
Freshwater Fish Assessment, IUCN, 2020). Neverthe-
less, the number of freshwater fish without updated
assessments (evaluations with less than ten years)
(Rondinini et al., 2014) is high (~ 32% of total
evaluated freshwater fish) IUCN, 2020), and this lag
can seriously affect the reliable information about their
conservation status (Rondinini et al., 2014). Furthermore,
many revaluated fishes have undergone a not genuine
change (mainly because new information has become
available since the last assessment), and fish with genuine
change have risen their threat status, according to [UCN
Red List statistics. This calls for a reconsideration of the
importance of the reassessment process and the necessity
of maintain up to date evaluations.

Parameters about population size and structure, and
distribution range are required to obtain a reliable
conservation status from IUCN Red List. Still, the
acquisition of these data with traditional survey
methods (e.g., electric fishing) is time-consuming,
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expensive (Rondinini et al., 2014), and most of the
times inefficient to detect rare or elusive species (Beng
& Corlett, 2020). In a conservation underfunding
context (Waldron et al., 2013), periodically reassess-
ment of freshwater fish populations might only be
possible if the evaluation becomes more efficient and
fast.

In the last decade, the use of non-invasive molecular
techniques (e.g., eDNA) is raising increased attention
(Antognazza et al., 2019) and their application in
monitoring and conservation projects has rapidly
grown. These techniques may provide the opportunity
to map species geographic distribution over long
periods and across large spatial scales (Sales et al.,
2021). They could also offer greater probabilities of
detection of cryptic species if compared with the use of
traditional sampling procedures. Despite its limitations
(Beng & Corlett, 2020), there is a wide consensus that a
molecular approaches can become a powerful tools to
ease and improve species conservation assessments.
However, nowadays they cannot be used as the main
techniques, as its utility for detecting other parameters
as species abundance or biomass is yet to be fully
understood. Currently, we are in a transition period
where traditional electrofishing and molecular tech-
niques coexist, and its combination is the best solution
until the complete development of eDNA and other
tools to assess a wider range of parameters.

Among the several biodiversity hotspots where
species knowledge and reassessment needs to be
improved (Myers et al., 2000), in this work, we
focused on the freshwater habitat in the Iberian
Peninsula. The hydrology system of the Iberian
Peninsula, composed by several independent river
basins, is isolated from the rest of Europe since the rise
of the Pyrenees (80-20 million years ago) (Arranz
et al., 2011). Due to this high number of independent
river basins, freshwater fish populations in Iberian
Peninsula are strongly isolated (Clavero et al., 2004)
and this explains the low number of families, the high
degree of species diversification, and the greatest
European percentage of endemism (80%) (Doadrio
etal., 2011). Despite its uniqueness, Iberian freshwater
fish are jeopardized by various threats, such as water
extraction, reservoirs (also including channelization)
and invasive species (Maceda-Veiga, 2013), shared
with other Mediterranean regions (Cuttelod et al.,
2008; Hermoso & Clavero, 2011). The IUCN Red List
has evaluated the conservation status of many Iberian
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freshwater fish species, resulting in a high number of
species being threatened by extinction, similarly to
other regions around the Mediterranean (Darwall &
Smith, 2006). Nevertheless, Iberian freshwater fish
species require reassessment efforts that must be done
not only at global scale but also locally, to allow
specific conservation actions at national level. Many
countries have already developed national red lists, red
data books, or threatened species lists exist that
provide fundamental information to inform about the
state of biodiversity and report on trends in biodiver-
sity loss (Zamin et al., 2010), but they need to be up to
date.

The objective of this study is primarily, to identify
the basins of Iberian Peninsula with high fish vulner-
ability and with the great number of out date
evaluations of IUCN Red List. Moreover, we also
propose a critic discussion about the potential per-
spective of using molecular techniques as eDNA in
conservation approaches.

Materials and methods
Fish checklist

The Iberian freshwater fish checklist was created by
merging data from two national datasets: (i) for
Spanish freshwater fish, we retrieved the data from
Spanish Freshwater Fish Database, a resource devel-
oped by the Spanish Society of Ichthyology (SIBIC)
comprising data and occurrences from freshwater fish
species present in peninsular Spain (SIBIC, 2017). (ii)
For Portugal, we consulted the list from a Portuguese
publication on the topic (Almeida et al., 2019). Each
species was labeled based on their origin, as native if
autochthonous or introduced if allochthonous. Final
taxonomic checklist contains all freshwater fish
reported in Iberian Peninsula, comprising freshwater
resident species, anadromous and catadromous spe-
cies and also species present in coastal lagoons.

Subsequentially, IUCN Red List conservation sta-
tus and assessment date was added using global IUCN
Red List (IUCN, 2020) and national Red Lists
evaluations obtained for Spain (Doadrio et al., 2011)
and Portugal (Alves & Bochechas, 2005). The final
freshwater fish checklist can be found in Supplemen-
tary Table S1.

Finally, for each species geographic information
was added downloading the georeferenced occur-
rences from Global Biodiversity Information Facility
(GBIF, 2020), using rgbif package (Chamberlain et al.,
2014), and the Spanish Freshwater Fish Database
(SIBIC, 2017). Both datasets were used to achieve the
best distribution cover for each species in the Iberian
Peninsula. We merged both datasets and removed
records with duplicate coordinates. Furthermore, only
those records after 1990 were selected, to avoid
species historical occurrences from biasing the anal-
ysis and focus only on actual species range.

Data analyses

Only native species were used for further analysis. To
assess the completeness of freshwater fish distribu-
tional information and to detect areas with reliable
inventories we used the KnowBR package (Guisande
& Lobo, 2019). Parameters set in the KnowB()
function were as follow: cutoffSlope = 0.1; x/ = 6.1;
xr = 6.3; cell = 10.

Detection of areas with a high number of native
threatened species (evaluated as Vulnerable, Endan-
gered and Critically Endangered) was a prerogative of
this work. To do that, a density map was estimated
using the package statspat (Baddeley & Tuner, 2005),
using the function density.ppp() setting the
sigma = bw.ppl().

Finally, we calculated the richness, the Vulnerabil-
ity Index, and the number of species with out of date
assessments for all Iberian basins. We downloaded the
Iberian basins shapefile from MARS project (http://
www.mars-project.eu/index.php/databases.html).
Basin species richness was calculated using biomo-
nitoR package (Laini et al., 2018). Vulnerability Index
was calculated from Abellan et al., (2005) using the
conservation status of the species recorded in each
basin. Each species was assigned a score based on its
IUCN Red List category (Least Concern: 1; Near
Threatened: 2; Vulnerable: 3; Endangered: 4; Criti-
cally Endangered: 5). A basin score was calculated as
complementary of the sum of the vulnerability scores
for each species present in that basin divided by the
species richness of that basin.

i

)
Vulnerability Index =1 — Z%
i=1
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where V; is the vulnerability score of species i and S is
the species richness of the basin.

All the analyses were performed with R software (R
Development Core Team, 2019).

Results

Georeferenced data were available for all freshwater
Iberian fish. Nevertheless, the geographical distribu-
tion of the sample points did not follow a regular
pattern. Middle and southern areas of Spain and the
south of Portugal presented low or null completeness.
In comparison, northern Spain is characterized by high
completeness and the highest number of records as
spots (Fig. 1).

From 97 freshwater fish species listed in the Iberian
Peninsula, 71 of them (72%) were native. Specifically,
we found 19 unique native species from Spain and 11
from Portugal, whereas 41 were shared from both. The
percentage of assessed species in the global [UCN Red
List was higher in Spain (58 assessed species, 98%)
than in Portugal (48, 92%), with a total of 66 (94%)
native species assessed in the Iberian Peninsula.
Threatened species (classified as Vulnerable, Endan-
gered or Critically Endangered) in the Iberian Penin-
sula were 33 (50% of native species assessed), similar
to those classified as Least Concern (32, 48%), and are
mainly concentrated in southwestern, northwestern
and eastern Peninsula (Fig. 2). When examining

national Red Lists, we found that Spanish freshwater
fish were, on average, evaluated at higher threat
categories compared to the global one (Fig. 2). In the
case of Portugal, the absence of national evaluations
for several species did not allow us to identify a similar
trend, as many species are evaluated in the global list
but not in the national one.

Freshwater fish richness in the Iberian Peninsula
was mainly gathered in the Atlantic watersheds of the
Southwestern, overall, in the Tagus and Guadiana
Rivers, apart from a high diversity spot in the lower
Ebro River (Fig. 3). However, the Vulnerability Index
in the Iberian Peninsula showed that higher vulnera-
bility values were observed in the Mediterranean
basins (except Ebro River), Guadalquivir, Guadiana,
and Tagus basins (Fig. 3).

Out of date assessments were detected in 47 species
(77%) of in the Iberian Peninsula, with similar values
for Spain (76%) and Portugal (75%). By basins, the
highest number of out of date assessments were found
in the Guadiana River basin and the lower reaches of
the Ebro River Basin (Fig. 3).

When we combined species richness, vulnerability
and out of date assessments, we found that high values
of out of date assessments and vulnerability wide-
spread within the Iberian Peninsula did not allow us to
observe a pattern to prioritize reassessment efforts.

103 91 78 66 53 41 28 15 3

40077 35068 30058 25049 20039 15030 10020 5011 1

Fig. 1 Completeness (A) and number of record (B) of Iberian freshwater fish resulting from KnowBR
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Fig. 2 The rings (A: Portugal; B: Spain) represent the number
of species belonging to IUCN Red List categories. The outer
ring is relative to the Global IUCN Red List, while the inner on is
relative to the National ITUCN Red List. NE not evaluated; LC

Discussion

Our study intends to serve as a useful tool to guide
future freshwater fish reassessments in the Iberian
Peninsula. In fact, we think that similar approaches
could be taken in other Mediterranean countries with
similar characteristics of species endemism and out of
date assessments.

Firstly, our results were strongly biased by current
species knowledge and data coverage. Despite having
combined data from two sources (Spanish Freshwater
Fish Database and GBIF) to achieve the most
complete coverage of freshwater fish in the Iberian
Peninsula, we found several assessment uncertainties
in the checklist that we developed. For instance, the
Atlantic sturgeon (Acipenser sturio Linnaeus, 1758)
was considered as part of Spanish freshwater ichthy-
ofauna, though it is not present as stable populations in
Iberian Peninsula (Gessner et al., 2010). Or also the
wide distribution of the European eel (Anguilla
anguilla Linnaeus, 1758) within the Iberian Peninsula,
as a result of adults released in rivers rather than
stable populations (Clavero & Hermoso, 2015). The
records of these two Critically Endangered species
may affect the results obtained in these and other
analyses which combine species presence and

least concern; NT near threatened; VU vulnerable; EN endan-
gered; and CR critically endangered. Map: density of threatened
(VU, EN and CR) freshwater fish in the Iberian Peninsula, from
low (blue) to high (red)

conservation status. We thus suggest that next publi-
cations of National Red Lists in the Iberian Peninsula,
and likely in other territories (Zamin et al., 2010),
should consider current species distribution and not be
driven by historical or speculative considerations.

Regarding species occurrence data, higher species
richness was found in the south western basins of the
Iberian Peninsula, overall in the Guadiana Basin,
which harbors a high number of endemic species
(Filipe et al., 2004). Similarly, higher levels of threat
in central and southern Iberian Peninsula are related to
a higher level of endemism found in these rivers
(Elvira, 1995), especially in basins with low richness.
We found no significant way of prioritizing freshwater
fish reassessments as many basins in the Iberian
Peninsula combine moderate or high levels of threat
with a high proportion of freshwater fish in need of
reassessment. This calls, and provides an opportunity,
for developing future reassessment projects to pro-
mote endangered species conservation which should
be developed all over the region.

We consider that more efforts are needed to achieve
and maintain long-term data series of species presence
and population trends in Iberian freshwaters, as many
regions lacked sufficient data. Long-term monitoring
has been used in recent studies in the Iberian

@ Springer
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Fig. 3 Freshwater fish indices in the basins of the Iberian Peninsula. Vulnerability Index (from low to high vulnerability) (A),
percentage of assessed species with out of date assessments (B), species richness (C) and main rivers in the Iberian Peninsula (D)

Peninsula, addressing freshwater fish conservation
status from spatial and temporal variations in density
and biomass (Sanchez-Hernandez et al., 2015). We
need accurate data to generate information and build
knowledge to inform decision-makers or develop
indicators to track progress towards biodiversity goals
(Juffe-Bignoli et al., 2016). Furthermore, these data
should be available in public repositories as sharing
primary biodiversity data is fundamental to the
advancement of science as it is currently practiced
(Huang et al., 2012) and manage biodiversity change
(Kissling et al., 2018). The data-sharing of Iberian fish
diversity may help us better represent their native
communities and avoid the expansion of invasive
species. Implications of invasive species in freshwater
Mediterranean environments have been widely

@ Springer

studied (Vila-Gispert et al., 2005) and the Iberian
Peninsula (Clavero & Garcia-Berthou, 2006; Muioz-
Mas & Garcia-Berthou, 2020). Currently, efforts are
being developed to increase the knowledge and
awareness of the general public about these problems,
such as the LIFE Project INVASAQUA (Casals &
Sanchez-Gonzalez, 2020).

Assessment rates of Iberian freshwater fish
remained high, with a low number of native fish
species out of the [IUCN Red List. Nevertheless, many
of these assessments dated from before 2010 and
according to IUCN Red List guidelines, they were out
of date and should be redone shortly. Furthermore,
National Red List of Spain (Doadrio et al., 2011) and
Portugal (Alves & Bochechas, 2005) were out of date
too and, in the case in Portugal, did not assess many of
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Fig. 4 Values of richness (circle size), inverse vulnerability, and percentage of out of date species in Iberian freshwater basins

the native species. National Red Lists showed higher
levels of threat for native species than the global ones.
These results contradict previous works (Brito et al.,
2010), and suggest that many species with an adequate
conservation status could actually have populations
closer to extinction in the Iberian Peninsula. However,
all these assumptions must be contrasted with current
and reliable evaluations, based on recent distribution
and population data. Furthermore, in the case of Spain
there is an effort duplicity as the current National Red
List is not official, whereas conservation priorities are
driven by the species included in the Spanish National
Catalogue of Endangered Species. We consider that a
reliable and authoritative National IUCN Red List,
elaborated following the IUCN Red List criteria and
procedures, should be the guideline for conservation,
and that duplicated efforts should be avoided for the
sake of species conservation and to better optimize
conservation financial resources. Moreover, submit-
ting Red List assessments of national endemics are
equivalent to global scale assessments and would
contribute to the update of global Red List (Rodriguez,
2008), as some countries are already doing (Instituto
Chico Mendes de Conservacdo da Biodiversidade,
2018; Contreras-MacBeath et al., 2020).

The isolation of the Iberian Peninsula implies
different conservation perspectives for both endemic
and European species which lie at the edge of their
range and whose conservation status is different from
that in the rest of the continent. We consider that both
countries have enough species to contemplate feasible

projects to reevaluate the conservation status of their
freshwater fish faunas. In this sense, we encourage the
development of projects which use new techniques as
eDNA to evaluate their efficiency against traditional
electro-fishing methods (Itakura et al., 2019) and
provide us with new sampling protocols for better
species monitoring. In fact, several European initia-
tives working on molecular biomonitoring of fresh-
water ecosystems as the DNAqua net (www.dnaqua.
net) have been carried out in developing molecular
biomonitoring of freshwater ecosystems have been
carried out in developing molecular biomonitoring of
freshwater ecosystems. Fish constitute an optimal
example to develop such techniques as their presence
in genetic libraries is higher than other freshwater taxa
(Weigand et al., 2019). The use of eDNA for conser-
vation purposes remains mainly unexplored in the
Iberian Peninsula, despite Iberian freshwater fish
fauna is widely covered in genetic libraries. Molecular
marker COI has been sequenced for 98% Iberian fish
species (Mdurria et al., 2020) and offers valuable
opportunities as a tool to obtain data concerning spe-
cies presence that can be effectively combined with
traditional sampling methods (Takahara et al., 2020).
Previous works recommend 128 as a better marker for
freshwater fish monitoring as it offers high specificity
(Collins et al., 2019), but its coverage in genetic
libraries is smaller (Weigand et al., 2019), at least at
European level. Thus, we recommend further efforts
to incorporate freshwater fish 12S sequences in genetic
libraries, provided its efficiency for fish monitoring.
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Environmental DNA is especially useful when dealing
with endangered species, as it does not require repe-
ated samplings that would involve huge amounts of
time and effort (Stewart, 2019) and potential damage
to the populations. One of the main limitations of
eDNA is its application to obtain species abundance to
establish population trends (Beng & Corlett, 2020).
This issue has been addressed in previous studies with
promising results (Itakura et al., 2019) and the com-
bination of traditional sampling methods with eDNA
studies can shed light on this complicated issue. In
addition, the existence of several hybrids among Ibe-
rian species (Doadrio et al., 2011) may provide an
opportunity for eDNA to be used when selecting pure
populations for reintroductions or ex-situ conservation
programs (Marcos et al., 2018). Molecular marker
COI did not correctly separate hybrids (Gante et al.,
2015) as only maternal lineages are assessed. Thus,
improving nuclear markers (as 12S) coverage in
genetic libraries also becomes important to deal with
hybrids. Finally, considering that many of the species
subject of this study are Iberian endemisms, this sit-
uation offers the opportunity to develop cooperative
projects among different administrations, as freshwa-
ter conservation should not understand of political
borders.

Significant human resources, structures, and pro-
cedures are required to make continuous reassess-
ments possible (Juffe-Bignoli et al., 2016). Without a
stable financial and institutional support, there is little
chance of establishing long-term monitoring policies
that can help to protect both freshwater fish species
and the aquatic systems where they live. Previous
works have already drafted a proposal for a form of
stable survey methodology in Spain (Doadrio et al.,
2011), and can serve as a starting point to incorporate
eDNA and turn it into a stable, reliable and overall
applicable methodology to perform global and
national Red Lists.

Conclusions

Better data coverage is needed in the Iberian Peninsula
to adequately estimate freshwater fish species pres-
ence in aquatic environments. Furthermore, freshwa-
ter fish species with outdated assessments are
widespread across the Iberian Peninsula, as well as
threatened ones. Thus, they require future

@ Springer

reassessment efforts, priority through the development
of long-term and stable national Red Lists. The almost
complete presence of these species in genetic
databases opens the gate of the use of eDNA to
develop new species monitoring methodologies and
improve species assessment processes.
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