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Mountain streams harbor unique biodiversity and provide essential ecosystem
services to human societies. Yet, these ecosystems face numerous threats, such
as the construction of dams and land use changes, leading to rapid habitat
degradation, water pollution, and biodiversity loss. In this study, we assess the
effect of irrigation dams onmountain riverine biota using traditional biotic indices
and trait-based approaches. We selected diatom and macroinvertebrate
communities surveyed between 2015 and 2017 in mountain streams located
in different regions in northern Spain (Cantabrian Cordillera, Iberian System, and
Pyrenees) under natural and altered flow conditions (i.e., downstream of irrigation
dams). Hydrological and biological changes related to the presence of dams, the
mountain range, and the interaction between these two factors were identified.
Summer flows, frequency of high flow events, and minimum annual flows timing
were significantly affected by irrigation dams, independently of the region. Winter
flows, themagnitude of high flow extremes, and the number of flow rises and falls
varied significantly with the dam-mountain range interaction. The frequency and
duration of flow pulses depended on the mountain range only. In the Cantabrian
Cordillera, a region with larger reservoirs (>150 hm3), impacted sites showed a
marked inversion of the seasonal flow patterns (i.e., increased summer flows but
reduced winter flows). In the other mountain ranges, reservoirs had smaller
storage volumes and multiple purposes, causing significant flow change
frequency variations. Diatom traits, taxonomic richness, diversity, and IPS
score varied with dam presence and mountain ranges, while
macroinvertebrate traits and biotic indices responded weakly. These findings
suggest that diatom communities might be more sensitive to hydrological
alteration, while macroinvertebrates might be more influenced by space-
related factors, such as biogeography and dispersal, overriding dam-related
impacts. Furthermore, dam-related changes in ecosystems may depend not
only on the presence of dams and their characteristics (e.g., reservoir size and
operation), but also on local conditions and biogeography. Our findings
emphasize that, when using pre-existing biomonitoring datasets, although
some dam-related patterns emerge (e.g., with diatoms), other patterns may be
constrained by the datasets’ low spatio-temporal coverage and taxonomic
resolution, highlighting the need of well-structured study designs.
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1 Introduction

Mountain streams provide a unique set of habitat conditions in the
river network (i.e., fast water velocities and low temperatures) and
harbor an important portion of the global biodiversity (Rahbek et al.,
2019). Their high runoff from rainfall and the delayed releases of water
stored in the form of snow or lake reserves characterize mountains as
“water towers,” providing lowlands with relatively constant essential
water resources and ecosystem services (Viviroli and Weingartner,
2008; Immerzeel et al., 2020). Population dependence on mountain
water runoff is expected to grow steadily, reaching 1.5 billion people
critically relying on these water resources by 2050 (Viviroli et al., 2020).
At the same time, due to the narrow niches of endemic species,
mountain environments are extremely vulnerable to global change.
As elevation can amplify global warming effects (Grabherr et al., 2001;
Christmann andOliveras, 2020), even small environmental changes can
cause significant ecological impacts, such as the reductions of glaciers
and the ice-melt inputs into mountain rivers (Fell et al., 2017). Thus,
mountain rivers might experience more rapid climate change effects
than their lowland counterparts (Pepin et al., 2015).

An extensive number of mountain rivers have been affected by
dams and other water infrastructures, e.g., in the Pyrenees (López-
Moreno et al., 2008), in the Alps (Spitale et al., 2015), in the
Colorado Front Range (Wohl, 2006), in the Andean Amazon
region (Anderson et al., 2018), and in the High Mountain Asia
(Li et al., 2022). Apart from the potential gravitational energy, which
is extensively exploited for hydropower production, mountain dams
store and build up water reserves during seasons of heavy snow melt
to assure lowland irrigation and domestic water uses during low flow
periods, as well as supply water to mountain lakes used for tourism
and fishing (Marnezy, 2008; Consoli et al., 2021). Irrigation dams
tend to homogenize flow dynamics (i.e., reducing peak flows and
increasing minimum flows; Moyle and Mount, 2007), reduce or
increase the downstream water temperature (depending on the
residence time, size of reservoir, release depth, and timing of
releases; Lessard and Hayes, 2003; Prats et al., 2010), as well as
alter the nutrient and sediment fluxes (Olden and Naiman, 2010;
Maavara et al., 2020), and limit the habitat connectivity (Grill et al.,
2019). It leads to pervasive effects on riverine biodiversity and
functioning, e.g., increases in planktonic diatoms (Goldenberg-
Vilar et al., 2021), reduction of macroinvertebrate richness
(Kennedy and Turner, 2011) or of salmon populations
downstream of dams (Moore et al., 2011), among others.
Therefore, identifying, monitoring, and managing these impacts
on mountain riverine ecosystems while securing human water needs
for socioeconomic development has become a major challenge for
water resource managers, especially in highly vulnerable regions
(e.g., wetlands and mountains; Pang et al., 2018).

Diatoms and macroinvertebrates have been widely used as
environmental biomonitoring indicators due to their easy
sampling, widespread occurrence, diversity, and reliable
indication of anthropogenic impacts (Bonada et al., 2006; Resh,
2008; Pompeu et al., 2023) and are among the biological quality
elements recommended to monitor and assess water bodies’
ecological state within the European Water Framework Directive
(European Commission, 2000). Taxonomy-based biotic indices are
extensively employed to measure ecological responses to nutrient
enrichment and organic pollution; however, the effects of flow

modification have been more rarely addressed (Birk et al., 2012).
In addition, the taxonomic-based metrics may be subject to
significant biogeographic and evolutionary constraints (Soininen
et al., 2016), reducing their broad geographic applicability (Dolédec
et al., 1999). Thus, species traits (i.e., organism’s biological and
ecological characteristics) have been increasingly used in ecological
research (e.g., White et al., 2017; Brown et al., 2019;Wu et al., 2019b)
to assess stressor effects in lotic ecosystems (Statzner and Bêche,
2010) and to develop mechanistic trait-stressor links valid across
broad geographical scales (Culp et al., 2011).

In this context, the data originally collected for water quality
assessment (e.g., European Water Framework Directive (WFD)
surveys), including biological communities and physico-chemical
habitat conditions, could be potentially used to assess other eco-
hydromorphological relationships in rivers, such as the ecological
effects of dams (Vaughan and Ormerod, 2010; Krajenbrink et al.,
2019). To do so, an efficient monitoring network is essential (Arrighi
et al., 2021), since the actual effects of hydrological alteration may be
underestimated with an inadequate spatial (e.g., lack of gauges
immediately downstream of dams; Peñas et al., 2016) or
temporal coverage (e.g., biological sampling not covering inter
and intra-annual hydrological variability; Munné and Prat, 2011).

In this study, our main objective was to assess the effects of dams
primarily used for irrigation (although they might include other
minor uses such as water supply and hydropower) on the river flow
regime, water quality characteristics, and riverine biota (i.e., diatom
and macroinvertebrate communities) of mountain rivers using
biological datasets originally collected within the EU WFD. We
selected streams under natural and regulated flow regimes
(i.e., downstream of irrigation dams) and, in order to minimize
the effects of geographical distance on generating differences among
riverine communities (Pompeu et al., 2022a), our stream selection
was clustered around three mountain ranges in northern Spain: the
Cantabrian Cordillera, the Iberian System, and the Pyrenees.

We hypothesized that 1) the presence of dams would be linked
to hydrological and water physico-chemical alterations, such as
changes in the seasonal flow patterns, homogenization of flow
dynamics, and reduction of nutrients downstream of dams. As
pointed out by Peñas and Barquín (2019), the altered flow
patterns caused by dams in Spanish rivers depend, in part, on
local factors, e.g., geographical context and the pre-dam river
characteristics). Therefore, we expect that 2) other hydrological
and physico-chemical changes, such as changes in flow dynamics
associated to snow melt and altitude and water quality parameters
caused by different geological characteristics, would be linked to the
local conditions present in each mountain range (i.e., the “mountain
factor”). 3) Taxonomic biotic indices (e.g., richness, diversity, water
quality sensitive indices), which are commonly used in diatom and
macroinvertebrate bioassessment worldwide, would also
significantly respond to the presence of dams. We expect a
decrease in taxonomic richness and diversity downstream of
dams, and specific indices, such as the Specific Polluosensitivity
Index (IPS) for diatoms, the Iberian Biomonitoring Working Party
(IBMWP) and Lotic invertebrate Index for Flow Evaluation (LIFE
index) for macroinvertebrates, would likely show negative responses
to flow regulation. These trends have been observed previously in
Spanish rivers (Ladrera and Prat, 2013; Quevedo et al., 2018;
Mellado-Díaz et al., 2019; Pompeu et al., 2022b), even though
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these specific indices have not been designed for the assessment of
the impacts of dams but to evaluate the effects of organic pollution
(e.g., IPS and IBMWP). 4) Trait-based approaches, however, would
provide clearer a insight into the effects of dams on biological
communities compared to biotic indices based on taxonomy and
designed to respond mainly to organic pollution. Unlike taxonomy,
traits are consistent across broad spatial scales and provide
mechanistic linkages of biotic responses to stressors (Menezes
et al., 2010; Culp et al., 2011). Thus, we expect to detect
significant changes, such as changes in diatom ecological guilds
or macroinvertebrate feeding groups associated to dam-
related impacts.

2 Materials and methods

2.1 Study area and site selection

Our study area covered streams located in three mountain
ranges in northern Spain: the Cantabrian Cordillera, the Iberian
System, and the Pyrenees (Figure 1A). These mountains
constitute the natural geographical limits of the Ebro
catchment (>85.000 km2) and present a significant number of
structures to attend water and energy demands (e.g., dams and
reservoirs for hydroelectric power generation, irrigation, urban
water supply, and recreation; López-Moreno et al., 2008; García
de Jalón et al., 2019), making them an interesting case study.
Most dams in the Pyrenees, for example, were constructed
between the 1950s and the 1980s to supply water demands in
the Mediterranean region (i.e., irrigation and hydropower
production; López-Moreno et al., 2008). In the Cantabrian
Cordillera, besides several small hydroelectric power plants,
important reservoirs (e.g., Ebro, Aguilar de Campoo, Riaño)
supply water for agricultural and urban uses. Reservoirs in the
Iberian System, in general, have smaller capacities in relation to
the other mountain ranges and provide water for irrigation,
urban uses, and hydropower generation.

Our sampling site selection was restricted to sites complying
with the following requirements: 1) river reaches classified as “good”
or “very good” ecological status according to the River Basin
Management Plans 2015-2021 (BOE, 2015) within the European
WFD; 2) river reaches with available hydrological and water
physico-chemical data; and 3) at least one survey on biological
communities (diatoms or macroinvertebrates) between June and
October 2015, 2016, or 2017. These criteria allowed us to reduce the
environmental variability and the effect of other anthropogenic
stressors, such as water pollution and nutrient enrichment
associated with human activities (e.g., extensive urban or
agricultural land uses), while ensuring a sufficient spatial
coverage. In total, we selected 23 sampling sites (Figure 1A;
Table 1), from which 11 were located downstream of dams,
mostly with multiple uses (e.g., hydroelectric power generation,
irrigation, recreation), but primarily used for irrigation
(i.e., altered sites, see Supplementary Table S1) and 12 were
under minimally disturbed conditions (i.e., control sites).

River gauge stations provided by the Centre for Hydrological
Studies (CEDEX, Ministry for Ecological Transition, Spain) located
nearby each sampling site recorded the daily river flow discharge. The

normalized daily flow series of the three hydrological years
(2015–2017), which presented relatively heterogeneous climatic
characteristics (2015 marked by extremely warm and dry conditions,
2016 warm and wet, and 2017 warm and very dry; Agencia Estatal de
Meteorología, 2023) was then used to generate 35 hydrological indices
(HIs; Supplementary Table S2). These HIs characterized the five flow
regime components (magnitude, frequency, duration, timing, and rate
of change; Olden and Poff, 2003).

2.2 Biological surveys and taxonomic-based
biotic indices

Diatom and macroinvertebrate communities were surveyed
annually by regional water agencies as part of the water bodies’
ecological status assessment within the European WFD. This
biological information was then compiled by the Spanish
Ministry for the Ecological Transition in the national database
NABIA (BOE, 2015). We selected streams surveyed between June
and October, during the low flows (when the streams are wadeable),
in 2015, 2016, and 2017 to reduce the seasonal flow variation. In
some of these sites, surveys occurred for three consecutive years and/
or covered both biological communities. In combination with the
biological sampling, the NABIA database provided water
temperature (TWATER, °C), pH, dissolved oxygen (DO, mg.L−1),
electrical conductivity (µS.cm−1), nitrite (NO2

−; mg N.L−1), nitrate
(NO3

−; mg N.L−1), ammonium (NH4
+; mg N.L−1), and phosphate

(PO4
3-; mg P.L−1) concentrations that were collected and determined

using standard protocols (UNE-EN ISO 15681-2:2005 for
phosphates, UNE-EN ISO 13395:1997 for nitrite and nitrates,
UNE-EN ISO 11732:2005 for ammonium).

Diatom communities were surveyed following UNE-EN13946:
2014 (CEN, 2014b). Five to ten cobbles were randomly selected
from the benthos (circa 100 cm2 of exposed surface area) and the
upper part of the substratum was scrubbed with a dishwasher
brush. The material was decanted in a sample bottle and preserved
using formaldehyde. From each sample, 400 diatom valves were
identified in laboratory using a microscope (1000 × magnification)
at the lowest feasible taxonomic level, according to the standard
procedure UNE-EN 14407:2014 (CEN, 2014a). In total, we gather
results from 56 sampling events of diatom communities collected
in the 21 sampling sites (see Supplementary Table S1).

Benthicmacroinvertebrate surveys followed the standard procedure
UNE-EN 16150:2012 (CEN, 2012). The sampling was distributed
among the different habitat types present along a 100-m reach.
Using a kick hand net (0.1 m2 and 0.5 mm mesh size), community
samples were collected and preserved in 96% ethanol. The identification
in the laboratory was mainly at the family level, except for Hydracarina,
Nematoda, Ostracoda, Copepoda, and Oligochaeta. In total, we gather
results from 51 sampling events of macroinvertebrate communities
collected in the 21 sampling sites (see Supplementary Table S1).

We eliminated rare taxa (those representing less than 2%of the total
sampled individuals when considering the total number of occurrences;
Lavoie et al., 2009). In sites surveyed over multiple years, the abundance
of taxa was averaged to obtain a site-specific assemblage structure and to
reduce interannual variation, following Paavola et al. (2003), resulting in
21 averaged communities for diatoms and 21 for macroinvertebrates.
Even though this approach might lead to a simplification of the
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ecological complexity and the temporal dynamics, as well as the
comparison of sites with different sampling efforts (i.e., sampled in
less than 3 years), it allowed us to focus on the effect of the presence of
dams rather than on the annual climatic and environmental variability.
Likewise, for each site-specific assemblage, the average physico-
chemical characteristics were calculated.

In each averaged biological community, taxa richness and
Shannon-Wiener diversity index were computed using the R
package vegan (Oksanen et al., 2019). Additionally, for diatom
communities, we computed the Specific Polluosensitivity Index
(IPS; CEMAGREF, 1982; Ministerio de Agricultura, Alimentación
y Medio Ambiente, 2013a). For macroinvertebrates, the Iberian

FIGURE 1
(A) Location of the 23 studied sites: controls (n = 12) and sites downstream of irrigation dams (n = 11). Mean normalized daily discharge between
2015 and 2017 in controls and sites influenced by irrigation dams in (B) the Cantabrian Cordillera, (C) the Iberian System, and (D) the Pyrenees. Shaded
areas represent 1SD confidence intervals. See also Supplementary Table S1 for information on sampling sites, reservoirs’ capacity, and purpose. Map tiles
by Stamen Design, under CC BY 3.0 Data by OpenStreetMap, under ODbL.
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Average Score per Taxon (IASPT) and the Lotic invertebrate Index
for Flow Evaluation (LIFE; Extence et al., 1999) were computed
using the R package biomonitoR (Laini et al., 2019).

Diatom species were assigned to ecological guilds, life forms, and
cell size (biovolume; see Supplementary Table S3), following Passy
(2007) and Rimet and Bouchez (2012). In macroinvertebrate
samples, taxa were classified into 11 biological traits for
European macroinvertebrate genera (Tachet et al., 2010; Schmidt-
Kloiber and Hering, 2015). The traits (Supplementary Table S4)
described the organisms’ life history, morphology, food source,
feeding habits, respiration, and reproduction, among other
characteristics using a fuzzy coding approach. Since most of the
taxa were identified at the family level but traits are reported at the
genus level, each trait affinity was averaged and re-scaled to this
lower taxonomic resolution using affinities of all genera computed
within a family. Although the use of family-level identification can
result in a loss of ecological information, previous studies (Dolédec
et al., 2000; Gayraud et al., 2003; García-Roger et al., 2014) reported
minor impacts on the functional description of macroinvertebrate
communities.

2.3 Data analysis

We used a two-way analysis of variance (ANOVA; factors: dam/no
dam and mountain range) to test (a) the general effects of the presence
of irrigation dams (control vs. altered sites), (b) the effect of the
mountain range (Cantabrian Cordillera, Iberian System, and
Pyrenees), i.e., the influence of local factors, and (c) the interactions
between the presence of dams and the mountain range to assess the
effects of irrigation dams within each mountain range. Independent
analyses were done for the HIs encompassing the three hydrological
years (2015, 2016, and 2017), water physicochemical characteristics, and
biotic indices. The tests were calculated with type III sums of squares
due to the unequal sample sizes in control and altered sites among
mountain ranges (Quinn and Keough, 2002). The homogeneity of
variances was checked using Levene’s tests and variables were log-
transformed when needed. Following the significant two-way ANOVA
tests, post hoc pairwise t-tests with Bonferroni correction were used to
identify significant differences (p < 0.05) among factors.

Spearman’s rank correlations were also used to identify
statistically significant relationships (p < 0.05) among diatom and

TABLE 1 Catchment-scale environmental variables in controls and sites affected by dams in each region describing topography, climate, the fractions
occupied by land use and land cover, and lithology. Values refer to the catchment mean ± sd upstream of the sampling site.

Cantabrian Cordillera Iberian system Pyrenees

Controls
(n = 3)

Altered
(n = 3)

Controls
(n = 3)

Altered
(n = 4)

Controls
(n = 5)

Altered
(n = 3)

Catchment size (km2) 287.1 ± 166.6 640.4 ± 293.4 76.9 ± 29.6 421 ± 160.1 86.1 ± 81.5 581.5 ± 382.2

Elevation above sea level (m) 642.2 ± 121.3 859.9 ± 132.9 992.1 ± 75 586 ± 62.9 989.9 ± 179.9 609.7 ± 185.1

Slope in segment (0–1) 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 0.5 ± 0.1

Mean distance to dam (km) - 20.1 - 22.6 - 11.3

Annual mean precipitation (mm) 806.6 ± 71.4 1053.2 ± 241.5 828.3 ± 318.6 738.5 ± 154.1 1538.5 ± 170.6 1378.1 ± 268.8

Annual mean temperature (°C) 10.1 ± 0.8 8.6 ± 1.1 8.9 ± 0.2 9.5 ± 0.4 8.1 ± 1.3 9.8 ± 1.1

Annual mean
evapotranspiration (mm)

522 ± 26.1 531.3 ± 34.6 440.7 ± 52 433.4 ± 30.9 426.9 ± 31.6 507.5 ± 59.4

Urbanisation 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

Agriculture 0.3 ± 0.1 0 ± 0.1 0.2 ± 0.2 0.1 ± 0.1 0 ± 0 0 ± 0

Pastures 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.2 0.2 ± 0.1 0.4 ± 0.2 0.3 ± 0.1

Broadleaf forests 0.2 ± 0.1 0.2 ± 0 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0.2

Coniferous forests 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0.1 0.2 ± 0.2 0.1 ± 0

Plantations 0 ± 0 0 ± 0 0.1 ± 0.1 0 ± 0 0 ± 0 0 ± 0

Heathlands and shrubs 0.1 ± 0 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0 ± 0 0.2 ± 0.1

Denuded areas 0.1 ± 0 0.1 ± 0.1 0 ± 0 0 ± 0 0.2 ± 0.1 0.1 ± 0.1

Calcareous rocks 0.9 ± 0.1 0.4 ± 0.3 0.7 ± 0.5 0.7 ± 0.3 0.6 ± 0.3 0.4 ± 0.2

Siliceous rocks 0 ± 0 0.1 ± 0.2 0.3 ± 0.5 0.1 ± 0.2 0 ± 0 0 ± 0

Conglomerate rocks 0.1 ± 0.1 0.4 ± 0.2 0 ± 0 0.1 ± 0.1 0.4 ± 0.3 0.2 ± 0.1

Sandstone 0 ± 0 0 ± 0.1 0 ± 0 0 ± 0 0 ± 0 0.3 ± 0.2

Sedimentary rocks 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

Volcanic rocks 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0.1
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macroinvertebrate biotic indices, HIs, and physico-chemical
characteristics. In line with the two-way ANOVA analyses, the
HIs used in the Spearman’s rank correlations were also
computed based on the 2015–2017 hydrological years.

The relationships between organisms’ traits and environmental
descriptors were investigated with the RLQ and fourth-corner
analyses using the R packages ade4 (Dray and Dufour, 2007) and
adespatial (Dray et al., 2020). The RLQ analysis (Dolédec et al.,
1996), an exploratory ordination method, combines three tables: table
R (n × m) containing the measurement of m environmental variables
(i.e., HIs encompassing the three hydrological years and physico-
chemical variables) at n sites; table L (n × p) with the abundance of
p taxa (i.e., diatom and macroinvertebrate taxa) at n sites; and table Q
(p × s) describing s traits (i.e., diatom and macroinvertebrate traits)
related to the same p taxa. The method generates a fourth matrix
representing the cross-variance structure explained by environmental
variables and functional traits, providing a broad overview of how they
are associated (Brown et al., 2014; Thioulouse et al., 2018). The overall
significance of the trait-environment relationship was then assessed with
9999 permutations using a two-step procedure (Dray et al., 2014), which
simultaneously test the permutation of sites (testing the null hypothesis
that the species distribution is randomly attributed to sites, irrespective of
the site characteristics) and species (testing the null hypothesis that
species are distributed irrespective of their traits) while controlling the
type I error (Ter Braak et al., 2012). Further, the fourth-corner analysis
was used to identify significant individual trait-environment
relationships. This method computes a matrix (s × m) with one-to-
one trait-environment correlations (Dray et al., 2014).

Prior to the analyses, physico-chemical variables were
standardized (zero mean and unit standard deviation) to reduce
the effects of different measurement units and to improve normality
(Quinn and Keough, 2002). The statistical significance level for the
ANOVA tests, Spearman’s rank correlation, and RLQ and fourth
corner analyses was set to p ≤ 0.05. All the analyses were performed
in the R environment (R Core Team, 2020).

3 Results

3.1 Dam effects on HIs and physico-
chemical variables

The two-way ANOVA tests associated with the presence of
dams only (D factor in Figure 2) identified significant changes
uniquely due to this factor in the summer (+M7,8,9), winter
(-M12), and spring flows (-M3), the frequency of high flow
events (-FRE3), and the timing of minimum flows (-JMin). These
findings indicated that irrigation dams produced seasonal flow
inversions (i.e., increased summer flows but reduced spring and
winter flows) and less frequent high flow events independently of the
mountain range, i.e., the geographical region.

In turn, when considering the mountain factor alone (M factor
in Figure 2), the number of high and low flow pulses within a year
(nPulsesHigh, nPulsesLow) and their duration (MeanDPHigh,
MeanDPLow) showed significant changes. In the Pyrenees, the
post hoc tests showed that the high and low flow pulses were
significantly more frequent than in the Iberian System (p < 0.04),
but shorter in duration in comparison to other regions (p < 0.001 for

MeanDPHigh in all cases; p = 0.006 for MeanDPLow in relation to
the Iberian System). These findings indicated that the frequency and
duration of flow pulses varied among mountain ranges
independently of the presence of dams.

The interaction term that allowed us to analyze the effect of
irrigation dams based on the comparison of control and altered sites
within each mountain range (D ×M in Figure 2), showed significant
differences in the winter (M1,2) and early summer flows (M6), the
magnitude of short-term high flow extremes (1, 3, 7HF), and the
number of days with increasing and decreasing flows (nPos, nNeg).
The post hoc tests revealed that most of the significant differences
were found between control and altered sites in the Cantabrian
Cordillera (p at least <0.015 for M1, M2, M6) and in the Pyrenees (p
at least <0.045 for nPos and nNeg).

In contrast to hydrology, physico-chemical characteristics did
not seem to be significantly influenced by the presence of dams or
their geographical location (Figure 3). Nitrate was the only variable
that presented a marginally significant reduction downstream of
dams (p = 0.052), independently of the mountain range (D factor
in Figure 3).

3.2 Biological communities and the effects
of dams on biotic indices

We retained 55 diatom species for the analyses (see
Supplementary Table S5 for the taxa list). The most ubiquitous
species were Achnanthidium pyrenaicum and Achnanthidium
minutissimum. Control sites also showed higher mean
abundances of Gomphonema angustivalva and Achnanthidium
subatomus, while altered sites presented higher abundances of
Achnanthidium lineare and Cocconeis euglypta.

Taxonomic-based biological indices, in contrast to hydrological
indices, did not show significant differences linked to dam or
mountain range effects alone. However, the dam-mountain range
interaction seemed to significantly influence the diatom taxonomic
richness, Shannon-Wiener diversity index, and the IPS score
(Figure 4A). The effect of dams on biological communities varied
among regions, with streams in the Iberian System (IS in Figure 4A)
showing clearer changes than the other two mountain ranges. In this
regard, diatom richness and diversity increased, while the IPS score
decreased in altered sites in comparison to controls; despite this, the
post hoc pairwise t-tests with Bonferroni correction did not detect
significant differences. The Spearman’s rank correlations
(Supplementary Figure S2A) indicated that, in general, richness
and Shannon-Wiener diversity were significantly linked to summer
flows and water temperature.

In macroinvertebrate communities, a total of 43 taxa were
retained for the analyses (Supplementary Table S6). Baetidae,
Chironomidae, and Gammaridae were the most ubiquitous
families. Control sites showed higher mean abundances of
Chironomidae, Heptageniidae, and Leuctridae, while Simuliidae,
Hydrobiidae, and Elmidae were more abundant in impacted sites.

The LIFE score (Figure 4B) was the only macroinvertebrate biotic
index that presented significant changes associated with dams and the
dam-mountain range interaction, although the post hoc pairwise t-tests
with Bonferroni correction did not detect significant differences
between groups. On average, altered sites in the Cantabrian
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Cordillera scored higher than control sites, while in the other mountain
ranges, scores in control and altered sites were similar. The Spearman’s
rank correlation (Supplementary Figure S2B) indicated that the LIFE

score was positively correlated to summer flows and the magnitude of
low flow extremes but negatively correlated to winter flows and the
frequency of high flow events.

FIGURE 2
Violin plots representing the distribution of hydrological indices in the Cantabrian Cordillera (CC), Iberian System (IS), and Pyrenees (P) among
control (blue) and altered (red) sites. The two-way ANOVA tests are shown: “D” refers to the ANOVA test with flow regime (dam presence) as a factor, “M”
to mountain range as a factor, and “D ×M” as the interaction between these factors. Only hydrological indices with significant differences are shown (see
all variables in Supplementary Figure S1). Vertical bars represent the standard deviation.
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3.3 Trait-based responses to dams in diatom
communities

The overall RLQ permutation test on diatom communities showed
a marginally significant trait-environment relationship (permutation
across sites p = 0.05, across species p = 0.064). The first two axes of the
RLQ analysis explained 85.7% of the cross-variance between diatom
traits and HIs and physico-chemical conditions (Figure 5).

Along the first axis (67.7% of the total variance, Figure 5), the
Cantabrian Cordillera and Iberian System controls were
concentrated on the negative side (left). Sites I5 and P8, which
were affected by the multipurpose reservoirs Enciso and Escales,
respectively (see Supplementary Table S1), were also clustered with
controls. They were linked to more frequent and stronger high flow
events (+FRE3,7, +1-90HF), higher February (+M2) and March
(+M3) flows, and higher water conductivity. These conditions
favored high profile and colonial diatoms while reducing the low
profile guild. In contrast, altered sites in the Cantabrian Cordillera
and most of the altered sites in the Iberian System were linked to
higher meanmagnitudes of spring (+M5) and autumn (+M10) flows
and long-term low flow extremes (+7,30,90LF), favoring pioneer
diatoms and reducing the high profile guild.

A further 17.9% of the total variance was explained by the
second RLQ axis (Figure 5). The higher phosphate and ammonium
concentrations, as well as the stronger rates of flow change
(+meanPos, -meanNeg), observed especially in the C2 site,

favored adnate diatoms. In turn, pedunculate diatoms were
linked to less strong flow change rates (+meanNeg) and lower
nutrient concentrations.

3.4 Trait-based responses to dams in
macroinvertebrate communities

The overall RLQ permutation test revealed a non-significant
macroinvertebrate trait-environment relationship (permutation
across sites p = 0.318, across species p = 0.47). The first two RLQ
axes accounted for 70.3% of the total variance (Figure 6).

Along a gradient of flow regulation, control sites were mainly
concentrated in the bottom part of the ordination, except for site I5,
which was affected by the reservoir Enciso. The Cantabrian
Cordillera and Iberian System controls were mostly clustered in
the bottom-left quadrant. These sites were associated with increased
frequency (+FRE7) and magnitude of high flow events (+30HF),
winter (+M1,2) and spring (+M3,4) flows, later timing of minimum
and maximum annual extremes (+JMin, +JMax), and higher water
temperatures (+TWATER). These conditions favored
macroinvertebrates with small body sizes (<1cm, Small, e.g.,
Hydroptilidae), more than one reproductive cycle per year
(Multivoltine, e.g., Sphaeriidae), deposit feeders, and fine detritus
(FineDetritus, e.g., Ostracoda, Caenidae) and animal detritus
(AnimalDetritus; e.g., Lymnaeidae) as food sources.

FIGURE 3
Violin plots representing the distribution of physico-chemical variables in the Cantabrian Cordillera (CC), Iberian System (IS), and Pyrenees (P) among
control (blue) and altered (red) sites. The two-way ANOVA tests are shown: “D” refers to the ANOVA test with flow regime (dam presence) as a factor, “M”
to mountain range as a factor, and “D × M” as the interaction between these factors. Vertical bars represent the standard deviation.
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In turn, altered sites were mostly concentrated in the top-right
quadrant (except for control sites P5 and P7). They were associated
with increased spring (+M5), summer (+M6,7), and autumn
(+M10) flows and increased magnitude of short-term low flow
extremes (+1,3LF). These conditions favored macroinvertebrates
with larger body sizes (>4 cm, Large, e.g., Pediciidae), one potential
reproductive cycle per year (Univoltine), larval aquatic stages (Larva,
e.g., Perlidae), aquatic (AquActive, e.g., Ephemerellidae) and aerial
active (AerialActive, e.g., Heptageniidae) dispersions.

Macroinvertebrate communities in the Cantabrian Cordillera
sites showed a more pronounced difference among control and
altered sites than the other mountain ranges. Along the second axis
(23.1% of the total variance, Figure 6), the Cantabrian Cordillera
impacted sites, which were linked to higher summer flows (+M6,7),
showed to favor taxa with larger body sizes and larval aquatic stage.
In contrast, control sites were associated with increased winter flows
(+M1,2) and higher water temperatures, and favored small-sized
macroinvertebrates and detritus feeders.

Nutrient concentration and flow change gradients were
observed along the first axis (47.2% of the total variance,
Figure 6). Iberian System sites were more concentrated on the
left side with increased nitrate concentration and longer low flow
pulses, favoring macroinvertebrates with medium to large body sizes

(MedLarge, e.g., Rhyacophilidae) and adult aquatic stage (Adult, e.g.,
Hydrobiidae, Gammaridae). In contrast, lower nitrate
concentrations and more frequent and shorter flow pulses
(+nPulsesHigh, -MeanDPLow) were more associated with
Pyrenees’ sites, favoring macroinvertebrates with medium body
sizes (Medium, e.g., Heptageniidae), aquatic larvae, and aerial
active dispersion.

4 Discussion

In this study, we assessed the effects of irrigation dams on the
riverine flow regime, water quality, and diatom and
macroinvertebrate communities of mountain streams. Summer
flows (e.g., magnitude of July, August, and September flows),
frequency of high flow events, and the timing of minimum
annual flows showed to be significantly affected by the presence
of dams, independently of the local environmental conditions, as
hypothesized. Water physico-chemical variables, however, did not
show to be significantly influenced by the presence of dams. Our
second hypothesis was also partially supported. Flow pulse patterns
showed to be significantly dependent on the mountain conditions
(i.e., mountain range factor), while the magnitude of winter flows

FIGURE 4
Violin plots representing the distribution of taxonomic biotic indices in (A) diatom and (B) macroinvertebrate communities in the Cantabrian
Cordillera (CC), Iberian System (IS), and Pyrenees (P) among control (blue) and altered (red) sites. The two-way ANOVA tests are shown: “D” refers to the
ANOVA test with flow regime (dam presence) as a factor, “M” to mountain range as a factor, and “D ×M” as the interaction between these factors. Vertical
bars represent the standard deviation.
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and high flow extremes and the rate of flow change were influenced
by both factors. Water physico-chemical variables did not exhibit
significant changes in response to the mountain conditions.

Diatom communities presented significant responses to dam
impacts in terms of biotic indices and traits across the three
mountain ranges, partially supporting Hypothesis 3.
Macroinvertebrate communities, in contrast, showed less evident
responses to geographical and dam-induced changes when
analyzing both biotic indices and functional traits. In general,

traits showed to be useful in understanding dam-related effects
on biological communities, in contrast to biotic indices, as expected
in Hypothesis 4.

4.1 Abiotic changes associated with dams

In our study, the magnitude of seasonal flows, the frequency of
high flow events, and the timing of minimum annual flows, in

FIGURE 5
Ordinations showing the first two RLQ axes on diatom communities. (A) Sampling site scores classified according to the presence (red circles) or
absence (blue triangles) of dams and geographical regions: CantabrianMountain Range (C; in pink), Iberian System (I; orange), and Pyrenees (P; green). (B)
Coefficients for HIs (see Supplementary Table S2 for codes) and physico-chemical variables with strong links to traits (see fourth corner analysis in
Supplementary Figure S3). (C) Coefficients for traits (see Supplementary Table S3 for codes). Traits with no significant relationships (see fourth-
corner analysis, Supplementary Figure S3) are represented in grey. (D)Coefficients for species (see Supplementary Table S5 for codes). The “d” values give
the grid size for scale comparison across the graphs.

Frontiers in Environmental Science frontiersin.org10

Rocha Pompeu et al. 10.3389/fenvs.2024.1332268

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1332268


general, varied significantly with the presence of dams. Although the
hydrological period analyzed was relatively short (3 years), we
observed significant alterations across the three mountain ranges.
The magnitude of the alteration (and in some cases the direction,
e.g., M6) varied between the three regions, with particularly relevant
hydrological alterations in the Cantabrian Cordillera. Winter flows,
high flow extremes, and the number of flow rises and falls were
shown to be significantly affected by the interaction between flow

regulation and mountain range factors. Moreover, changes in other
HIs such as flow pulse changes were related exclusively to the
mountain range factor (i.e., affected by local conditions only).
These results indicate that there is an influence of the regional
characteristics (e.g., climate, LULC, geology) besides dam-induced
changes. This also agrees with Peñas and Barquín (2019), who
observed a geographical dependence of the patterns of altered
river flow regimes on the river’s pre-dam characteristics.

FIGURE 6
Ordinations showing the first two RLQ axes on macroinvertebrate communities. (A) Sampling site scores classified according to the presence (red
circles) or absence (blue triangles) of dams and geographical regions: Cantabrian Mountain Range (C; in pink), Iberian System (I; orange), and Pyrenees (P;
green). (B) Coefficients for HIs (see Supplementary Table S2 for codes) and physico-chemical variables with strong links to traits (see fourth corner
analysis in Supplementary Figure S4). (C) Coefficients for traits (see Supplementary Table S7 for codes). Traits with no significant relationships (see
fourth-corner analysis, Supplementary Figure S4) are represented in grey. (D) Coefficients for species (see Supplementary Table S9). The “d” values give
the grid size for scale comparison across the graphs.
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As it has been briefly discussed above, dams located in the
Cantabrian Cordillera displayed the most pronounced inversion of
the seasonal flow regime compared to the other mountain ranges.
This inversion results from the retention of winter flow peaks and
the release of impounded water during summer to address seasonal
water demands, as also reported in previous studies (Belmar et al.,
2013; García de Jalón et al., 2019). The relatively large capacity of
these reservoirs (e.g., Riaño, Ebro, Juan Benet, >150 hm3 of storage
volume; see Supplementary Table S1) contributed to the
pronounced seasonal flow inversions. Conversely, in the Pyrenees
and the Iberian System, no significant changes in HIs associated to
seasonal patterns were detected. The substantially lower storage
volumes of these reservoirs may not be the only responsible for these
results. Other dam uses (e.g., Bubal, Lanuza, and Escales are also
used for flood control and hydropower production; López Moreno
et al., 2016) might also contribute to the observed differences.
Accordingly, we found that HIs associated with hydropower,
such as nPos and nNeg, were significantly altered in the
Pyrenees, in agreement with previous studies (Almeida et al.,
2020; Chalise et al., 2021; Pompeu et al., 2022b).

Independently of the dam presence, the streams in the Pyrenees
exhibited shorter and more frequent high and low flow pulses in
comparison to the Iberian System. This can be associated to the
higher altitudes, slope, and increased precipitation found in
Pyrenean streams. In addition, altered sites in both Iberian
System and the Pyrenees showed a slight reduction in the spring
flows (see Supplementary Figure S1), which could be related to the
retained spring snowmelt flows occurring in these mountain areas
(Dott et al., 2022). These results highlight the importance of the
regional mountain conditions and the dam characteristics in the
hydrological responses to flow regulation.

The physico-chemical variables did not show significant changes
associated to irrigation dams or the mountain range. Although water
temperature and nutrient concentration have been reported to be
strongly impacted by dams (Olden and Naiman, 2010; Chandesris
et al., 2019; Maavara et al., 2020), in our case, the available physico-
chemical data (spot measurements collected along with the annual
biological surveys) might be insufficient to show these effects. For
instance, attending to our criteria for sampling site selection
(i.e., sites in “good” ecological status), we limited the range of
nutrient concentrations, which certainly contributed to the low
ability to detect significant differences in nutrient-related
variables. Moreover, the long distances between sampling sites
and the dams (>20 km downstream of dams in some cases),
might buffer the dam-related effects on the temperature. A study
conducted by Zaidel et al. (2021) reported persistent changes in
water temperature for an average of only 1.3 km downstream of
dams. Therefore, a continuous monitoring strategy in closer
proximity to dams would be needed to better understand the
effects of irrigation dams on physico-chemical variables (Vilmin
et al., 2018).

4.2 Changes in taxonomic biotic indices
associated with dams and mountain ranges

The diatom biotic indices showed significant changes to the flow
regulation-mountain range interaction, suggesting that the dam-

induced effects on diatom communities may be dependent on the
mountain range. In the Iberian System, slightly higher taxonomic
richness and diversity were detected in regulated sites, in agreement
with previous studies (Smolar-Žvanut andMikoš, 2014; Krajenbrink
et al., 2019). It suggests that diatom communities might benefit from
more stable flows in regulated sites, as these conditions favor the
development of biofilm algae (Biggs et al., 1998; Biggs and Smith,
2002). The IPS score, which was originally developed to target
organic pollution (CEMAGREF, 1982) but also widely used in
riverine bioassessment in Spain within the WFD (BOE, 2015),
showed a reduction in flow-regulated sites in the Iberian System
only. Since the index did not respond significantly to HIs in our
study, it could be linked to local environmental factors (e.g., higher
altitudes and higher siliceous geology in controls in comparison to
altered sites in the Iberian System) or other water quality
characteristics not covered in our study. These findings can be
linked to the influence of local habitat characteristics and spatial-
related factors (e.g., dispersal and biogeography) on the ecosystems
besides the presence of dams. Previous studies reported this
interactive effect of river hydrological variation, local, and spatial
factors on the diatom and macroinvertebrate communities
(Karaouzas et al., 2019; Laini et al., 2019; Pompeu et al., 2022a;
Krajenbrink et al., 2022).

The macroinvertebrates’ taxonomic richness and the Shannon-
Wiener diversity did not show significant responses to flow
regulation. Although numerous studies indicate that dam
construction decrease macroinvertebrate richness (Wu et al.,
2019a), these biotic indices could be weakly correlated to
hydromorphological alterations, as observed in our study (see
Spearman’s rank correlation in Supplementary Figure S2) and
elsewhere (Feld et al., 2014). Thus, taxonomic replacement
associated with hydrological alteration may not cause important
changes in biotic indices based on the whole community
(i.e., richness and diversity), as different species can replace those
lost due to hydrological impacts (Feld et al., 2014). Both IBMWP
and IASPT macroinvertebrate scores, which are commonly used in
theWFD river health assessment, did not show significant responses
to flow regulation, contradicting previous research conducted on
Spanish rivers (Quevedo et al., 2018; Mellado-Díaz et al., 2019).
Click or tap here to enter text.These findings could be attributed to
the fact that IBMWP and IASPT are based on macroinvertebrate
families’ sensitivity to organic pollution and were originally designed
to target water quality rather than other stressors (Friberg et al.,
2011). Hence, our findings support the argument that these indices
should only be used to assess the impacts for which they were
designed while they are prone to fail when assessing the effects of
other stressors (e.g., flow regulation by dams).

Contrary to expected, the LIFE index, a UK-based index
designed to evaluate hydromorphological stress (Extence et al.,
1999), failed to detect impacts downstream of irrigation dams.
Moreover, altered sites in the Cantabrian Cordillera scored
higher than controls, in contrast to the findings reported by
White et al. (2017). This divergence could be attributed to the
study design and the distances between the dam and the sampling
location. Mellado-Díaz et al. (2019) reported an increase in the LIFE
score immediately downstream dams (between 0 and 4 km
downstream), then they showing a recovery across the
downstream gradient (4–20 km). Pompeu et al. (2022b),
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following an optimized and statistically robust control-impact
design, highlighted clear biological and ecological responses
downstream irrigation dams. Local factors other than hydrology
(e.g., water quality, channel morphology, and anthropogenic
alteration of riverine habitats), which were not fully addressed in
our study might also have a significant impact on the
macroinvertebrate community structure and thus, on the
recorded LIFE scores (Worrall et al., 2014; Laini et al., 2018;
Laini et al., 2022).Therefore, long-term biological sampling
schemes following optimal control-impact designs are critical to
develop biological indices able detect changes in macroinvertebrate
communities associated with natural gradients and specific stressors,
such as irrigation dams (Vaughan and Ormerod, 2012).

4.3 Changes in trait-based communities
associated with dams and mountain ranges

As hypothesized, the trait-based biological responses varied with
the different flow regime alteration patterns and the regional
control. In the Cantabrian Cordillera, communities showed a
clear segregation between control and impacted streams, which
can be linked to the marked hydrological alteration identified in
this region (i.e., seasonal flow inversion, with increased summer
flows and lower winter flows) and the larger size and regulation
capacity of these reservoirs. In contrast, in the Iberian System and
the Pyrenees, the community shifts associated to seasonal flow
inversions were less evident. This was especially obvious in some
specific altered sites (e.g., I5 and P8), where impacted communities
were not different from controls. In these sites, we argue that the
reduced influence of dams on the biological communities might be
associated to the smaller reservoir sizes, and the significant sampling
site-dam distances (exceeding 20 km, with tributaries joining the
main stem; see Supplementary Table S1) would act as a buffer,
mitigating dam-related hydrological and biological impacts.
Moreover, the multiple-purpose character of these dams (used
for irrigation, urban water supply, and hydropower generation)
may cause a less clear-cut hydrological alteration (e.g., changes in
the flow rise frequency). These findings highlight the importance of
thoroughly planning appropriate biomonitoring study designs when
investigating the effects on riverine communities. Factors such as the
distances between the dams (or other stressors) and the sampling
sites, the similarities between impacted and unimpacted sites, the
geographical location or the sampling period and consistency along
large periods, among others, must be carefully considered.

The diatom trait-based analysis indicated that control sites, in
general, favored the high profile guild and colonial life forms, which
are both traits linked to low flow disturbances (Passy, 2007). Dam-
impacted sites, in turn, favored pioneer and low profile diatoms,
i.e., traits resistant to flow disturbances (Passy, 2007; Tornés et al.,
2015). Our results contrast with Goldenberg-Vilar et al. (2021), who
reported that resistant traits (e.g., small-sized, non-colonial diatoms)
in unregulated streams were replaced by colonial life forms, large-
sized, and loosely attached diatoms in sites affected by dams in
northern Spain. These divergences can be attributed to the different
sampling periods and the effect of environmental variability present
in our dataset. The study conducted by Goldenberg-Vilar et al.
(2021) sampled biological communities in 2017 using a more

straightforward study design, which was specifically planned to
investigate the effects of dams on diatom communities.

The increased flow rates of changemay also have contributed to the
significant diatom community shifts observed in our study, which
favored adnate life forms and reduced pedunculate ones. Adnate life
forms adhere to the substrate and are highly resistant to repeated scour
disturbances (Tornés et al., 2015). However, we highlight that diatom
responses to flow regime components may be confounded by the
interactions between dam-related effects and environmental
variability (Wagenhoff et al., 2017; Krajenbrink et al., 2019), e.g.,
differences in the altitude, land use and land cover, and geology
among mountain ranges. Therefore, reducing the environmental
variability would contribute to better assess dam-related impacts.

In contrast to diatoms, macroinvertebrates did not show a
globally significant relationship between trait composition and
the hydrological and physico-chemical variables, although the
impacted sites in the Cantabrian Cordillera streams were clearly
segregated from controls. This result highlights the potential use of
diatom traits to assess the dam-related impacts over relatively broad
spatial scales. Nevertheless, the individual significant trait-hydrology
relationships identified in the macroinvertebrate analyses might be
useful to understand the mechanistic effects of dam-related impacts.
Traits better adapted to the dynamic flow conditions (e.g., small
body sizes, multiple reproductive cycles per year) in unregulated
mountain streams, especially in the Cantabrian Cordillera, were
replaced by univoltine taxa, larger body sizes, larval aquatic stages,
and active dispersion, as also reported in previous studies (Bonada
and Dolédec, 2018; Piano et al., 2020).

4.4 Study limitations

This study relies on data originally collected for the water bodies’
ecological status assessment within the European WFD. Post hoc
analyses of these existing datasets may support hydroecological
research and help identifying some general patterns at large spatial
scales (e.g., Krajenbrink et al., 2019; Feeley et al., 2020; Kelly-Quinn
et al., 2020); however, several inherent challenges arise when using data
surveyed for other purposes (Vaughan and Ormerod, 2010).

One key issue potentially obscuring the emergence of more clear
patterns is the high degree of data heterogeneity inWFD datasets. In
this regard, adhering to rigorous criteria for sites selection allowed us
to obtain statistically meaningful results and conclusions, but also
revealed several barriers establishing a robust study design. These
barriers include, among others, the difficulty in finding comparable
rivers within and between different regions (i.e., mountain ranges),
the distance to the dam, the temporal extent (e.g., surveys carried out
in years with different hydrological and environmental legacies), the
limited spatial coverage due to the lack of essential data in many sites
(e.g., relatively few sampling sites paired to flow gauges), the
variations in sampling efforts among sites, and the simplification
of the ecological complexity when averaging the biological
communities sampled in different years.

Additionally, the lack of relevant variables measured in the field
(e.g., hydromorphological conditions, sediments or longer-term
water quality) and longer river flow discharge series (>10 years)
to characterize long-term hydrological patterns may also have
contributed to the uncertainties observed in this study. All these
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issues should be specifically addressed in the design of future works
aiming at improving our understanding on the effects of different
types of dams on riverine biological communities. In this sense,
previous studies have demonstrated the suitability of WFD datasets
to understand the main environmental factors controlling biological
communities at large spatial scales (Feeley et al., 2020; Sturbois et al.,
2021; Pompeu et al., 2022a; Heß et al., 2023; Pompeu et al., 2023). In
contrast, their suitability to test hypotheses dealing with the effect of
specific stressors (i.e., dams) in more localized areas (i.e., local and
regional studies) could be more uncertain and controversial, as
highlighted in this study. In this case, to discern between the effect of
the dams and the natural variability of the riverine ecosystem, more
explicit and meticulous study designs are necessary (England et al.,
2021; Pompeu et al., 2022b). Long-term monitoring strategies
should be also considered to capture the temporal dynamics of
biotic communities and overcome the ecological complexity under
variable environmental conditions (Jackson and Füreder, 2006;
England et al., 2021).

In addition, as required by the lotic bioassessment protocols in
Spain (e.g., IBMWP index; Alba-Tercedor et al., 2002; Ministerio de
Agricultura, Alimentación y Medio Ambiente, 2013b),
macroinvertebrate communities were mainly identified at the
family level. Although family-level identification is reported to be
cost-effective and suitable for bioassessment (Gayraud et al., 2003;
Heino and Soininen, 2007), the use of finer taxonomic resolution may
be necessary to detect subtle impacts in macroinvertebrate
communities (Chessman et al., 2007). Likewise, taxonomic
resolution may cause significant differences in LIFE scores (Monk
et al., 2012) and in the detection of the key environmental variables
controlling community patterns (Jiang et al., 2013).

We also point out that the RLQ permutation tests failed to indicate
a significant overall trait-environment association in macroinvertebrate
communities. These findings indicate that macroinvertebrate taxa
distribution was independent of the environmental characteristics
(i.e., hydrology and physico-chemistry) or functional traits. Even
though all selected sites were located in mountain areas, the
environmental and hydrological heterogeneity among regions (e.g.,
variations in altitude, climate, geology, and hydrological
characteristics) may produce substantial trait-based differences
among communities at the regional scale (Bonada et al., 2007;
Pompeu et al., 2022a; 2022b) and substantially increase the noise in
the analyses. Previous research has also reported that controlled settings
produced more significant outcomes since the effect of confounding
variables is reduced and a direct investigation of the trait-environment
response is allowed (Brown et al., 2019). Thus, future research should
focus on the reduction of hydrological and environmental variability.
Methods such as control-impact study design, grouping dams with
similar characteristics (McManamay et al., 2016), and hydrological
classification (Arthington et al., 2006) would reduce the noise arising
from the inherent environment variability and, therefore, enable a more
precise analysis of dam-related impacts (Pompeu et al., 2022b).

4.5 Implications for biomonitoring and
conservation efforts

In contrast to taxonomic biotic indices, trait-based analyses
allowed establishing mechanistic linkages of biotic functional

responses to hydrological and physico-chemical conditions (Culp
et al., 2011), such as changes in the diatom life forms and biovolume
along the dam impact gradient, which has been reported elsewhere
(Murphy et al., 2017; Troia and McManamay, 2019). In
combination with HIs, traits can provide a template to create and
test large-scale hypotheses regarding flow-ecology responses (Poff
and Allan, 1995; McManamay et al., 2015). Although research in this
field is growing (Wu et al., 2019b; Goldenberg-Vilar et al., 2021;
Larsen et al., 2021; Pompeu et al., 2022b), due to the lack of long-
term discharge data and paired biological samples, linkages between
the flow regime and biological communities are usually not fully
explored. Therefore, setting biomonitoring networks in which
communities are sampled more frequently (e.g., covering seasonal
variability), over a long and meaningful time frame (e.g., at least
10 years), and with adequate spatial coverage (e.g., relatively close to
dams and with paired river gauging) would be beneficial for
monitoring and tackling dam impacts on river ecosystems, as
well as for identifying future research priorities.

Furthermore, exploring the responses of different organisms to
dam-related impacts is essential to select meaningful biomonitoring
metrics (Poff and Zimmerman, 2010). For instance, we demonstrated
that diatom communities showed significant responses to dam-related
changes, whereas the influence on macroinvertebrate communities was
not so clear. The differences between diatoms and macroinvertebrates
in terms of body size, life-history strategies, and dispersal capacity may
have contributed to their responses to local environmental
characteristics and stressors (Grenouillet et al., 2008; Shurin et al.,
2009; De Bie et al., 2012). Diatoms have good dispersal abilities and fast
population growth rates and, therefore, are considered good
bioindicators to track environmental change over large spatial scales
(Bennett et al., 2010). Macroinvertebrates, in contrast, are weaker
dispersers in comparison to diatoms, thus spatial-related processes
may have a greater influence on their community structure than
environmental control (Heino, 2013; Padial et al., 2014).

In conclusion, our findings highlighted the main hydrological
alterations associated to irrigation dams in mountain rivers and their
effects on riverine biota, which varied among biotic groups,
mountain ranges, and dams’ operational rules and impoundment
capacity. Trait-based analyses allowed us to capture more complex
changes in the communities (e.g., life form, body sizes, life history
strategies) along the dam impact gradient than the taxonomic
approaches. Diatoms were shown to better respond to the
presence of dams than macroinvertebrates, which could be linked
to their lower spatial dependency. These results contribute to the
development of efficient biomonitoring designs and strategies (e.g.,
selection of suitable biotic groups, location of control and altered
sites at adequate spatial scales) and the definition of flow-ecology
relationships (e.g., ecological responses to key HIs) as part of riverine
conservation strategies (e.g., ELOHA environmental flow
framework; Poff et al., 2010).
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