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Abstract
1. Freshwater fish biodiversity is experiencing an alarming decline worldwide. 

Understanding the main factors behind its deterioration is a key step for ecosys-
tem restoration. In this work, large- scale and long- term data were used to iden-
tify the causes of the decline of native species richness in Castilla- La Mancha. 
This region in central Spain covers part of six river basins belonging to four of the 
11 biogeographical provinces for freshwater fish in the Iberian Peninsula.

2. Firstly, we built a dataset that associates the presence of several fish species and 
a wide range of environmental variables (e.g. hydrological and hydromorphologi-
cal indicators, land use classes, presence of alien fish species) at selected river 
sites for two different time periods (1980– 2000 and 2001– 2020). Secondly, we 
conducted an exploratory data analysis to identify possible temporal trends in 
the dataset. Finally, we applied the random forest algorithm to predict the re-
sponse of different ecological guild- based metrics of fish richness to the se-
lected variables.

3. The exploratory data analysis revealed a decrease in native fish species rich-
ness in 74% of the area studied. There was no sustained temporal trend for 
stressor variables, except for the number of alien species, which increased in 
most river sites (63%). The models of the richness of native rheophilic, native 
intolerant, alien rheophilic, and alien limnophilic species performed satisfacto-
rily. Magnitude of maximum discharge, presence of alien species, land use in the 
catchment area and altitude were the most important predictors of richness of 
native intolerant and rheophilic species. Alien limnophilic species proved to be 
sensitive to variables related to flow regime alteration, such as the presence of 
dams and the number of river flow reversals, while a less degraded habitat was 
found to be favourable to alien rheophilic species.

4. The results suggest that the cumulative effect of persistent altered flow regimes 
and water pollution, coupled with a strong increase in the number of alien spe-
cies, have led to the decline of native species in the area studied. The restoration 
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1  |  INTRODUC TION

Freshwater fish represent about one quarter of the vertebrates in the 
world and are the largest group among European vertebrates, com-
posed of 546 native species (Freyhof & Brooks, 2011). They provide 
vital ecosystem services, such as the regulation of food web dynam-
ics and nutrient balances, thus contributing to ecosystem resilience 
(Holmlund & Hammer, 1996), and the support of recreational activi-
ties (Arlinghaus et al., 2019). However, more than half of the world's 
rivers have experienced significant changes in freshwater fish biodi-
versity (Su et al., 2021), and fish species are currently one of the most 
threatened groups of vertebrates in the world (Closs et al., 2016). 
At the European level, at least 37% of fish species are endangered 
(Freyhof & Brooks, 2011). The situation is particularly worrisome in 
the Iberian Peninsula, where 88% of the native ichthyofauna has to 
be considered at risk (Doadrio, 2011). The Iberian freshwater ichthy-
ofauna is one of the richest and most diverse in Europe and has a 
high proportion of endemic species (Filipe et al., 2009). Many of the 
species have very restricted distribution ranges, which makes them 
more vulnerable to any habitat alteration (Maceda- Veiga, 2013).

The main stressors responsible for the decline of freshwater fish 
in the Iberian basins are alien species invasions, habitat degrada-
tion, pollution, and hydrological alterations (Anastácio et al., 2019; 
Costa et al., 2021). Specifically, periods of low discharge or inverted 
flow regime with summer maxima and winter minima induced by 
hydrological regulation and water diversions can alter the lifecycle 
of fish (García de Jalón et al., 2019). Moreover, dams often create 
conditions that native species are poorly adapted to (for example 
habitat fragmentation, shift to a lentic environment, geomorphic 
changes downstream), while habitat- generalist non- native species 
adapt more easily and fill the new niches (Barnett & Adams, 2021). 
Damming also favours alien species introduction in reservoirs (Han 
et al., 2008). Despite the need to condense the multiple hypothe-
ses on invasion mechanisms in a comprehensive impact framework 
(Crystal- Ornelas & Lockwood, 2020), alien species are widely ac-
knowledged as one of the major factors affecting the loss of fish 
biodiversity worldwide (Milardi et al., 2019; Su et al., 2021). Alien 
fish disturb native fish communities in multiple ways: genetic alter-
ation; transmission of diseases and parasites; predation and habitat 

competition; and habitat and food web alterations (Ilhéu et al., 2014; 
Jia et al., 2019). Toxic components and eutrophication can also 
negatively impact fish communities (Jacobson et al., 2017; Soler 
et al., 2021). Over these multiple stressors, the predicted reduc-
tion in river discharge and temperature increase caused by climate 
change will exacerbate the stress suffered by native fish species 
(Eekhout et al., 2020; Lorenzo- Lacruz et al., 2012).

Faced with such an alarming situation, the implementation of 
management actions aimed at restoring biodiversity is a pressing need 
(Harper et al., 2021; Tulloch et al., 2020). However, the effectiveness 
of such measures requires a sound understanding of the causal links 
between the evolution of fish communities and anthropogenic stress-
ors (Voulvoulis et al., 2017). For example, quantifying the relative im-
portance of the mechanisms that regulate the nexus between flow 
alteration and invasion of non- native species is crucial to guide future 
management decisions (Radinger et al., 2019; Ruhi et al., 2019). In the 
same way, studies that shed light on quantitative relationships be-
tween hydrological metrics and fish communities can help the design 
of environmental flow regimes that truly sustain ecosystem integrity, 
as this is still an open issue in water management (Steel et al., 2018). 
Despite the progress achieved in this field of study, quantifying the 
effects of stressors in aquatic systems is still a frontier research topic 
(Lemm et al., 2021; Palmer & Ruhi, 2019), given the complexity of in-
teractions between the different factors at play (Birk et al., 2020).

Different approaches have been employed so far to explore the 
relationships between fish communities and stressors (e.g. Sabater 
et al., 2019). Several studies (e.g. Feld et al., 2016; Radinger et al., 2019; 
Vezza et al., 2015; Zajicek et al., 2018) successfully applied random 
forest (RF) and boosted regression tree algorithms, taking advantage 
of the ability of machine learning (ML) techniques to model complex 
and nonlinear relationships in ecological contexts (Olden et al., 2008). 
Fish community metrics used as response variables are diverse, for ex-
ample, fish species richness (Ilhéu et al., 2014), catch per unit effort 
(Fornaroli et al., 2020), and species abundance (Chen & Olden, 2018). 
While several studies distinguish between alien and native species 
(Filipe et al., 2010; Ortega et al., 2018; Radinger et al., 2019), to the 
best of our knowledge, the division of species by ecologically- based 
metrics is less common, especially in the case of alien species (e.g. 
Lynch et al., 2019; Zajicek et al., 2018).

of near- natural magnitudes of high flows when implementing environmental 
flows emerged as a key measure to restore ecosystem integrity.

5. Starting from a long- term and large- scale dataset, this study provides new, quan-
titative insights into stressor– ecosystem relationships in rivers and could inform 
future environmental policy initiatives because it has identified the main factors 
leading to native fish decline and alien fish proliferation. Our findings emphasise 
the importance of considering metrics based on fish assemblage composition 
and ecological functional groups in order to disentangle the effects of stressors 
on fish communities.

K E Y W O R D S
alien species, fish richness, hydrological alteration, machine learning, multiple stressors
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In the European Union, the implementation of the 2000 Water 
Framework Directive (WFD) led to the creation of consistent phys-
ical, chemical and biological datasets (Hering et al., 2010). This ex-
plains why most studies aimed at identifying stressor– ecosystem 
relationships in European Union rivers rely on data collected after 
2000, although longer term studies could provide more insights 
into community dynamics (Haubrock et al., 2020). So far in Spain, 
these relationships have been analysed mainly on a river basin dis-
trict scale (e.g. Ebro [Herrero et al., 2018; Radinger et al., 2019], 
Guadiana [Hermoso et al., 2011], Júcar [Fornaroli et al., 2020], 
Segura [Belmar et al., 2013] and Tagus [Valerio et al., 2021]). An 
advance in widening the spatial scale was made by Álvarez- Cabria 
et al. (2017) who considered both Cantabrian and Ebro river 
basin districts, while Clavero et al. (2010) investigated the entire 
Mediterranean basin biome.

For this study, we compiled a unique dataset that defines the 
presence of fish species in two 20- year periods (1980– 2000 and 
2001– 2020) in a 10 × 10- km grid covering Castilla- La Mancha, a re-
gion in central Spain covering part of six river basins (three draining 
into the Atlantic Ocean and three into the Mediterranean Sea). The 
basins studied belong to four of the 11 biogeographical provinces 
defined in the Iberian Peninsula for freshwater fish (Central- West, 
South- West, Central- East, North- East) (Filipe et al., 2009). Where 
sufficient data were available, biological sampling points were as-
sociated with environmental variables belonging to a wide range 

of categories: physicochemical water quality, land use, hydrology, 
hydromorphology, alien species, and site descriptors. The resulting 
dataset was first explored to identify possible temporal trends and 
then used to build two sets of ML models— one for native and one 
for alien fish species— where the response of different ecological 
guild- based metrics to the explanatory variables was predicted using 
the RF algorithm. To the best of our knowledge, no dataset with 
equivalent long- term and large- scale observations has been used 
so far to investigate stressor– ecosystem relationships in the Iberian 
Peninsula. The long- term observations allowed us to include the tem-
poral variation of response and explanatory variables in the model 
and to understand how changes in environmental conditions affect 
fish community evolution (Pyron et al., 2019). Furthermore, the use 
of a dataset that includes different river basins makes it possible to 
generalise findings from particular sites to landscapes and regions 
that are the main focus of management (Mota- Ferreira et al., 2021).

This study aims to: (1) provide new, quantitative insights into fish 
response to anthropogenic stressors using a particularly rich dataset; 
(2) prove the usefulness of considering ecologically based- metrics of 
fish richness as a dependent variable, accounting for the species or-
igin (native or alien), species features (e.g. pollution tolerance), and 
habitat preferences in order to disentangle the effects of stressors; 
and (3) identify and prioritise effective measures to restore the na-
tive fish population relying on the outcomes of the RF models and 
the temporal trend analysis.

F I G U R E  1  Selected cells in the 10 × 10 km grid of the study area for the periods 1980– 2000 and 2001– 2020
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2  |  MATERIAL S AND METHODS

2.1  |  Study area

The study encompasses the region of Castilla- La Mancha 
(79,409 km2), Central Spain. More than half of the territory is lo-
cated from 600 to 1,000 m above sea level, including several 
mountain ranges and large plains in the inner part. The climate is 
Mediterranean with continental features (Llácer et al., 2007). The 
river network in Castilla- La Mancha is about 8,000 km long and 
belongs to six main river basins (Figure 1): the Tagus, Guadiana, 
and Guadalquivir that drain into the Atlantic Ocean and the Júcar, 
Segura, and Ebro that drain into the Mediterranean Sea. Rivers in 
Castilla- La Mancha have a highly variable flow regime, with high dis-
charge in spring and low runoff levels in summer. In many cases, the 
natural regime has been altered by the presence of reservoirs with 
a total impounding capacity greater than 6,700 hm3 (JCCM, 2021).

2.2  |  Data collection and preparation

2.2.1  |  Fish data (response variables)

Fish occurrence data were sourced from the official regional and 
national databases of biodiversity monitoring. The regional data-
base includes 798 surveys carried out between 1984 and 2014. 
Distribution data were improved by additional information from 
peer- reviewed scientific literature and reference books. Data from 
the Global Biodiversity Information Facility (GBIF) and the European 
Information Network of Exotic Species (EASIN) were reviewed 
in order to find new occurrence data of all species. All the data 
were checked, and the distributions were finally referred to a grid 
of UTM 10 × 10 km. Observations were grouped into two periods: 
1980– 2000 and 2001– 2020. The reference date was selected for 
consistency with the start of the official national monitoring of fish 
communities (Doadrio, 2011).

TA B L E  1  Ecological guild- based metrics of fish richness tested as candidate response variables in the random forest models

Ecological aspect Description
Metric for native species 
(ABBREVIATION)

Metric for alien species 
(ABBREVIATION)

Species richness Naturally occurring native species populating 
suitable aquatic habitats.

Number of native species 
(NATIVE)

Well- established non- native species populating 
suitable aquatic habitats.

Number of alien species 
(ALIEN)

General tolerance Species that cannot withstand pollution and 
environmental degradation.

Number of native 
intolerant species 
(NAT_INTOLERANT)

Number of alien 
intolerant species 
(AL_INTOLERANT)

Species that can withstand water quality 
degradation, habitat degradation and 
temperature changes

Number of native tolerant 
species (NAT_TOLERANT)

Number of alien tolerant 
species (AL_TOLERANT)

Habitat preference Species that prefer to live, feed and reproduce 
in a habitat with slow- flowing to stagnant 
conditions.

Number of native 
limnophilic species 
(NAT_LIMNOPHILIC)

Number of alien 
limnophilic species 
(AL_LIMNOPHILIC)

Species that prefer to live in a habitat with 
high- flow conditions and clear water using 
this habitat both for breeding and feeding 
purposes.

Number of native 
rheophilic species 
(NAT_RHEOPHILIC)

Number of alien 
rheophilic species 
(AL_RHEOPHILIC)

Feeding habitat preference Species that prefer to live on or near to the 
bottom, from where they take food, and 
usually do not go to the surface for feeding 
purpose.

Number of native benthic 
species (NAT_BENTHIC)

Number of alien benthic 
species (AL_BENTHIC)

Species that prefer to live and feed in the water 
column. These species usually do not go the 
bottom to search for food.

Number of native water- 
column species

(NAT_WATER COL.)

Number of alien water- 
column species (AL_
WATER COL.)

Migration Strictly freshwater fishes that migrate within the 
river. They exhibit seasonal return movements 
to spawning areas, usually located upstream 
and migrate between the reproduction and 
feeding zones, which may be separated by 
distances that can vary from a few metres to 
hundreds of kilometres.

Number of native 
potamodromous species

(NAT_POTAMODR.)

Number of alien 
potamodromous species 
(AL_POTAMODR.)

Species that do not have a potamodromous 
behaviour.

Number of native 
sedentary species 
(NAT_SEDENTARY)

Number of alien 
sedentary species 
(AL_SEDENTARY)
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TA B L E  2  List of environmental variables potentially used as explanatory variables in the models

Stressor group Metric code Metric description Metric range

Hydrologya Jan, Feb, Mar, Apr, May, 
Jun, Jul, Aug, Sep, 
Oct, Nov, Dec

Median flow for each month of the year divided by the upstream basin 0– 816 (mm/year)

Q_mean Annual mean flow divided by the upstream basin 0.23– 572 (mm/year)

Q_min Annual minimum flow divided by the upstream basin 0– 143 (mm/year)

N_min Annual minimum of N- days moving average flows divided by the 
upstream basin with N=3, 7, 30, 90 days

0– 267 (mm/year)

Q_max Annual maximum flow divided by the upstream basin 0– 6375 (mm/year)

N_max Annual maximum of N- days moving average flows divided by the 
upstream basin with N=3, 7, 30, 90 days

0– 4282 (mm/year)

base_flow Base Flow: the minimum of a 7- day moving average flow for each year 
divided by the annual mean flow for that year

0– 0.73 (−)

zero# Number of days with zero flow 0– 364 (−)

low# Number of low pulses- periods during which the flow falls below the 
25th percentile of the entire flow record

0– 41 (−)

high# Number of high pulses- periods during which the flow exceeds the 75th 
percentile of the entire flow record

0– 40 (−)

L_low Median of the duration of low pulses 0– 41 (No. of days)

L_high Median of the duration of high pulses 0– 91 (No. of days)

rise Rise rates: median of all positive differences between consecutive 
daily values

0– 4076 (mm/year)

fall Fall rates: median of all negative differences between consecutive 
daily values

0– 2436 (mm/year)

rev# Number of reversals: the number of times the flow switches from one 
type of period (raising or falling) to another

0– 235 (−)

julian_max Julian data of the annual maximum 35– 282 (−)

julian_min Julian data of the annual minimum 1– 286 (−)

Regime Qw −Qs

Q , where Qw is the mean discharge over the months January– May, 
November, December, Qs is the mean discharge over the months 
June– October and Q is the mean discharge over the entire period

−1.80– 1.20 (−)

Hydromorphology
Dam impact 

indicatorsb

dist_dam_ds Distance to the nearest downstream dam (km) expressed according to 
5 classes

0– 4 (−)

dist_dam_us Distance to the nearest upstream dam (km) expressed according to 5 
classes

0– 4 (−)

ds_dam# Downstream dam density 0– 0.15 (number/km)

us_dam# Upstream dam density 0– 0.50 (number/km)

Physical- habitat 
structurec

%_for_buf % area of forested areas in the 500 m buffer along the river within the 
cell

0– 100 (%)

Physico- chemistryd pH Mean pH 6.90– 8.40 (−)

O2 Mean concentration of dissolved oxygen 5– 12 (mg/l)

NO3 Mean concentration of nitrate 0– 57 (mg NO3/l)

SS Mean concentration of suspended solids 1.3– 252 (mg/l)

T Mean water temperature 4.20– 26.50 (°C)

Land usec %_agr % area of agriculture in the upstream basin 0.20– 97 (%)

%_for % area of forested areas in the upstream basin 1.40– 98 (%)

%_urb % area of urban areas in the upstream basin 0– 21 (%)
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For each grid cell, total fish richness was divided into several 
guilds based on species origin, general tolerance, habitat prefer-
ence, feeding preference, and migratory behaviour, ending up with 
a total of 18 response variables (Table 1). The species were classi-
fied into ecological guilds according to FAME Consortium (2004) 
(Table S1).

The search of the most relevant explanatory variables and their 
non- linear effects on the richness of each guild was restricted to 
the cells that had both nearby proficient gauging and physicochemi-
cal monitoring stations. Proficient gauging stations were those with 
daily discharge records sufficient for computing annual hydrologi-
cal metrics (hydrological years with more than 10% of missing data 
were excluded). In the few cases where no physicochemical data 
were present, we inferred the missing values using the mean as an 
imputation criterion. The selection resulted in 92 and 116 cells for 
the first and second period, respectively (Figure 1). Out of a total of 
208 records, 81 cells were selected for both periods.

2.2.2  |  Explanatory variables

We selected the explanatory (input) variables (Table 2) in order to 
capture their effects on the fish richness metrics computed in Section 
2.2.1. Following Hain et al. (2018), these variables were averaged for 
the two periods 1980– 2000 and 2001– 2020. The widely used 33 in-
dicators of hydrological alteration (IHAs; Nature Conservancy, 2009) 
were computed from the daily discharge records of the correspond-
ing gauging station. These metrics describe flow regimes according 
to five hydrological components: magnitude, frequency, duration, 
rate of change, and timing. Several alternative hydrological metrics 
have been proposed (Eng et al., 2017), and there is little agreement 
on the selection of the best set of indicators. For example, Belmar 
et al. (2018) stressed the usefulness of using sub- daily indices to 
detect relevant ecohydrological relationships. However, consider-
ing the large period covered by this study, we regarded IHAs as a 

suitable option for summarising the main components of flow regime 
(Olden & Poff, 2003). The IHAs were calculated for the two studied 
time periods (1980– 2000 and 2001– 2020). Some of the indicators 
(e.g. the mean, maximum and minimum discharge) were normalised 
by catchment area to allow comparison across different sites (Shaw 
et al., 2017). We also included the Regime metric (see Table 2 for the 
equation) whose magnitude classifies the hydrological regime types.

The physicochemical data for the period 1980– 2020 were gath-
ered from the monitoring stations of the respective River Basin 
Authorities, and the values were averaged for each studied pe-
riod. The average sampling frequency is four times a year, but var-
ies widely across sampling sites. We selected five parameters with 
enough data in each cell during the period studied: pH, concentra-
tion of dissolved oxygen (mg/L), nitrate (mg NO3/L), concentration of 
suspended solids (mg/L) and water temperature (°C).

The percentage of land use types in the upstream catchment 
area of each cell was computed for the two periods, using the 1990 
and the 2018 Corine Land Cover map (European Environmental 
Agency, 2018). The Corine Land Use classes were aggregated into 
three categories of agricultural, urban, and forested.

We considered the percentage of forested area in a 500- m buf-
fer along the river within each cell, as a proxy of the quality of the 
riparian forest. In addition, we computed several indicators of hy-
dromorphological degradation, following the approach by Van Looy 
et al. (2014) and Wang et al. (2011): the density of the upstream and 
downstream dams and the distance to the nearest upstream and 
downstream dam expressed according to five classes (class 0: dis-
tance ≤10 km; class 1: 10 < distance ≤20 km; class 2: 20 < distance 
≤30 km; class 3: 30 < distance ≤50 km; class 4: distance >50 km or 
no dam).

Altitude (m above sea level), upstream catchment area (km2) and 
the ecotype of the water body associated with each cell were also in-
cluded as site descriptors. The Ecotype metric is the typology of the 
water body according to the classification required by Annex II of the 
WFD and carried out for Spanish rivers by CEDEX (2004). Since it is 

Stressor group Metric code Metric description Metric range

Site descriptorse, f altitude Altitude 255– 1398 (m.a.s.l)

catch_area Upstream catchment area 31– 3470 (km)2

ecotype Environmental typology of the stations expressed according to 4 
classes

1– 4 (−)

Presence of alien 
species

%_alien Percentage of alien species over the total number of species present at 
each site (native models)

0– 100 (%)

pre_pres_alien Presence or absence of alien species in the previous period (alien 
models)

0– 1 (−)

Note: Metrics in bold are the variables retained after the collinearity analysis and hence used as inputs in recursive feature elimination.
aFrom gauging stations (data provided by CEDEX and the River Basin Authorities).
bFrom River Basin Authorities’ dam inventory.
cFrom 1990 and 2018 Corine Land Cover.
dFrom monitoring networks in CLM (data provided by the River Basin Authorities).
eFrom 25- m resolution digital terrain model.
fFrom CEDEX, 2004.

TA B L E  2  (Continued)
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a categorical variable, the nine ecotypes were aggregated into four 
categories (Table S2), and the one hot encoding method (scikit- learn 
Python package, Pedregosa et al., 2011) was used to transform the 
original ecotype variable into four binary features to match the ca-
pabilities of the RF implementation on scikit- learn Python package.

When native guilds were modelled, the total percentage of alien 
species (%_alien) was included as eligible input variable (Radinger 
et al., 2019). We included an explanatory variable (pre_pres_alien) 
indicating prior presence of alien species in the cell when alien 
guilds were modelled. For the observations of the most recent pe-
riod (2001– 2020), it is a categorical variable with value 1 if at least 
one alien species was already present in the cell in the period 1980– 
2000, otherwise it is equal to 0. In the case of the observations for 
the period 1980– 2000, this variable is always 0, assuming that no 
alien species were present prior to 1980.

2.2.3  |  Temporal trend of the variables 
in the dataset

Before starting the developing of the models, we carried out an ex-
ploratory analysis in order to identify possible temporal trends in the 
dataset. Firstly, we computed the changes in the geographic cover-
age of each fish species for the entire region, as well as the variation 
in the number of species grouped by guilds across sites, in order to 
identify general trends. Secondly, we focused on the 81 cells where 
both biological and environmental data were available for the two 
intervals (1980– 2000 and 2001– 2020). The percentage of sites af-
fected by a variation in the species richness was computed, while 
the trend analysis for the explanatory variables varied according to 
the considered group. In the case of hydrological metrics, the non- 
parametric Mann– Kendall trend test (Kendall, 1975; Mann, 1945) 
was used to evaluate whether their trend was consistently increas-
ing or decreasing over the 40- year period. No such analysis was pos-
sible for the physicochemical parameters due to the low frequency 
of measures (four times a year at most) and some time series incon-
sistency between the different sampling stations. In the case of land 
use variables, we quantified the average variation in the percentage 
of land use coverage across sites employing 1990 and 2018 Corine 
Land Cover survey data.

2.3  |  Random forest models

2.3.1  |  Models for native fish guilds

We applied the RF machine learning algorithm (Breiman, 2001) to 
identify the most relevant explanatory variables and investigate 
their effect on the guild species richness. RF is an ensemble of deci-
sion trees, where each tree is grown by selecting a random boot-
strap sample of the data and a random subset of input variables at 
each split carried out during tree growth. We used RF because it can 
account for a high number of input variables, compute their relative 

importance and identify non- linear and complex interactions (Cutler 
et al., 2007; De'ath, G., 2007).

We employed the entire number of available observations (92 
for the period 1980– 2000 and 116 for the period 2001– 2020) to 
build the RF models, and the metrics of native fish species rich-
ness listed in Table 1 were tested as candidate response variables. 
All RF models were developed using the scikit- learn Python pack-
age (Pedregosa et al., 2011). The number of trees was set to a large 
number (500) in order to ensure convergence (Bentéjac et al., 2021), 
while the number of input variables to be considered when looking 
for the best split was the logarithm of the total number of features. 
This choice is a good compromise between the reduction in variance 
and the increase in bias (De'ath, G., 2007; Müller & Guido, 2016).

The first step was to select a subset of the most influential ex-
planatory variables. To avoid selecting redundant variables, highly 
correlated variables were excluded (Feld et al., 2016). Since the ex-
planatory variables were both ordinal and continuous, the hetcor 
function in the polycor R package (Fox, 2010) was used to calculate a 
heterogeneous correlation matrix. If the correlation coefficient was 
above 0.75, the variables with a higher biological relevance were 
retained (Table 2), as suggested by Segurado et al. (2016). Second, 
adopting a similar approach to the one proposed by Zimmerman 
et al. (2018), we performed a method that combines the 10- fold 
cross- validation and the RF– recursive feature elimination analysis 
(RFE, see Pedregosa et al., 2011), so that we can balance the con-
struction of the best- performing model and the risk of overfitting. 
RF- RFE is aimed at selecting features by recursively considering 
smaller and smaller sets of features (Martínez- Santos et al., 2021). 
Specifically, RF algorithm is first trained on the entire set of input 
variables and the importance of each of these is assessed by the 
impurity- based criterion. The least important features are then 
excluded from the set of variables, and the model is re- built. This 
procedure is recursively repeated until the desired number of input 
variables, set to eight in this case, is reached. Each loop of the cross- 
validation generated a ranked list of the top eight variables, and the 
features that were listed as the most important in most cases were 
selected for the final model. The possible bias towards highly cor-
related variables associated with the use of the feature importance 
strategy embedded in the RF algorithm was pre- empted with the col-
linearity analysis performed prior to the RF- RFE (Vezza et al., 2015).

Once the final subsets of explanatory variables were found, the 
final models were set up and their performance was evaluated com-
puting the out- of- bag (OOB) score. As explained above, each tree in 
the ensemble is trained on a random bootstrap sample of the data. 
The remaining observations (called OOB) can be used to test the 
results, avoiding the need for an external test set (Vezza et al., 2015). 
Only the models with OOB score ≥0.5 were considered acceptable 
(Moriasi et al., 2007). The relative importance of the selected ex-
planatory variables was then assessed using the impurity- based 
feature importance criterion and partial dependence plots were 
used to visualise the effect that one variable has on the predicted 
outcome after averaging the responses of the other predictors 
(Friedman, 2001).
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2.3.2  |  Models for alien fish guilds

To model the richness of each alien guild, we followed the same 
steps explained in Section 2.3.1, with the exception of rheophilic 
alien species that required a slightly different approach. The rheo-
philic alien species in the study area were the Pyrenean gudgeon 
Gobio lozanoi, the rainbow trout Oncorhynchus mykiss and the brook 
trout Salvelinus fontinalis. Since the latter two species only occur at 
a few locations, a classification model predicting the occurrence of 
the Pyrenean gudgeon was chosen (AL_RHEOPHILIC- G. lozanoi, 
Table 3) and an OOB score greater than 0.8 was considered rea-
sonably good (Lamb et al., 2017). The natural distribution range of 
this species is controversial and further genetic research is needed 
to clarify its origin (Aparicio et al., 2013). However, at present, the 
Pyrenean gudgeon can be considered non- native in our sampling 
points (Leunda et al., 2009; Table S1).

3  |  RESULTS

3.1  |  Temporal trend of the variables in the dataset

The analysis of the fish dataset revealed a sharp decline in the num-
ber of native species over time, as shown in Figure 2. Between the 
1980– 2000 and the 2001– 2020 periods, the geographic range of 19 
out of 26 native species decreased by more than 10% (Table S3). The 
conservation status of nine species (brown trout Salmo trutta, Iberian 
arched- mouth nase Iberochondrostoma lemmingii, Iberian straight- 
mouth nase Pseudochondrostoma polylepis, southern straight- mouth 
nase Pseudochondrostoma willkommii, Calandino Squalius alburnoides, 
Southern Iberian chub Squalius pyrenaicus, Southern Iberian spined- 
loach Cobitis paludica, and freshwater blenny Salaria fluviatilis) was 
particularly alarming, with a decrease in the geographic coverage 
ranging from 50% to 80%, while Ebro barbel Barbus graellsii and 
bogardilla Squalius palaciosi completely disappeared in the second 
period. By contrast, the presence of alien species strongly increased: 
all the species already present in the first period expanded, and, in 
particular, common bleak Alburnus alburnus, goldfish Carassius au-
ratus, pumpkinseed Lepomis gibbosus, rainbow trout Oncorhynchus 
mykiss, brook trout Salvelinus fontinalis, and pikeperch Sander lucio-
perca more than doubled their geographic coverage. Three species 
(wels catfish Silurus glanis, common roach Rutilus rutilus, and channel 
catfish Ictalurus punctatus) were detected for the first time in the 
second period. The variation in the number of species across sites 
for each ecological group is shown in Figure S1.

Seventy- four percent of the 81 overlapping cells experienced a 
decrease in native species richness, while 63% reported an increase 
in alien species richness. The number of cells where alien species 
outnumber natives increased from 4% to 47%.

The analysis of the temporal trend of explanatory variables in the 
81 cells revealed that land use changed relatively little (Figure 3). The 
area of agriculture generally decreased, and this trend was compen-
sated by an increase in the forested area, with an average variation 

in the percentage of land use coverage of around 5% in the cells 
studied. The urban area grew slightly, with an average of 0.7% across 
sites. Most of the hydrological metrics failed to show a statistically 
significant trend according to the Mann Kendal analysis (Figure 4), 
and, in general, it was difficult to identify a geographical pattern 
across the region. One exception was the number of flow reversals, 
that is the number of times in a year that the trend in flow changes. 
This number increased significantly in more than half of the cells.

Of the 60 cells where the number of native species decreased, 
83% have been affected by at least one stressor already in the pe-
riod 1980– 2000, including altered flow regime, closeness to dams 
and high percentage of urban and agricultural area (Figure S2). 
Moreover, 65% of those 60 cells reported an increase in the alien 
species richness.

3.2  |  Models for native fish guilds

Annual maximum discharge and the relative presence of alien spe-
cies were always selected as explanatory variables in every na-
tive guilds model (Table 3). Land use and site descriptor variables 
were also generally ranked as important explanatory variables. 

TA B L E  3  Explanatory variables (ranked in order of relative 
importance, see Figures S3 and S4 for details) and out- of- bag score 
for each random forest model

Metric
Final set of explanatory 
variables

OOB 
score

NATIVE julian_max, %_alien, Q_max, 
pH, Jan, %agr, altitude

0.36

NAT_INTOLERANT Q_max, altitude, %_urb 
%_agr, %_alien, Jan

0.50

NAT_TOLERANT Julian_max, %_alien, altitude, 
Q_max, pH

0.34

NAT_LIMNOPHILIC julian_max, altitude, T, Q_
max, %_alien, O2, NO3

0.25

NAT_RHEOPHILIC Q_max, altitude, %_agr, Q_
min, %_alien, Ecotype3

0.61

NAT_BENTHIC julian_max, Q_max, %_alien, 
%_agr, Ph, altitude

0.31

NAT_WATER- COLUMN %_alien, julian_max, Q_max, 
Jan, altitude

0.29

NAT_
POTAMODROMOUS

%_alien, Q_max, %_agr, 
julian_max, altitude

0.33

NAT_SEDENTARY julian_max, %_alien, Q_max, 
pH, Jan, %_agr, altitude

0.32

AL_LIMNOPHILIC altitude, pre_pres_alien, 
area, T, us_dam#, rev#, 
%_urb

0.59

AL_RHEOPHILIC- G. 
lozanoi

Q_min, base_flow, Oct, %_
agr, NO3 ,O2, %_urb

0.83

Note: The metrics modelled with sufficiently high accuracy (out- of- bag 
[OOB] score >0.5 in case of regression models and OOB score >0.8 in 
case of classification models) are highlighted in bold.
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Hydromorphological metrics (i.e., the percentage of forested area 
along the river, as well as the variables describing the presence of 
dams) were never selected as explanatory variables.

The OOB score showed that the models with satisfactory per-
formance were those predicting the number of native rheophilic 
species (NAT_RHEOPHILIC model) and the number of native intol-
erant species (NAT_INTOLERANT model; Table 3). In both cases, the 
feature importance analysis revealed that annual maximum flow had 
the highest predictive power (Figure S3).

The partial dependence plots (Figure 5a,b) showed that the NAT_
RHEOPHILIC and NAT_INTOLERANT metrics had a similar response 
pattern: the relative presence of alien species and the percent-
age of agricultural area negatively affected both metrics, whereas 

maximum discharge and altitude had a positive effect. Moreover, 
the NAT_RHEOPHILIC metric was positively related to the mountain 
rivers ecotype and to the magnitude of minimum discharge. Finally, 
the number of native intolerant species rose as mean discharge in 
January increased, while it was negatively affected by the percent-
age of urban land cover in the catchment area.

3.3  |  Models for alien guilds

In the case of alien fish models, we report the results for alien limno-
philic (AL_LIMNOPHILIC) and alien rheophilic (AL_RHEOPHILIC- G. 
lozanoi) only, since these are the two metrics that showed sufficient 
predictive performance. The explanatory variables selected for 
these two models were notably different (Table 3 and Figure S4). 
Limnophilic alien species were more numerous in streams charac-
terised by low altitude, high water temperature, and large catch-
ment area (Figure 6a). Moreover, the number of dams upstream, the 
number of flow reversals and the previous presence of alien spe-
cies positively impacted the AL_LIMNOPHILIC metric. Conversely, 
a positive relationship was found between metrics related to ex-
treme discharge magnitudes (maximum and minimum) and the 
AL_RHEOPHILIC- G. Lozanoi metric (Figure 6b). The presence of 
Pyrenean gudgeon was associated with high oxygen levels, while it 
was negatively associated with high nitrate concentrations and large 
percentage of agricultural area. Finally, urban land cover had the op-
posite effect on the two metrics, that is positive for alien limnophilic 
and negative for the Pyrenean gudgeon.

F I G U R E  2  The left side of the figure shows the number of native (a) and alien (b) species in each cell in the baseline period (1980– 2000). 
The right side shows the variation in the number of native (a) and alien (b) species occurred in the period 2001– 2020 with respect to the 
baseline

F I G U R E  3  Box- plots representing median and percentile of 
the variation in the percentage of land use coverage across sites. 
The variation is intended as the difference between the land cover 
percentage in the period 2001– 2020 and the one in the period 
1980– 2000
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4  |  DISCUSSION

The fish dataset revealed a general decline of native fish species, 
regardless of their ecological guild. In contrast, the number of alien 
species notably increased. This trend affecting the Iberian Peninsula 
has already been documented in other studies (Aparicio et al., 2000; 
Ramos- Merchante et al., 2021). A similar pattern was also observed 
in other rivers with Mediterranean- type climate (Clavero et al., 2010; 
Habit et al., 2010; Haubrock et al., 2021), and some authors identified 
a global trend (He et al., 2019; Seebens et al., 2017; Su et al., 2021).

4.1  |  Models for native guilds

The performance of our models in predicting NAT_RHEOPHILIC and 
NAT_INTOLERANT metrics can be considered satisfactory, while 
the performance of the other tested metrics was poor. This could 
be explained by the fact that native rheophilic and intolerant fish 
species are particularly sensitive to impoundment and pollution, and 
thus there is a strong response to the gradient of stressors (Birnie- 
Gauvin et al., 2017; Zajicek et al., 2018). The high modelling qual-
ity confirms that these two metrics should be used as indicators to 
assess the status of riverine ecosystems according to fish habitat 
requirements. In general, the fact that the NAT_RHEOPHILIC and 
NAT_INTOLERANT models outperformed the NATIVE model sug-
gests that looking at specific habitat requirements of the species 
could help disentangle the effects of stressors on fish communities.

The annual maximum river discharge had a high predictive power 
for all guilds of native fish. The association between native fish and 
non- altered flow regime was confirmed by the positive response to 
mean discharge in January (NAT_INTOLERANT): higher fish richness 

corresponded with sites where maximum discharge occurs in win-
ter/spring, as it is characteristic of the natural flow hydrograph in 
this region. Other authors underline the importance of high and 
flushing flows in supporting and shaping fish community structure 
and composition (Hain et al., 2018; Lynch et al., 2019), as well as 
in counteracting the presence of alien species (Kiernan et al., 2012; 
Lamouroux et al., 2006).

Agricultural and urban areas had a negative effect on response 
metrics, thus suggesting that native richness is higher in forested 
areas. Land use can be considered a proxy for multiple stressors 
(Segurado et al., 2018), and its association with native fish metrics 
has also been found in other studies of European rivers (Almeida 
et al., 2017; Radinger et al., 2016, 2019).

Physicochemical parameters were not selected as input vari-
ables of the NAT_INTOLERANT metric, although correlations have 
been found in other studies (e.g. Dauwalter et al., 2003; Wang 
et al., 2007). The low sampling frequency (four times a year) and 
the location of monitoring sites, usually subjected to constraints 
(Ouyang et al., 2008), possibly reduced the representativeness of 
water quality parameters explaining their low predictive power in 
the model.

The positive relationship between altitude and the two native 
guilds (NAT_INTOLERANT and NAT_RHEOPHILIC) points to the 
fact that the highest river stretches usually have limited or no pollu-
tion sources and are less impounded. These habitat conditions bene-
fited both guilds. The rheophilic species are also associated with high 
velocity flow conditions: this explains the positive association found 
with the mountain rivers ecotype.

The partial dependence plots showed how the number of na-
tive rheophilic and intolerant species clearly declined as the num-
ber of alien species increased. Other studies used alien species as 

F I G U R E  4  Box- plots representing median and percentile of the Mann– Kendall test values computed for each hydrological alteration 
metric considering the period 1980– 2020. The green lines represent the statistically significant threshold (α = 0.05). For the metric codes of 
the variables see Table 2
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an input variable in their models (e.g. Hermoso et al., 2011; Light 
& Marchetti, 2007; Mota- Ferreira et al., 2021), finding a negative 
relationship between invasive and native species. In contrast, other 
works did not detect biotic association between the two groups 
(Kennard et al., 2005; Radinger et al., 2019). The lack of association 
could be in part due to methodological and geographical differences, 
but also to the absence of temporal dynamics in the datasets used, 
as suggested by both authors.

The hydromorphological variables used in this study did not 
show a significant association with native fish richness. This could 
be due to the limitations of our metrics (%_for_buf, Table 2). A more 
complex metric, such as the Riparian Forest Quality Index (Munné 
et al., 2003) or the Fluvial Habitat Index (Pardo et al., 2002), is likely 
to be more accurate. These indexes could not be used in this study 
since there were no data for them for the first period. Future work 

could estimate a more precise index of riparian habitat quality from 
1980– 2000 aerial imagery in order to fully characterise the relation-
ship between fish communities and riparian vegetation over time.

4.2  |  Models for alien guilds

Among the models of alien guilds, two distinct patterns were identi-
fied: the alien limnophilic and the alien rheophilic species. The first 
group is favoured by altered flow regime, as confirmed by its positive 
relationship with the annual number of reversals, the presence of 
dams and the percentage of urbanised area. Flow reversals are fre-
quently proven to increase after dam construction (McManamay & 
Frimpong, 2015), thus generating a larger annual variability (Pfeiffer 
& Ionita, 2017) and potential negative effects on fish assemblages 

F I G U R E  5  Partial dependence plot of the explanatory variables in the NAT_RHEOPHILIC (a) and NAT_INTOLERANT (b) predictive 
models. The meaning of abbreviations used in the metric codes is: annual maximum flow (Q_max), percentage of agriculture in the upstream 
basin (%_agr), annual minimum flow (Q_min), relative presence of alien species (%_alien), percentage of urban areas in the upstream basin 
(%_urb), mean flow in January (Jan)
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(Nature Conservancy, 2009). Other scholarly work supports our 
findings about the reinforcing effect of river damming (Hermoso 
et al., 2011; Maceda- Veiga et al., 2010; Radinger et al., 2019) and 
urbanisation (Strayer et al., 2003) on alien species. The alien rheo-
philic representative (i.e., Pyrenean gudgeon G. lozanoi) behaved dif-
ferently. Its response pattern (i.e. positive relationship with a less 
degraded and altered habitat) was similar to the one observed for 
native rheophilic species. In contrast, Muñoz- Mas et al. (2016) con-
cluded that G. lozanoi appears to benefit from river regulation and 
river impoundment. However, the narrow area encompassed in their 

study (four unregulated river segments) could explain these differ-
ent outcomes.

Other authors observed that the same stressor can have both 
positive and negative effects on fish communities depending on 
the guild considered (Cooper et al., 2017; Zajicek et al., 2018). Our 
results highlight the importance of considering ecologically based 
metrics for alien species too. To the best of our knowledge, simi-
lar studies commonly employ metrics that only consider the generic 
category of alien species richness or abundance. However, this ap-
proach would have led to misleading conclusions in this study.

F I G U R E  6  Partial dependence plot of the explanatory variables in the AL_LIMNOPHLIC (a) and AL_RHEOPHILIC- G. lozanoi (b) 
predictive models. The meaning of abbreviations used in the metric codes is: presence or absence of alien species in the previous period 
(pre_presence_alien), water temperature (T), upstream dam density (us_dam#), number of reversals (rev#), percentage of urban areas in the 
upstream basin (%_urb), annual minimum flow (Q_min), mean flow in October (Oct), percentage of agriculture in the upstream basin (%_agr), 
nitrate concentration (NO3), oxygen concentration (O2)
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4.3  |  Policy measures to mitigate native 
species decline

Given the strong decline of native fish richness observed in the 
dataset, we explored whether a similar pattern could also be found 
for the most relevant explanatory variables identified with the RF 
models. This could help characterise the dynamics of the system and 
hence inform the prioritisation of mitigation measures.

The fact that hydrological metrics and land use variables did not 
exhibit clear temporal trends suggests that the persistence rather 
than the worsening of degraded conditions could have contributed 
to the decline of native species. Indeed, 83% of the cells affected by 
a decrease in native species richness have been affected by at least 
one stressor already in the period 1980– 2000, including altered flow 
regime, closeness to dams and high percentage of urban and agri-
cultural area. This is in line with common knowledge that the cumu-
lative impacts of one or more stressors over time can result in the 
degradation of the ecosystem (Diefenderfer et al., 2021). Moreover, 
the use of 20- year average values for stressors could mask short but 
significant stress events (e.g. peaks of water pollution), which could 
also influence the temporal dynamic of biological communities.

According to our results, specific policy actions that mitigate al-
teration of flow regimes and water pollution could help slow down 
the decline of native fish species. In particular, given the link be-
tween maximum flow and the richness of native communities, the 
magnitude of high flows should be a key element to be considered 
when implementing environmental flows. The decrease in maxi-
mum flows after dam construction in Spain is confirmed by several 
authors (e.g. Batalla et al., 2004; Piqué et al., 2016), and Mezger 
et al. (2021) observed in a number of Spanish basins that environ-
mental flow implementation was not able to mitigate this alteration. 
Although Spanish environmental flow legislation can be considered 
relatively advanced in the European Union (Fornaroli et al., 2020), its 
implementation so far has been mostly focused on minimum flows, 
with less attention paid to maximum flows, changing rates, and high 
flows (Mezger et al., 2019). However, as also confirmed by this study, 
high flows are essential in controlling fish communities, and the mere 
focus on minimum flow is widely recognised as insufficient for re-
storing ecosystem integrity (Arthington et al., 2006). Despite its 
potential as management action, restoration of natural flow regime 
could be limited by the reduction of water availability expected in 
the future (Muñoz- Mas et al., 2021).

Unlike the other explanatory variables, the presence of alien 
species was the input variable that exhibited the strongest temporal 
trend. A synchrony clearly emerged between the native species de-
cline and the increase of alien species, suggesting a rapid community 
turnover. Of the 60 cells where the number of native species de-
creased, the number of alien species increased in 39 and remained 
unchanged in another 11. The observed increase of alien species 
richness could be part of the global accumulation rates of alien 
species, a phenomenon showing no signs of having reached satura-
tion (Seebens et al., 2017). Our results point out the importance of 

distinguishing between alien limnophilic and alien rheophilic species 
in order to select effective strategies for their control.

The AL_LIMNOPHILIC model showed the importance of hydro-
logical alteration in favouring limnophilic alien species. Most of the 
cells where alien limnophilic species increased were affected by 
alteration of flow regimes (31 out 48) and they were concentrated 
along the main channels, specifically of the rivers Júcar, Tagus, 
Segura and one of Segura's main tributaries. River damming was 
already present as a stressor in the period 1980– 2000. At the same 
time, the number of reversals, ranked as an important explanatory 
variable in the AL_LIMNOPHILIC model and generally associated 
with an altered flow regime, significantly increased over time 
across the region according to the Mann– Kendall trend test. This 
suggests that the prolonged persistence of an altered flow regime 
and in some cases the exacerbation of the hydrological alteration 
favoured the spread of alien species, possibly at the expense of 
native fish communities. Given the negative association between 
native fish species and environmental degradation, our results 
may support the hypothesis that alien species invasion and habitat 
degradation interacted and jointly led to native fish loss (Didham 
et al., 2007; Haubrock et al., 2021). The metric pre_pres_alien that 
accounts for the previous presence of alien species can help us in-
terpret the temporal dynamics of alien species: the model showed 
that the number of alien species generally increased if they were al-
ready present at a specific site in a previous time period. This trend 
appears to confirm the invasional meltdown model, which states 
that the presence of invasive species in an ecosystem facilitates 
invasion by additional species (Ricciardi, 2001). However, alterna-
tive population dynamics could also be possible, with the previous 
decline of native species due to habitat disturbance and the sub-
sequent invasion of alien species, which filled the empty niches 
(MacDougall & Turkington, 2005). Whatever the cause of this de-
cline, the results suggest that the mitigation of flow alteration may 
support the recovery of native species and simultaneously limit the 
distribution of alien limnophilic species. Specifically, flow reversals 
should be avoided: according to the AL_LIMNOPHILIC model, they 
are positively associated with alien species, plus they are proven 
to alter the biological life cycle of native fish (Lin et al., 2017; Yang 
et al., 2020). A recent review on alien species management actions 
in Spain (Muñoz- Mas et al., 2021) revealed that flow regime ma-
nipulation was the most frequently proposed approach, but no 
examples of its application in medium- to- large rivers were found. 
Specific actions are thus needed in river basin management plans 
(Boon et al., 2020).

The case of alien rheophilic species is different since they ap-
peared to be favoured by the same non- degraded habitat as native 
rheophilic species. In this specific situation, the restoration of habitat 
may not be effective to counteract the presence of alien rheophilic 
species, unless combined with their control (e.g. Capdevila- Argüelles 
et al., 2011; McColl & Sunarto, 2020; Rytwinski et al., 2019). In light 
of the complexity of alien species behaviour, we believe our findings 
could help inform alien species management decisions in the region.
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