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ABSTRACT

Changes in macroinvertebrate community and biotic indices associated with streamflow regulation and wastewater
inputs in Sierra Cebollera Natural Park (La Rioja, Northern Spain)

The macroinvertebrate communities of two mountain streams in the Sierra Cebollera Natural Park (La Rioja, Northern Spain)
were studied to ascertain the changes in these communities and their ecological status, considering the two main pressures that
exist in the area, i.e., the Pajares Reservoir and various wastewater discharges. While the alterations in the macroinvertebrate
communities were minimal downstream of the wastewater discharges, significant changes were detected in the composition
of the community in the stream reaches located downstream of the Pajares Reservoir. This major disturbance downstream of
the dam was especially intense in those reaches affected by a massive growth of the invasive algae Didymosphenia geminata,
which might be related to dam operation. Despite a small decrease in the different biotic indices used, especially IBMWP
and IMMIi-T, downstream of the Pajares Reservoir, no large changes in the biological quality levels were detected (from high
to good conditions). We conclude that the biotic indices did not completely reflect the changes produced by the disturbances
present in the studied streams, especially the effects produced by the presence of a large dam. This study highlights the
importance of considering measures other than the biotic indices to study the ecological status of headwater streams and rivers
using macroinvertebrates, such as multivariate analysis, when the main disturbance is the alteration of the physical habitat
rather than organic pollution.
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RESUMEN

Cambios en la comunidad de macroinvertebrados y en los indices biologicos asociados con la regulacion hidrologica y las
entradas de aguas residuales en el Parque Natural Sierra Cebollera (La Rioja, Norte de Esparia)

Se ha llevado a cabo un estudio de las comunidades de macroinvertebrados acudticos de los principales cursos fluviales del
Parque Natural Sierra Cebollera (La Rioja, Norte de Espaiia) con el objetivo de conocer el cambio en dichas comunidades y
en su estado ecologico a lo largo de los dos rios estudiados, teniendo en cuenta las diferentes presiones de origen antropico
existentes en la zona de estudio, fundamentalmente la presencia del embalse de Pajares y diferentes vertidos de aguas
residuales. Aguas abajo de los vertidos de aguas residuales la alteracion de la comunidad de macroinvertebrados fue minima,
mientras que los principales cambios se detectaron en los tramos fluviales localizados aguas abajo del embalse de Pajares.
Esta mayor alteracion aguas abajo del embalse resulto especialmente intensa en aquellos tramos afectados por un crecimiento
masivo del alga invasora Didymosphenia geminata, el cual podria estar relacionado con las condiciones generadas por el
embalse. A pesar de pequerios descensos en los diferentes indices bidticos utilizados, especialmente en el IBMWP y en el
IMM;i-T aguas abajo del embalse de Pajares, no se detectaron grandes cambios en los niveles de calidad bioldgica (pasando
de muy buena a buena). Por lo tanto, los indices bidticos no reflejaron completamente los cambios producidos por las
presiones existentes en los rios estudiados, especialmente aquellos producidos por el embalse. Este estudio pone de manifiesto
la importancia de tomar en consideracion otros andlisis mds alld de los indices bidticos, como el andlisis multivariante, para
estudiar el estado ecologico de los rios de cabecera mediante la comunidad de macroinvertebrados cuando los niveles de
contaminacion orgdnica son bajos y las presiones afectan fundamentalmente a variables fisicas del hdbitat.

Palabras clave: Rios de cabecera, macroinvertebrados, indices bidticos, embalse, Didymosphenia geminata, vertidos ur-
banos.
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INTRODUCTION

The assessment of the ecological status of rivers
and streams is essential for the sustainable
management of these ecosystems. The European
Water Framework Directive (WFD) has estab-
lished the need to use biotic indices to assess the
ecological status of rivers, and the most widely
used indices are those based on the macroinverte-
brate community (Ector & Rimet, 2005; Bonada
et al., 2006; Birk et al., 2012). Numerous biotic
indices based on the macroinvertebrate commu-
nity have been developed and widely used in
recent years (Munné & Prat, 2009), such as the
IASPT (Armitage et al., 1983) and the IBMWP
(Alba-Tercedor et al., 2002) for the Iberian
Peninsula. However, these biotic indices are
based on a single metric, while the WFD recom-
mends the use of multimetric indices based on a
combination of different metrics to establish the
ecological status of water bodies (Heiskanen et
al., 2004; Birk et al., 2012). Different multimet-
ric indices have thus been proposed in Europe
that are based on qualitative or quantitative
data, as IMMi-L and IMMi-T, respectively, both
defined specifically for Spanish Mediterranean
rivers (Munné & Prat, 2009).

Methods for analyzing the macroinvertebrate
community using multivariate approaches (e.g.,
CCA, FCA, MDS) have also commonly been
used to study the effects of different anthro-
pogenic pressures on river ecosystems (Riera-
devall et al., 1999; Vivas et al,. 2002; Gerhardt
et al., 2004; Castillo et al., 2006; Hrodey et
al., 2008). These analyses are often particularly
sensitive to subtle changes in the community
structure (Castillo er al. 2006) that cannot be
detected with biological indices, so they may
also be used to establish the biological condition
of fluvial ecosystems (Rieradevall et al., 1999).
In the present study, we have analyzed the
structure of the invertebrate community and
calculated different biotic indices along the
streams of a mountainous area, Sierra Cebollera
Natural Park (La Rioja, Northern Spain), where
dam and wastewater discharges are the prin-
cipal anthropogenic pressures on the aquatic
ecosystem. The main objective of our study is to

understand the effects of such disturbances on
the macroinvertebrate community.

Wastewater discharge is an important distur-
bance that can cause changes in macroinverte-
brate communities. Treated or untreated sewage
typically causes an increase in the amount of
organic matter and nutrients in the river, lead-
ing to an increase in microbial activity (Gulis &
Suberkropp, 2003) and causing a decline in water
oxygen concentration (Rueda et al., 2002). An in-
crease in organic matter also alters the energetic
relations of the river, thus disrupting the com-
munity (Dyer et al., 2003; Giicker et al., 2006).
Several studies have shown how macroinverte-
brate communities change in areas that are af-
fected by wastewater discharges (Ortiz & Puig,
2007; Spénhoff et al., 2007; Grantham et al.,
2012); however, the impact of wastewater dis-
charges on the river depends on various factors
such as the ratio between river flow and sewage
volume (Giicker et al., 2006).

Another important factor that affects the
composition of macroinvertebrate communities
is the presence of reservoirs. According to
Bunn & Arthington (2002), the main factors
affecting communities in regulated rivers are 1)
alterations in the physical properties of the rivers,
ii) changes in the hydrological regime, iii) a loss
of longitudinal and lateral connectivity, and iv)
the invasion and success of exotic species that
are favored by the altered flow regime. Recently
published studies have proposed management
strategies aiming to reduce impacts on regulated
rivers (Richter et al., 2006; Poff et al., 2010).
However, the effects of a dam on the river biota
also depend on factors such as reservoir size,
basin characteristics and the hydrological regime
generated by the dam (Horsdk ef al., 2009).

The specific objectives of the present study
are i) to characterize the longitudinal evolution
of the macroinvertebrate communities in the two
main mountain streams (Iregua and Lumbreras
Streams) of the Sierra Cebollera Natural Park
(LaRioja, Northern Spain) and ii) to study the al-
terations associated with the disturbances present
on the macroinvertebrate community structure
and the ecological status of these streams. One
of the streams (Lumbreras) is regulated by the
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Pajares Reservoir, and both streams receive
wastewater discharges from small villages. We
hypothesize that, in the studied streams, i) the
main alteration of the macroinvertebrate com-
munity is related to the presence of the Pajares
Reservoir and is mainly associated with the
important hydrological regulation exerted by the
dam, ii) the alteration of the macroinvertebrate
community composition associated with the
wastewater discharges is related to the magnitude of
sewage discharge with respect to the streamflow,
and iii) the decline of biotic indices reflects the
changes produced both by the reservoir alteration
and the water sewage inputs according to the in-
tensity of such disturbances. Reservoir regulation
is hypothesized to have a greater impact on the
extent of the changes in the macroinvertebrate
communities than is sewage input.

355

METHODOLOGY

Study area and sampling strategy

The study was performed along two mountain
streams in the Sierra Cebollera Natural Park
(La Rioja, Northern Spain; Fig. 1): the Iregua
Stream (order 1-4), which represents the main
channel, and its tributary, the Lumbreras Stream
(order 2-3). The Pajares Reservoir, constructed in
1995 with a capacity of 35 hm?, is located in the
Lumbreras Stream and is primarily used for water
storage from September to June and water is re-
leased during the irrigation period, mainly in July
and August. This hydrological regulation com-
pletely alters the natural hydrograph in the river
reaches downstream of the reservoir (Fig. 2). The
natural flow regimes of the studied streams are
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Figure 1.

Sampling sites in the study area. Puntos de muestreo en la zona de estudio.
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Figure 2. Discharge in the Lumbreras Stream downstream
of the Pajares Reservoir for the period 2010-2011. The arrow
shows the sampling period. Hidrograma del rio Lumbreras
aguas abajo del embalse de Pajares para el periodo 2010-201 1.
Se indica con una flecha el momento del muestreo.

higher in the spring, when thawing and maximum
spring rainfalls occur; however, due to river reg-
ulation, the maximum base flows occur during
the summer for the stream reaches downstream
of the dam (Fig. 2).

There are different wastewater discharges due
to the presence of several villages and campsites
in the study area (Fig. 1). In the Iregua Stream,
there are two untreated discharge sources and
one treated discharge source (the sewage plant)
from the Villoslada de Cameros Village (362
inhabitants, INE 2010), together with another
untreated discharge source from a campsite
located 3 km upstream of this village. In the
Lumbreras Stream, the untreated sewage water
from Lumbreras Village (164 inhabitants, INE
2010) is discharged 2.5 km downstream of the
Pajares Dam (Fig. 1).

A total of 19 stream reaches were studied in
the described area; 11 in the Iregua Stream and 8
in the Lumbreras Stream, with at least one sam-
ple situated upstream and another downstream of
each pressure described. We took samples in late
August 2011 to characterize the ecological sta-
tus of the watercourses. At that time of year the
watercourses should be more sensitive to the de-
scribed pressures because of the greater popula-
tion density and the lower streamflow. Moreover,
this time also coincides with the cessation of high
flow rates downstream of the reservoir associated
to the irrigation period.

Measured environmental variables

Thirty-two environmental variables belonging to
different categories (physico-chemical, hydro-
morphological and biological variables; Table 1)
were studied for each site. The hydrological
regime was considered as a qualitative variable
in the statistical analysis, so the studied sites
were grouped into two sets. The first set included
the sample sites located downstream of the Pa-
jares Dam (L2-L8 and I11), with the hydrological
regimen directly affected by this reservoir. These
sites experienced a very high flow up to 5 days
prior to the sampling date during the summer,
10 times higher than at sampling time (Fig. 2).
The second group included sites that were not
affected by the Pajares Dam (L1 and I1-110). The
hydrological regimen of these sites was natural,
with similar discharges as those observed during
the weeks preceding the sampling date. Because
large amounts of the invasive alga Didymosphe-
nia geminata were present during sampling, its
biomass was considered to be a possible factor
of community composition disruption; it was,
thus, included as another environmental variable
in the analysis. The D. geminata biomass was
calculated as dry weight (DW) of algal material
per stream bed area (g/m?). We used the algal
mats accumulated into the 8 surber nets used
for macroinvertebrate sampling in dominant
substrates. After sorting all macroinvertebrates,
the filaments of D. geminata were dried for 72 h
at 70 °C and weighted for DW determination.

Macroinvertebrate sampling and
Biotic Indices

Multi-habitat samples for the analysis of the
macroinvertebrate community were collected
using a 250-um surber net, according to the
MIQU sampling protocol, which was designed
by the FEM research group of the University of
Barcelona. This protocol considers the presence
of 12 different habitat types: bryophytes, algae,
submerged hydrophytes, emerged spermato-
phytes, submerged roots, coarse organic matter,
natural uniform surfaces, boulders, cobbles,
pebbles, fine sediments and sand and lime. It
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Table 1. Environmental variables studied in each site, categories and codes used in the present study. Variables ambientales

estudiadas en cada punto de muestreo, categorias y acronimos utilizado en el presente estudio.

Categories Description Code Methodology
Physico-chemical Concentration of NH; (ppm) NH4 (ASTM 1995)
variables Concentration of Soluble Reactive Phosphorus (ppm) SRP-PO4

Concentration of NO5 (ppm) NO3

Concentration of NO; (ppm) NO2

Concentration of CI~ (ppm) Cl

Concentration of SO~ (ppm) SO4

Concentration of Total Organic Carbon (ppm) TOC

Concentration of Total Inorganic Solids (ppm) TIS

Concentration of K* (ppm) K

Concentration of Ca>* (ppm) Ca

Concentration of Na* (ppm) Na

Concentration of Mg?* (ppm) Mg

Concentration of Total Sulfur Content (ppm) S

Temperature (°C) T In situ

Conductivity (uS/cm) Cond

Concentration of Dissolved Oxygen (mg/1) DO

pH pH
Hydromorphological =~ Component of QBR referring to total riparian vegetation cover QBR-cover (Munné et al., 2003)
variables Component of QBR referring to vegetation cover structure QBR-struc

Component of QBR referring to cover quality

Component of QBR referring to river channel alteration

Total score of the Riparian Forest Quality Index

Component of IHF referring to embeddedness in riffles and runs
Component of IHF referring to riffle frequency

QBR-quali

QBR-natur

QBR

IHF-embed (Pardo et al., 2002)
IHF-riffle

Component of IHF referring to substrate composition
Component of IHF referring to velocity/depth regime
Component of IHF referring to shading of river bed
Component of IHF referring to heterogeneity components
Component of IHF referring to aquatic vegetation cover
Total score of the Habitat Fluvial Index

IHF-subst
IHF-veloc
IHF-shade
IHF-heter
IHF-veget
IHF

Hydrological regimen. Affected or not by the hydrological regulation of ~ Hidrology This paper

the Pajares dam.

Biological variables

Dry weight of Didymosphenia geminata (ZDW/m?)

Didymo  This paper

distinguishes dominant and marginal habitats,
depending on whether they occur in more or less
than 5 % of the river reach surface, respectively.
Eight surber samples were taken in dominant
substrates, and 4 samples were taken in marginal
substrates, according to the relative importance
of each substrate. The material was stored in two
different samples, one for dominant substrates
and the other for marginal substrates. The sam-
ples were combined to obtain the biotic indices.

The material was preserved in 4 % formaldehyde
and taken to the laboratory to be identified.
The identification of macroinvertebrates was
generally made to the family level, except for
Oligochaeta, Hydracharina and Ostracoda. If
necessary, sub-sampling was conducted to es-
timate the taxa abundances, and at least 300
individuals per sample were identified and
counted (for a further description of the protocol
see Nufiez & Prat, 2010).



358 Ladrera and Prat

Different biotic indices (Table 2) were cal-
culated using the MAQBIR software (Munné,
2009). According to WFD and to compare results
from various indices, the indices were standard-
ized by calculating the EQR value (Ecological
Quality Ratio), i.e., dividing the value of each in-
dex by the reference value for the “Mediterranean
Siliceous Mountain” river type, according to the
official classification of these rivers by the Span-
ish Water Authorities (MMARM, 2008).

Data analysis

A Principal Coordinate Analysis (PCoA) was
performed to establish the similarities between
the macroinvertebrate communities of the dif-
ferent sampling sites (PERMANOVA + for
PRIMER; Anderson et al., 2008). To character-
ize the influence of the different environmental
variables on the distribution of sampling sites
in the PCoA analysis, a Spearman correlation
analysis was conducted on the first two axes
of the PCoA with the environmental variables
transformed using In (x + 1). Two groups of
sampling sites were differentiated on the PCoA
graph based on a hierarchical cluster analysis
(unweighted pair group method using arithmetic
averages, UPGMA; software R2.14.0, package
vegan 2.0-3, Oksanen et al., 2012). To confirm
whether the two major cluster groups were
significantly different in terms of the macroin-
vertebrate community, a one-way ANOSIM
(Analysis of similarities; Clarke, 1993) was
performed (PERMANOVA + for PRIMER). The

ANOSIM, PCoA and cluster analysis methods
were elaborated from the Chord distance matrix
(Ordoci, 1967) based on the macroinvertebrate
abundance transformed using In (x + 1).

The IndVal method (Dufréne & Legendre,
1997) was applied to determine the indicator
community of each group that was defined in
the cluster analysis. This method provides the
indicator value (IV-value) for each taxon in each
group according to its presence and abundance
in any case. The IV-value is scaled from O to
100, with a value of 100 indicating that a taxon
was collected in every sample within a group
and not in the other group. A Monte Carlo
permutation test with 9999 permutations was
used to test the significance of each IV-value.
To visualize the distributions of those taxa that
featured significantly in the IndVal analysis and
had an I'V-value higher than 89 for either group,
we created bubble graphs of these taxa. Bubble
graphs, an option on the PRIMER package, dis-
play the relative abundance of each taxon in each
sampling site and are plotted on the PCoA graph.

Considering the differences between the
two previously established groups, the groups
were separately studied further to determine
the similarities among the sites in each group
and the environmental variables responsible
for the groups’ biological structures. For each
group, distance-base linear models (DISTLM
analysis; PERMANOVA + for PRIMER) were
run to investigate the relationship between the
macroinvertebrate community and the environ-
mental variables. The macroinvertebrate distance

Table 2. Biotic quality indices analyzed. Indices bidticos calculados.

Biotic Indices Acronym Reference/Source
Unimetric indices
Based on qualitative data
Iberian Average Score per Taxon IASPT Jdimez-Cuéllar et al. (2002)
Iberian Biological Monitoring Working Party IBMWP Alba-Tercedor et al. (2002)
Multimetric indices
Based on qualitative data
Intercalibration Common Multimetric Index 11a INMi-L (Munné & Prat, 2009)
Base on quantitative data
Intercalibration Common Multimetric Index 10 IMMi-T (Munné & Prat, 2009)
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matrices were created using the Chord distance
method after the macroinvertebrate data were
transformed using In (x + 1). The environmental
variables were transformed using In(x + 1)
and normalized. The variables that were highly
correlated were removed from the analysis. The
DISTLM routine was based on the forward
selection procedure and two different selection
criterion, AIC (Akaike, 1973) and R? (Sokal &
Rohlf, 1981), to obtain the environmental vari-
ables that accounted for more variation. For each
group, a dbRDA plot from the DISTLM analysis
based on the R? selection criterion was used to
visualize the final model using the CANOCO
4.5 software (Ter Braak & Smilauer, 2002). In
each dbRDA plot, we show those environmental
variables that were selected in the final model
obtained from the DISTLM analysis and the taxa
with the highest Spearman correlation coefficient
with the two axes of the plot.

RESULTS

Environmental variables

Among the various environmental variables
considered (Table 3), it should be noted a slight
increase in the conductivity (from 73 to 170 uS/
cm) and concentration of SRP-PO4 (from 0.012
to 0.204 ppm) along the longitudinal profile of
the Iregua Stream, especially downstream from
Villoslada de Cameros (16), coincident with the
wastewater discharges observed in this village
(Fig. 1). The temperature at the sites located
downstream of the Pajares Reservoir (L2-L8 and
I11) ranged between 9.9 and 15.2 °C, while the
temperature of the sites that were not affected
by this reservoir (L1 and I1-110) ranged between
16°C and 22 °C.

The stream reaches located downstream of
the Pajares Reservoir also experienced a decrease
in the IHF index due to the reduction of values in
different components of this index, such as the
substrate composition and the velocity regimen.
However, the main component affected in the
IHF index downstream of the Pajares Reservoir
was component 7, which refers to instream

vegetation (Table 1). The alteration of instream
vegetation was especially intense in the reaches
located from the reservoir to Lumbreras Village
(L2-L5). This alteration appeared to be related
to the massive growth (up to 3.5 mg/m?) of
the invasive alga D. geminata in these reaches,
which affected 2.3 km of the Lumbreras Stream,
covering almost all available benthic substrates.
The massive growth of D. geminata disappeared
downstream of the wastewater discharge coming
from Lumbreras Village (L6), which caused
a seven-fold increase in the concentration of
SRP-PO4 (from 0.014 to 0.099 ppm). Apart
from this chemical compound, the wastewater
discharge caused minor or no changes in the
other analyzed components (e.g., conductivity
changes from 71 to 72 uS/cm).

In the case of Iregua Stream, the smallest
value of IHF was detected at site 16, located in
Villoslada de Cameros Village, where the river
is channelized. This situation also negatively
affected the riparian forest and provoked a
decrease of the QBR index at sample sites 16
and 17 (the latter, which are located immediately
downstream of this village, at a lower intensity).
However, the lowest QBR index value in the
study area was detected at site L2, which is lo-
cated 200 m downstream of the Pajares Reservoir,
where the vegetation was completely absent and the
stream was channelized over 400 m of its length,
which also affected the low IHF index at site L2.

Macroinvertebrate community

The hierarchical cluster analysis (Fig. 3) based
on the macroinvertebrate community grouped
sites into two major groups, one corresponding
to the reaches affected by the dam regulation
(L2-L8 and I11) and the other to non-regulated
sites of the studied streams (L1 and 11-110). The
ANOSIM analysis confirmed significant differ-
ences between the macroinvertebrate communi-
ties of the two established groups (R = 0.847,
p = 0.01). These two major groups were clearly
separated along the first axis of the PCoA
analysis (Fig. 4), which explained 40.1 % of the
total variance. The hydrological regulation and
temperature were the environmental variables
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were not affected by the Pajares Reservoir and
only four taxa for the other group. Among the
taxa with the highest IV-value (Fig. 4), those in-
dicative of the group of sites that were not af-
fected by the Pajares Reservoir were the families
i Brachycentridae, Goeridae and, especially, Ger-
N ‘ ridae, Caenidae and Corixidae, which did not ap-
° | L pear in any of the sites downstream of the dam
(on the right side of the PCoA graph). The fam-
ily Ephemerellidae showed the highest IV-value
for the group of sites located downstream of the
Pajares Reservoir.

The DISTLM analysis between the macroin-
vertebrate community and the environmental
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Figure 3. Hierarchical cluster analysis (UPGMA) based on
macroinvertebrate community. Reservoir refers to those sites
located downstream of the Pajares Reservoir. Andlisis clister
Jjerdrquico (UPGMA) basado en la comunidad de macroinver-
tebrados. “Reservoir” se refiere a los puntos de muestreo lo-
calizados aguas abajo del embalse de Pajares.

that showed the highest correlation with this first
axis of the PCoA graph (Spearman correlation
coefficients = 0.86 and —0.85, respectively).

The IndVal analysis indicated 20 taxa as
significant indicators for the group of sites that

variables of the sites affected by the Pajares
Reservoir (L2-L8 and I11) resulted in a final
model showing D. geminata biomass as the
unique predictor variable (AIC = —17.74; Pseu-
do-F = 3.54; p = 0.0026). Five environmental
variables were selected in the final model ac-
counting for 94.7 % of the total variance ({bRDA
using R? as its selection criterion; Fig. 5). How-
ever, the unique significant variable in the
distribution of the sampling sites was shown to
be the D. geminata biomass (R> = 0.37; Pseu-
do-F = 3.54; p = 0.0032). Therefore, according
to the selection criteria AIC and R?, the D. gemi-

Table 3. Values of the environmental variables that showed the highest differences among the studied sites. Valores de las variables
ambientales que presentaron mayores diferencias entre los puntos de estudio.

Site Streamflow T* (°C) Conductivity SRP-PO4 (ppm) QBR IHF-veget IHF D. geminata
regulation (uS/cm) (g DW/m?)

11 No 17.1 76 0.014 85 15 78 0.00

12 No 22.4 73 0.012 45 20 74 0.00

I3 No 21.8 81 0.076 95 15 75 0.00

14 No 22.1 82 0.025 80 15 70 0.00

I5 No 16.2 100 0.016 85 15 75 0.00

I6 No 17.7 152 0.151 20 10 61 0.00

17 No 21.7 158 0.142 40 10 70 0.00

18 No 22.1 161 0.204 80 10 70 0.00

19 No 20.2 169 0.157 100 10 73 0.00
110 No 20.6 170 0.105 85 20 80 0.00
I11 Yes 15.2 86 0.066 50 15 76 0.00

L1 No 20.7 67 0.026 80 10 65 0.00

L2 Yes 9.9 68 0.002 5 5 54 22.04
L3 Yes 10.7 71 0.011 100 5 61 3.59
L4 Yes 11.9 71 0.005 100 5 63 6.26

L5 Yes 11.9 71 0.014 70 5 63 6.36
L6 Yes 9.5 72 0.099 100 10 66 0.42

L7 Yes 13.9 71 0.036 75 15 78 0.11

L8 Yes 13.9 70 0.019 100 15 76 0.00
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nata biomass appeared to be the main environ-
mental variable responsible for the community
differences among sites in this group. The D.
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geminata biomass resulted especially correlated
with the first axis of the analysis, and those
sites affected by the massive growth of this alga
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Figure 4.

(Upper) Principal Coordinate Analysis (PCoA) based on macroinvertebrate community. Different symbols group sample

sites according to the hierarchical cluster analysis (UPGMA) elaborated. (Lower) Bubble graphs plotted on the PCoA graph and
proportional to the abundance of each taxon that was significant in the IndVal analysis for any of the previously determined groups and
that had an I'V-value higher than 0.89 in the analysis.(Arriba) Andlisis de Coordenadas Principales (ACoP) basado en la comunidad de
macroinvertebrados. Se sefialan con diferentes simbolos los puntos de muestreo de los dos grupos principales de acuerdo al andlisis
de clister jerdrquico (UPGMA) realizado. (Abajo) Grdficos de burbujas representado sobre el grdfico PCoA y proporcionales a la
abundancia de los taxones de macroinvertebrados que resultaron significativos en el andlisis IndVal para alguno de los dos grupos
previamente establecidos y que presentaron un valor indicador superior a 0.89 en este andlisis.
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appeared on the right part of the plot (Fig. ).
The families Simuliidae and Heptageniidae had
the highest correlation coefficients with this axis,
(R? values of —0.93 and -0.87, respectively).
Among the regulated sites that were not affected
by the massive growth of D. geminata, sites L6
and L7 (located 100 m and 1 km downstream of
the sewage discharge coming from Lumbreras
Village, respectively) showed minor differences
in their macroinvertebrate compositions in com-
parison to sites located downstream the sewage
input (L8 and I11). In any case, these differences
appeared in the second axis of the analysis, which
represents only 15.8 % of the total variance.
The DISTLM analysis between the macroin-
vertebrate community and the environmental
variables of the sites that were not affected by
the Pajares Reservoir (L1 and 11-110), using the
AIC as the selection criterion, resulted in a final
model with conductivity as the unique predictor
variable (AIC = -24.98; Pseudo-F = 2.78;
p = 0.002). Nine environmental variables were
selected in the final model, which accounted for
the 94.7 % of the total variance (dbRDA using
R? as its selection criterion; Fig. 6). However,

the unique significant variable in the distribution
of the sampling sites appeared to be the conduc-
tivity (R*> = 0.24; Pseudo-F = 2.78; p = 0.007).
Sampling sites I1 and L1, appeared on the right
part of the plot. Some differences were observed
among the other sites of the Iregua Stream
located upstream (I2-15) or downstream (16-110)
of Villoslada de Cameros; these differences
were related to different components of the
QBR index and/or to nutrient concentrations and
conductivity. The taxa that showed the highest
correlation with either of the first two axes of
the analysis were the family Psychomyiidae
(r = 0.9), associated with sites located in or
downstream of Villoslada de Cameros (16-110),
and the family Perlidae (r = —0.9), with higher
densities upstream of this village.

Biotic Indices

Figure 7 shows the evolution of the various
biotic indices along the two studied streams.
With regard to the unimetric indices (IASPT and
IBMWP), we did not observe notable differences
among the study sites in the IASPT index.
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Figure 5. dbRDA plot results from the DISTLM analysis for the sample sites that were affected by Pajares Reservoir, using R*
as selection criterion. Significant (p < 0.05) variables in the final model have been highlighted. On the bottom-right corner appear
the invertebrate taxa that have a Spearman correlation coefficient higher than 0.75 with the first axis. dbRDA resultante del andlisis
DISTLM para los puntos de muestreo afectados por el embalse de Pajares usando la R? como criterio de seleccion de variables. Se
resaltan aquellas variables ambientales que resultaron significativas (p < 0.05) en el modelo final. En la esquina inferior derecha
se muestran los taxones que presentaron un coeficiente de correlacion de Spearman superior a 0.75 con el eje 1.
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However, for IBMWP, the sites affected by the
dam and the massive growth of D. geminata
showed lower values in general, especially site
L2, located 200 m downstream of the Pajares
Reservoir, which was the site most affected by
the massive growth of D. geminata.

The multimetric indices (IMMi-L and IMMi-
T) also failed to detect important differences
among sampling sites, especially the qualitative
index IMMi-L, while the quantitative index
IMMi-T showed an evolution similar to that
observed for the IBMWP index, with particularly
low values at site L2. The ecological status of
the studied sites never fell below the “good”
category according to the limits proposed by
Munné & Prat (2009). Among the sites that were
not affected by the streamflow regulation, no
differences in any of the studied indices were
detected, and all values for these sites were
always in the “high” category.

DISCUSSION

The importance of streamflow regulation

The macroinvertebrate community of sites lo-
cated downstream of the Pajares Reservoir was
found to be substantially altered, which is a sim-
ilar result to those obtained in previous studies
conducted in regulated rivers (Munn & Brusven,
1991; Jakob et al., 2003; Bruno et al., 2010)
and in accordance with our hypothesis 1. These
changes were mainly correlated to the proximity
of the Pajares Reservoir which could exert its ef-
fects through the regulation of the hydrological
and temperature regime.

The taxa most negatively affected by the
proximity of the Pajares Reservoir were the fam-
ilies Gerridae, Corixidae and Caenidae (Fig. 4),
all of which might be particularly sensitive to
the high flows and current speeds generated by
the dam preceding the sampling date. These
families are adapted to lentic regimes (Tachet et
al., 2006), and Caenidae is particularly sensitive
to disturbances in bed sediment (Poff et al.,
2006). In the case of Corixidae, its life cycle is
completely aquatic, which increases its sensitiv-

ity to episodes of great flow (Lytle & Poff 2004;
Shafroth et al., 2010). All organisms of this
family that were present in the study area belong
to the genus Micronecta, which has a very small
size, so they are more easily dragged by high
flows. The sensitivity of smaller-bodied taxa
organisms to high flow episodes observed is con-
sistent with other studies (Mérigoux & Dolédec,
2004) and has been associated with different
anatomical or behavioral strategies that allow
large-bodied taxa (with stronger attachment
structures) to withstand high hydraulic stress.

Water temperature seemed to be also altered
by the presence of the Pajares Reservoir and
might be also responsible for some changes on
macroinvertebrate community composition. In
our streams, the changes in the density of the
family Ephemerellidae must be noted, with high
densities observed downstream of the Pajares
Reservoir, though it was only present in four
sites that were not affected by the reservoir and
always at much lower densities. According to
other studies (Arnekleiv, 1985; Perry et al., 1986;
Svensson, 2001), the higher larval densities of
this family downstream of the dam may be
related to the delay of adult emergence in these
reaches as a result of the lower temperatures.
These lower temperatures are related to the water
released from the hypolimnion of the reservoir.
The delay in the emergence of aquatic insect
larvae has been frequently described in rivers in
temperate regions that are regulated by hypolim-
netic dams (Prat, 1981; Ward & Stanford, 1982).

Important differences were observed among
the macroinvertebrate communities of the sites
located downstream of the Pajares Reservoir,
though they are all located within a short span of
the stream (6 km) and have similar flow regimes
and temperatures. According to the DISTLM
analysis, the unique significant environmental
variable accounting for such differences in the
macroinvertebrate communities among these
sites was the biomass of D. geminata.

D. geminata is a stalk-forming freshwater
diatom that has historically been found in cold
and oligotrophic lakes and streams of North
America and Northern Europe, but it has recently
become an invasive species in many lotic sys-
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tems worldwide, including the Iberian Peninsula
(Blanco & Ector, 2009). In the present study,
we detected a massive growth of this diatom
downstream of the Pajares Reservoir. This
massive growth might be favored downstream
of the reservoir due to the combination of a
stable flow environment, lower temperatures and
low phosphorous content, which are the main
factors that allow this diatom to develop massive
growths (Kirkwood et al., 2007, 2009; Kumar
et al., 2009; Kilroy & Bothwell, 2012). In this
sense, D. geminata has been observed to persist
preferentially in stable channels and in more
regulated flow regimes, such as stretches that are
downstream of lakes and reservoirs (Kirkwood

Ladrera and Prat

et al., 2009). The massive growth was especially
intense at site L2, although it was found to cover
almost the entire substrate until the wastewater
discharge from Lumbreras Village, in the study
sites L2 to L5. The disappearance of the massive
algal growth after the sewage discharge could
be related to the increase of inorganic phosphate
in the stream in this point, as indicated in other
studies that have stressed the importance of low
phosphorous content in the water for the massive
algal growth (Ellwood & Whitton, 2007; Miller
et al., 2009; Kilroy & Bothwell, 2012). It is
interesting to note that despite the relatively low
importance of the discharge from Lumbreras
Village, its effects on the macroinvertebrate
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Figure 6. dbRDA plot results from the DISTLM analysis for the sample sites that were not affected by Pajares Reservoir, using
R? as selection criterion. Significant (p < 0.05) variables in the final model have been highlighted. On the top-left corner appear
the invertebrate taxa that have a Spearman correlation coefficient higher than 0.7 with some of the first two axis. dbRDA resultante
del andlisis DISTLM para los puntos de muestreo no afectados por el embalse de Pajares usando la R? como criterio de seleccion
de variables. Se resaltan aquellas variables ambientales que resultaron significativas (p < 0.05) en el modelo final. En la esquina
superior izquierda se muestran los taxones que presentaron un coeficiente de correlacion de Spearman superior a 0.7 con alguno de

los dos primeros ejes.
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communities is important because the increase frequently addressed (Kilroy et al., 2009; Gillis
in phosphorous decreases the algal biomass. & Chalifour, 2010). This intense alteration of
The important effects of this alga on the benthic the community has been associated with the
communities of fluvial ecosystems has been total cover of the riverbed by the algal filaments
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(Larson, 2007). In this sense, in the present
study, the most severely affected taxa at sites
with massive growths of D. geminata were the
family Simuliidae, which could be related to the
loss of a suitable stable substrate for attachment,
and the family Heptageniidae, which could be
due to the impossibility of moving freely in areas
covered by mats of D. geminata. Both taxa were
more abundant downstream of the sewage input
than they were upstream of this input.

The importance of wastewater discharges

The correlation of wastewater discharges with
the macroinvertebrate community of the study
appears to depend on the flow of the receiv-
ing streams, according to Giicker et al.(2006). In
this sense, and in agreement with different au-
thors (Ortiz & Puig, 2007; Spanhoff et al., 2007,
Grantham et al., 2012), we observed an alter-
ation of the macroinvertebrate community in the
Iregua Stream from Villoslada de Cameros (16)
that was associated with an increase of differ-
ent chemical compounds and conductivity, which
was the unique significant environmental variable
in the DISTLM analysis. The increase in conduc-
tivity and of chemical compounds as SRP-PO4
occurred downstream of the sewage discharges
coming from Villoslada de Cameros, which were
especially significant in the summer. At that time,
the minimum streamflows occur and the popula-
tion density is higher in the area. In the Lumbr-
eras Stream, we also observed some disturbance
in the community downstream of the wastewa-
ter discharge from Lumbreras Village (L6), al-
though this disturbance was minimal. The most
important effect in this case was the change in
the biomass of D. geminata, as previously dis-
cussed. This varying responses to wastewater in-
puts could be related to the higher flow of the
Lumbreras Stream with respect to Iregua Stream
in Villoslada de Cameros (0.6 and 0.3 m?/s, re-
spectively) and to the very high flows of the Lum-
breras Stream during the weeks preceding the
sampling date (approximately 7 m%/s; Fig. 2).

In the Iregua Stream (which had lower flows),
we observed a certain succession of taxa along
the longitudinal profile of the stream that was

particularly associated with wastewater dis-
charges. However, it must be noted that there
was physical degradation of the stream habitat
in and immediately downstream of Villoslada
de Cameros (including sites 16 and I7), thus
reducing the QBR and IHF indices, which could
also affect the biological community. According
to the DISTLM analysis, the main environmental
variables responsible for the community alter-
ation were various chemical compounds and,
especially, the conductivity. In this sense, taxa
that require better water quality, such as the
family Perlidae, appeared to be associated with
sites located upstream of Villoslada de Cameros
(I1-15), while sites located downstream of this
village showed higher densities of Psychomyi-
idae, which seems to be favored by a greater
growth of plant material as a consequence of
the higher concentration of nutrients in the
stream (Puig, 1999). In any case, changes in the
macroinvertebrate community associated with
wastewater discharges were slight, as expected.
We did not measure the wastewater discharges
flows, but they were lower than 20 I/s, which
means that the dilution from stream water
(300 1/s) was enough to reduce the effects of
wastewater discharges on the community.

The relevance of Biotic Indices in headwater
streams

The alteration of the macroinvertebrate commu-
nity previously described in areas affected by
the dam resulted in a slight generalized decrease
of the calculated biotic indices, except for the
IASPT index. This decline was slightly higher
in the reaches that were affected by the massive
growth of D. geminata; however, the declines
in the various indices were not very apparent in
any part of the stream. Therefore, our hypothesis
3 was partially validated because the changes
observed in the biotic indices downstream
of the reservoir were larger than the changes
downstream of the wastewater inputs. In both
cases, however, the changes were slight, and
the ecological status of the streams was always
“good” or “high”, indicating that no significant
changes were found in the biotic conditions of
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the streams. The IASPT index indicates the mean
water quality tolerance of the macroinvertebrate
taxa existing in a given stretch of the river
(Armitage et al., 1983). In this study IASPT
did not show a decline in the samples from
the studied streams that were affected by the
dam or by the massive growth of D. geminata.
Although the stream reaches located downstream
of the Pajares Reservoir and those affected by
the massive growth of D. geminata experienced
physical alterations (according to IHF index),
together with a temperature modification in the
first case, there were no important changes in
the chemical characteristics of the water in these
areas (the oxygen content did not change, and
the nutrient content was not very high, even
downstream of the sewage inputs). Because the
IASPT and IBMWP indices are more sensitive to
organic matter inputs than to physical factors, the
lack of a relationship between the disturbances
in these headwater systems and the biotic indices
used is understandable. The IASPT represents an
important percentage of the multimetric indices
used in Mediterranean streams, especially the
IMMi-L (Munné & Prat, 2009), so the decline
of the multimetric indices was not very large
and the ecological status never declined below
“good” (Munné & Prat, 2009). Therefore, the
ecological status results remained in the range
required by the DMA to classify the streams
as having “good” status (i.e., no restoration
measures are required).

Considering these results, we can conclude
that the various biotic indices used were not able
to fully reflect the changes in the communities
observed downstream of the Pajares Reservoir.
This finding implies that an evaluation of the
stream headwaters affected by physical pres-
sures using biotic indices may produce false
negative results (indicating no alteration when
an alteration exists), giving the impression that
no restoration measures are needed. However,
a more detailed study of the community that
used multivariate approaches indicated that the
presence of the Pajares Reservoir resulted in an
important disturbance in the Lumbreras Stream,
causing several kilometers of this stream to be
dominated by an invasive alga, which caused

an important alteration of the macroinvertebrate
community. Such alterations of the ecosystem
should be studied and restored if possible. In the
case of the Pajares Reservoir, we hypothesize
that a change in the level of the water released
from the reservoir (from the hypolimnion to the
epilimnion) may produce important changes,
especially in the growth of D. geminata. If
the biomass of this alga was diminished and
the water temperature was more similar to the
upstream conditions, there would be less of a
change in the community composition, though
the stream flow would still significantly change.

CONCLUSION

In conclusion, the streams of Sierra Cebollera
Natural Park are subjected to considerable an-
thropogenic pressures, especially the presence
of the Pajares Reservoir. The macroinvertebrate
community of stream reaches located down-
stream of this reservoir were clearly altered.
This alteration primarily correlated with the
massive growth of the invasive alga D. geminata
downstream of the reservoir. However, the biotic
indices did not reflect a significant deterioration
of the ecological state of the ecosystem because
the disturbances generated by the dam were
physical and did not affect the water quality. It
was also noted a certain alteration in the commu-
nity in the stream reaches located downstream of
the sewage discharges, especially in the Iregua
Stream downstream of Villoslada de Cameros.
However, this alteration was less important than
that observed downstream of the dam due to the
small magnitude of the sewage discharges, and
the ecological status of the streams remained in
the “high” category downstream of the wastew-
ater discharges, according to the biotic indices.
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