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ABSTRACT

In this study we evaluated the effect of a dam on epilithic algal communities by analyzing community response after dam construction
and by comparing community composition, structure and biomass upstream and downstream of the dam. Samples of epilithic algae
and environmental data were collected at each site during high and low water periods before and after dam construction in Achiras
Stream (Cordoba, Argentina). Ordinations showed modifications in algal assemblages after dam construction and downstream of the
dam. Ordinations also suggested a loss of seasonality at the downstream site since the assemblages were similar between hydrological
periods after dam construction. Our results also pointed out that dam construction affected not only the assemblages living at downstream
site but also those in the upstream site. Indicator species, obtained by the Indicator Value method, showed that, after dam construction,
there could have been an increase in nutrient concentration and a release of plankton from the impoundment. Abundance, richness and
diversity were altered after dam construction as assessed by ANOVAs derived from a modified BACI Design. The proportion of early-
successional species was higher at the upstream site while late-successional species were dominant at the downstream site, as predicted.
Current velocity was higher in the high water period upstream of the dam, with no differences between hydrological periods at the
downstream site. So, lower fluctuations in discharge downstream of the dam may have helped succession advance, whereas at the up-
stream site, mainly during the high water period, floods appear to have caused sloughing of life forms from the outer layers of the
biofilm, resetting the algal community to early successional stages. It may be concluded that the dam affected algal community and

Jfavoured succession advance mainly by reducing current velocity and flow fluctuations.
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INTRODUCTION

Rivers and streams around the world are used for dif-
ferent purposes, which makes the maintenance of their
health of central importance for their functioning (Norris
and Thoms, 1999). River continuity (Vannote et al., 1980)
and patch dynamics (Townsend, 1989) are profoundly in-
terrupted when dams are used to retain or divert the flow
of water (Grubbs and Taylor, 2004; Hauer and Lorang,
2004). Dams are designed to store water and modify the
magnitude and timing of its movement downstream. Al-
though dams have had many advantages for industries and
people (Brandt, 2000; Poff and Hart, 2002), numerous au-
thors have reported that river regulation has a negative
impact on the structure and function of lotic ecosystems
(Hardwick et al., 1992; Kingsford, 2000; Magilligan et
al., 2003; Uehlinger et al., 2003; Gomes Lopes et al.,
2004; Magilligan and Nislow, 2005; Francoeur and Biggs,
2006; Nichols et al., 2006; Wu et al., 2010).

Dams affect natural flow modifying the magnitude of
floods and the occurrence of scouring floods, reducing
thereby seasonal variation and annual mean discharge.
They modify erosion and deposition rates and water and
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nutrient availability on floodplains. Dams also alter sta-
bility and availability of substrate and riparian vegetation
and reduce sediment—carrying capacity leading to a re-
duction of suspended sediments downstream. On the other
hand, the upstream effects include inundation of flood-
plains and the formation of new lakeshore vegetation
types (Brandt, 2000; Merritt and Cooper, 2000; Newcomb
et al., 2001; Poff and Hart, 2002; Jakob et al., 2003; Ma-
gilligan et al., 2003; Uehlinger et al., 2003; Gomes Lopes
et al., 2004; Magilligan and Nislow, 2005; Olden and
Naiman, 2010).

In headwater streams floods act as a disturbance being
an important component in the determination of benthic
assemblages (Ward and Stanford, 1983a; Jakob et al.,
2003). The absence of this disturbance in regulated rivers,
in combination with altered physical and chemical condi-
tions, leads to dramatic changes in biotic assemblages
(Ward and Stanford, 1979). In general, biodiversity down-
stream of a dam tends to be lower than in natural streams
because of a reduced temporal heterogeneity in flow and
temperature regime (Ward and Stanford, 1983b; Jakob et
al., 2003; Poff and Zimmerman, 2010). Dams may also
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lead to a loss of sensitive and endemic species, alterations
in dominant taxa, reduction of abundance and increase of
non—native species (Poff and Zimmerman, 2010). Also,
surface-release reservoirs discharge planktonic organisms
downstream which are very scanty at intermediate reaches
(Ward and Stanford ,1983b).

Although many authors have investigated the effect of
dams on freshwater communities (Hardwick et al., 1992;
Corigliano, 1994; Kingsford, 2000; Jakob et al., 2003;
Grubbs and Taylor, 2004; Thomson et al., 2005; Nichols
et al., 2006; Vallania and Corigliano, 2007; Principe,
2010) less attention has been paid to the response of
epilithic algae to river regulation (Growns and Growns,
2001; Uehlinger et al., 2003; Stenger-Kovacs et al., 20006;
Wu et al., 2010). Benthic algae support fluvial food webs
(Stevenson and Bahls, 1999) and have been widely use
for environmental monitoring as indicators of changes in
freshwater ecosystems (Hill et al., 2001; Stevenson and
Smol, 2002; Wunsam et al., 2002; Lobo et al., 2004; Grif-
fith et al., 2005).

The main factors controlling periphyton biomass in
rivers are light intensity, temperature, grazing, current ve-
locity, substrate type and water chemistry (Allan and
Castillo, 2007). Flow regime has been considered as a
master variable limiting species distribution and abun-
dance and regulating ecologic integrity of rivers and
streams (Poff et al., 1997). Particularly, the response of
the algal community to current velocity depends on the
growth form and the assemblage architecture. Tightly ad-
hering forms are less vulnerable to drag than loosely ad-
hering forms, and they can be dependent on diffusion for
material supplement, profiting with increases in current
velocity (Francoeur and Biggs, 2006; Allan and Castillo,
2007). Many studies about regulated reaches have re-
ported current velocity as a factor that explained changes
in algal communities, affecting richness, biomass and
community composition and structure (Growns, 1999; Wu
et al., 2009, 2010; Uehlinger et al., 2003).

In this study we aimed to evaluate the effect of a dam
on epilithic algal communities of a mountain stream by
comparing the community response after dam construc-
tion with results before construction, and by analyzing
community composition, structure and biomass upstream
and downstream of the dam. Variations of some hydraulic,
physical and chemical factors are also analyzed. Based on
theory and empirical antecedents, we hypothesized that
dams, by reducing current velocity and flow fluctuations,
would alter epilithic algal community composition and
structure and favor successional advance. Thus, the abun-
dance of early-successional species was expected to be
higher upstream of the dam, and late-successional species
were expected to be more abundant downstream. Besides,
species assemblages before dam construction were ex-
pected to be different from assemblages registered after

the construction, especially in the downstream site, high-
lighting indicator species of the change. We also hypoth-
esized that the algal community would not show
differences between hydrological periods downstream of
the dam either, because of its homogenizing effect, and a
reduction in biodiversity is expected.

METHODS
Study area

The study was carried out in headwaters of Achiras-
del Gato basin, Cordoba, Argentina. The Achiras-del Gato
watershed is an endoreic drainage system that covers 750
km? and flows 130 km from headwaters in Sierra de
Comechingones to Tigre Muerto Wetlands (Fig. 1) (De-
giovanni, 2005). Achiras Stream is a forth order stream
with headwaters in mountainous regions where many
small streams, permanent and temporary, join to form the
main collector at foothills (Degiovanni, 2005). This
stream is located between 810 and 753 m asl and its
drainage area is between 33°09°19 - 33°11°18“S and
64°59°11% - 64°56°54“W (Caviglia, 2002).

The hydrologic regime of Achiras stream is torrential
with extreme flows concentrated in spring-summer season
(from September to March) and with an average annual
precipitation of 934 mm. It is a permanent stream with
low flows that range from 0.2 to 0.6 m3.s™!, annual dis-
charges of 10 to 20 m?.s™' and extraordinary flows of about
100 m3.s7! (Doffo et al., 2005). The maximum tempera-
ture reaches 34°C in summer (December-March) and de-
creases to -5°C in winter (June-September). Riparian
vegetation of the study area, which is only partially
shaded, changes in relation to the longitudinal gradient
and its distribution is modified by human activities (Luti
et al., 1979). Some native species of downstream zones,
such as Acacia caven (Mol.) Mol., Geoffroea decorticans
(Gill.) Burk. and Celtis tala Planchon, also occur at this
altitude along the stream banks and in the adjacent areas
(Cabido et al., 2003). In some reaches there are also exotic
species of ornamental trees and shrubs.

Two sites in the longitudinal gradient of Achiras
Stream were selected: Site A, in natural mountainous area
1800 m upstream of a dam (control site) and Site B, lo-
cated 2000 m downstream of the dam at foothills. The
control site is located in a natural area used for some
recreation activities during summer whereas agriculture
and livestock are the dominant management activities in
the site downstream of the dam. Construction of the dam
was completed in 2007 with a reservoir capacity of 3.5
Hm?. The dam is 23.25 m high and 4.40 m wide. The ob-
jectives of its construction were: 1) drinking water supply,
i) improvement of capacity of retention, regulation and
evacuation of spates, and iii) tourist use of reservoir
(DIPAS, 2001). Biological samples and environmental
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data were collected at each site during high (April) and
low (September) water hydrological periods in 2006 and
2009 which correspond to before and after dam construc-
tion, respectively. Thus, sampling design was based on a
modified Before-After-Control-Impact design (BACI;
Underwood, 1994) for assessment of disturbance.

Field and laboratory methods

In each sampling occasion hydraulic and physico-
chemical variables were recorded. Water and air temper-
ature, pH and conductivity were recorded with portable
sensors. Depth and current velocity were measured with
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a Global Flow Probe at three equidistant points on a tran-
sect along stream width. Water samples were collected in
2009 for chemical analysis in the laboratory (total dis-
solved solids, salinity, hardness, alkalinity and nutrients).

Benthic algae samples were collected from three ran-
domly selected rocks at each site in each year and hydro-
logical period. Rock surfaces (100 cm? average) were
scrubbed with a brush in a recipient with clean water. The
resultant material collected in 2006 (before dam construc-
tion) was fixed with 4% formalin and was used for species
identification and density calculations. Samples collected
in 2009 (after dam construction) were kept refrigerated in
darkness and in the laboratory they were homogenized
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Fig. 1. Location of sampling sites in Achiras-del Gato Basin (Cérdoba, Argentina) (modified from Caviglia, 2002).
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and fractionated in three subsamples. One aliquot was
fixed with 4% formalin and was used for species identifi-
cation and density calculations. Besides, diatom species
were assigned to morphological guilds following Molloy
(1992) and Kawamura and Hirano (1992) (Tab. 1).
Another fraction was filtered through a glass-fiber filter
GF/C to obtain ash-free dry mass (AFDM), and the third
fraction was used to extract and quantify chlorophyll a
(chl @) by spectrophotometry (Nusch, 1980). Results were
corrected by surface of inorganic substrate (Biggs and Kil-
roy, 2000).

For species identification, a Zeiss optic microscope was
used. For diatom analysis, organic matter was previously
eliminated following Battarbee (1986) method and perma-
nent slides were prepared according to Hasle (1978), using
ZRAX (1,7)® as slide mounting medium. For taxonomic
analysis, specific bibliography of each particular group was
used and diatom names were updated following Stoermer
et al. (1999). The counts were performed by direct methods
at 400x magnification with slide and coverslip of 24x50
mm following transects along the coverslip. For each sam-
ple three subsamples were counted. The counting unit was
the individual (cell, coenobium or colony) and for filamen-
tous algae a 10 pm length was counted as a single cell (Hill
et al., 2000). Algal density estimation was based on Vil-
lafafie and Reid (1995).

The indicator species obtained by the Indicator Value
Method (IndVal) were classified according to their habitat
preferences in terms of some environmental variables and
life forms. The categories to which algal species were as-
signed -based on pH, conductivity, trophic state of the
water body, current velocity, life form and salt content that
can tolerate- were based on Oliva Martinez et al. (2005).
The characteristics of the species to be allocated to each

category were taken from Hustedt (1930), Patrick and
Reimer (1966), Fore and Grafe (2002), Oliva Martinez et
al. (2005), Lane and Brown (2007).

Data analyses

Data from 2006 (before dam construction) were com-
pared with 2009 results, by ordinations, Multiresponse
Permutation Procedure (MRPP), Indicator Value method
(IndVal) and three-way Analyses of Variance (ANOVA).
To evaluate changes in algal assemblages due to dam con-
struction, a detrended correspondence analysis (DCA)
was performed using CANOCO 4.5 (ter Braak and Smi-
lauer, 1997, 1998). Density values were In (x+1) trans-
formed to stabilize the variance. A MRPP (Biondini et al.,
1988; McCune and Grace, 2002) was used to test the sig-
nificance of the differences among groups and indicator
taxa were obtained using the IndVal method (IndVal;
Duftréne and Legendre, 1997).

Good indicator species are those that are always pre-
sent at sites in a given group and never occur in other
groups. The indicator value ranges from 0 to 100, which
correspond to a perfect indication. Significance of each
taxa was tested using Monte Carlo test with 1000 permu-
tations. The species with significant (P<0.05) indicator
value greater than 70% were considered indicators of each
site before and after dam construction. Those species
combined high specificity (present only in a particular
time) and high fidelity (abundant in all samples of a time).
Species with other combinations of specificity and fi-
delity, however, may also be useful indicators, e.g. detec-
tor species. When monitoring environmental change,
species that span a range of ecological states may be more
useful indicators of the direction of the change than highly
specific species restricted to a single state. Thus, detector

Tab. 1. Diatom guilds assignment based on morphological characters and attachment forms. Adapted from Molloy (1992) and Kawamura

and Hirano (1992).

Guild Morphological characters

Achnanthes spp.

Small in size; monoraphid; generally, prostrate orientation to the substrate. Achnantheiopsis, Achnanthes, Achnanthidium,

Karayevia, Planothidium, Psammothidium, Rossithidium

Cocconelis spp.
mode of adherence. Slow movement

Concave monoraphid; prostrate orientation to substrate and large amounts of mucilage combine to give this taxon a unique

Centric Cyclotella spp.

Filamentous Centric diatoms forming chains. Melosira y Aulacoseira

Adnate Adjacent to substrate surface without being prostrate or erect. Amphora, Epithemia, Rhopalodia, Denticula

Erect Perpendicular to substrate without stalks, standing upright on the substratum. Some of them form rosettes, fans, or band or
zig-zag colonies. Solitary or colonial. Generally araphid or pseudoraphid. Fragilaria, Diatoma, Synedra, Pseudostaurosira

Biraphid Biraphid, generally prostrate, frequently motile, swift gliding movement. Amphipleura, Craticula, Cymatopleura, Diploneis,
Geissleria, Gyrosigma, Hippodonta, Luticola, Navicula, Neidium, Nitzschia, Pinnularia, Placoneis, Sellaphora, Stauroneis,
Surirella

Stalked Arborescent colony or stalk-forming genera, attached by mucilage. Cymbella, Encyonema, Encyonopsis, Gomphonema,

Hantzschia, Reimeria, Rhoicosphenia
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species will provide information complementary to that
provided by indicator species (McGeoch et al., 2002).

Species that were predicted to act as detectors of the
change produced by the dam were those with indicator
values between 5 and <50% before the construction, and
between 50 and 70% after dam construction for each site.
Species meeting these criteria were regarded as suffi-
ciently indicative of the environment conditions after the
dam so as to reveal the change from the features before
the dam to the current condition. Simultaneously, these
species were judged as sufficiently uncharacteristic of the
conditions before the dam so as to potentially show an in-
crease in the indicator value under disturbances caused by
the dam. The rationale for selecting potential detector
species in this way is that those species with some degree
of habitat preference are likely to move to adjacent habi-
tats more rapidly under changing habitat conditions than
generalist species and species characteristic of one or
another site. The species predicted to act as detectors must
be tested in the future, expecting an increase in their indi-
cator values in coming years if the disturbance caused by
the dam increases. IndVal and MRPP were carried out
using PC-ORD version 5.0 (McCune and Mefford, 1999).

Structural attributes of community were calculated
(total abundance, richness, diversity and evenness) and
were compared with three-way ANOVAS that considered:
Time effect (before and after dam construction), Site ef-
fect (sites A: upstream and B: downstream) and Period ef-
fect (low and high water). To meet the assumptions of
normality and homocedasticity, total abundance data were
In transformed, and diversity and evenness indices were
square root transformed. Student-Newman-Keuls (SNK)
test was used for a posteriori comparisons. According to
Underwood (1994), there is an effect of dam when the
Time*Site*Period interaction is significant. This means
that natural differences in structural variables between
sites upstream and downstream of the dam are altered by
dam construction and that the pattern of variation is mo-
dified by the hydrological period. If this interaction is not
significant, consideration should be given to the
Time*Site interaction, indicating that the differences in
structural variables between upstream and downstream
sites before dam construction vary after the dam construc-
tion. If this interaction is not significant single effect of
the Time factor should be considered, as it indicates dif-
ferences in structural variables before and after dam con-
struction on the entire stream segment. ANOVAs were
carried out using InfoStat (Di Rienzo et al., 2011).

In order to test the homogenizing effect of the dam on
epilithic algae, a correspondence analysis (CA) was per-
formed with samples of the downstream site, before and
after dam construction. Additionally, a CA was performed
to determine differences in algal assemblages between
sites (upstream and downstream of the dam) after dam

construction. The density data obtained during low and
high water periods of 2009 were used. Rare species were
excluded and density values were log (x+1) transformed
to stabilize the variance. A MRPP was used to examine
diferences in community composition between sites and
hydrological periods and indicator taxa for each site were
obtained using the IndVal method.

Proportional abundance of diatom morphological
guilds at each site (upstream and downstream of the dam)
in the different hydrological periods was compared by
two-way ANOVAs. The characterization of the algal com-
munity at each site after dam construction was performed
through species richness, total abundance, biomass (chl-
a and AFDM) and Shannon-Wiener diversity and even-
ness indices. Two-way ANOVAs were used to compare
these community attributes between sites (upstream and
downstream of the dam) and hydrological periods. To
meet the assumptions of normality and homocedasticity,
total abundance data were square root transformed. Fi-
nally, an ANOVA was performed to compare current ve-
locity between sites after dam construction. SNK test was
used for a posteriori comparisons in all cases.

RESULTS
Comparison before and after dam construction

In samples collected before and after dam construction
at upstream and downstream sites of the dam, 274 taxa of
benthic algae were identified, belonging to Ochrophyta
(68%), Chlorophyta (20%), Charophyta (6%), Cyanobac-
teria (5%) and Euglenozoa (1%) (Cavalier-Smith, 1998;
Lewis and McCourt, 2004).

The DCA performed with samples taken before and
after dam construction to evaluate changes in algal assem-
blages showed segregation of samples along both axes.
The first axis of DCA (Eigenvalues, Axisl: 0.413; Axis
2:0.240; Axis 3: 0.123; Axis 4: 0.057 and 36% of accu-
mulated variance) showed a differentiation of the assem-
blages found before and after dam construction (Fig. 2),
being these differences significant according to the MRPP
(P=0.019). On the other hand, axis 2 separated assem-
blages present at each site (upstream and downstream of
the dam).

Indicator species for each site before and after dam con-
struction, and detector species were obtained using the In-
dVal method. Before dam construction, Navicula salinarum
was the only indicator species, while after dam construction
13 species were selected as indicators being Karayevia
clevei, Navicula cryptocephala var. veneta, Cocconeis
pediculus and Psammothidium abundans fo. rosenstockii
the ones with higher indicator values (Tab. 2). N. salinarum
prefers brackish water or freshwater with high mineral con-
tent, whereas indicator species after dam construction pre-
fer water with high mineral content and high pH values
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(alkaliphilous). C. pediculus and Nitzschia palea are tole-
rant to moderate levels of organic pollution and some of
the indicator species are planktonic, such as Chroococcus
sp. and Monoraphidium arcuatum.

Detector species of the change produced by the dam
at each site are enumerated in Tab. 3. Reimeria uniseriata
presented a marked increase (52%) in its indicator value
at upstream site after dam construction, whereas at down-
stream site Epithemia sorex showed the greatest change
(49%) in its indicator value.

ANOVAs performed to evaluate dam effect consider-
ing structural attributes of the communities before and
after dam construction at each site (upstream and down-
stream of the dam) and in the two hydrological periods
(high and low water) revealed changes in total abundance
(P=0.0003) and richness (P=0.02). The maximum value
of total abundance was registered at the downstream site
before dam construction, whereas the minimum value was
found after dam construction in the same site and hydro-
logical period (Fig. 3). Richness was higher at the down-
stream site in the high water period after dam
construction. A single effect of the time was detected on
Shannon-Wiener diversity that increased after dam con-
struction (P=0.01), while evenness did not show any sig-
nificant differences (P>0.05).

The CA that considered only samples collected at the
downstream site showed a clear separation between assem-
blages present before and after dam construction (Eigen-
values, Axis 1=0.679; Axis 2=0.502; Axis 3=0.364; Axis
4=0.271 and 81.4% of accumulated variance) (Fig. 4); the
CA also detected a strong difference between hydrological
periods in assemblages present before dam construction.
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Fig. 2. DCA of periphyton samples (216 species) taken before
(open symbols) and after (filled symbols) dam construction at
upstream (circles) and downstream (triangles) sites in high (Hw)
and low water (Lw) periods.

Upstream-downstream comparisons after dam
construction

Water chemical analysis of samples taken in 2009
(after dam construction) showed that some nutrients such
as total dissolved solids, bicarbonates, sodium, potassium,
calcium, magnesium and nitrates, as well as the conduc-
tivity were higher at the downstream site (Tab. 4). Current
velocity was higher in the high water period upstream of
the dam, as assessed by ANOVA (P=0.012), with no dif-
ferences between hydrological periods at the downstream
site B. The pH was slightly higher upstream. Water and
air temperature was higher in the high water period in
both sites, while depth was higher in the low water period
(Tab. 4).

The CA performed with samples taken in 2009 re-
vealed a clear separation of the assemblages present at
each site (Eigenvalues, Axis 1=0.293; Axis 2=0.170; Axis
3=0.155; Axis 4=0.059 and 72.1% of accumulated vari-
ance) (Fig. 5). Axis 1 separated samples corresponding to
each site whereas axis 2 separated samples from the dif-
ferent hydrological periods. This separation was stronger
between samples taken upstream of the dam. MRPP
analysis agrees with CA since it indicated significant dif-
ferences in algal community composition between up-
stream and downstream sites (P=0.008).

Sites upstream and downstream of the dam were char-
acterized by different sets of indicator taxa obtained by
the IndVal method (Tab. 5). Upstream of the dam 13 in-
dicator species were identified. The indicator taxa with
the highest indicator values were Epithemia turgida,
Epithemia sorex and Gomphonema dichotomum. In the
downstream site, 22 indicator species were detected, those
with higher indicator values being Gyrosigma obtusatum,
Pinnularia silviasalae, Sellaphora pupula and Navicula
gregaria. Indicator species of site A are widely distributed
periphytic species with different degrees of tolerance to
alkalinity (from pH indifferent to alkaliphilous) and salt
concentration (from indifferent to oligohalobe) (Tab. 5).
Indicator species of site B are tolerant to a wide range of
conditions, some of them are indifferent to pH or alka-
liphilous and others prefer high levels of salt in water
(oligohalobe). Some species thrive in waters enriched
with nutrients, particularly in sewages and wastewaters
derived from agriculture and livestock, such as Gom-
phonema parvulum, Scenedesmus quadricauda and
Nitzschia amphibia. Other indicator species of this site
are characteristic of lentic environments, for instance
Achnanthidium exiguum, Amphora ovalis var. affinis and
Neidium affine.

Analysis of morphological guilds revealed a preva-
lence of Cocconeis spp. in site A during the high water pe-
riod (P<0.0001, Fig. 6) while erect forms predominated in
the low water period (P=0.0048). In site B, a predomi-
nance of Achnanthes spp. (P=0.0174) and biraphidal forms
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Tab. 2. List of indicator taxa before and after dam construction. Taxa with a significant (P<0.05) indicator value (IV) >70% were
selected as indicator.

Taxa v
Before dam construction Navicula salinarum Grun. 74.1
After dam construction Karayevia clevei (Grun.) Bukht. 100.0
Navicula cryptocephala var. veneta (Kiitz.) Rabenh. 100.0
Cocconeis pediculus Ehrenb. 100.0
Psammothidium abundans fo. rosenstockii (Lange-Bert.) Bukht. 100.0
Chrooccoccus sp. 99.7
Amphora perpusilla Grun. 87.3
Planothidium lanceolatum (Bréb.) Round and Bukht. 87.0
Nitzschia palea (Kiitz.) W.Sm. 85.2
Nitzschia denticula Grun. 83.3
Amphipleura lindheimeri Grun. 83.0
Synedra ulna (Nitzsch) Ehrenb. 81.4
Gomphonema dichotomum Kiitz. 75.0
Monoraphidium arcuatum (Korshikov) Hindak 71.8

Tab. 3. Detector taxa of the change after dam construction for sites upstream (A) and downstream (B) of the dam. Taxa with an indicator
value (IV) between 5-50% before dam construction and between 50-70% after dam construction were selected as detectors.

Site A IV before IV after
Encyonema minutum (Hilse) D.G. Mann 25 50
Melosira varians C. Agardh 12 63
Reimeria uniseriata Sala et al. 16 68
Site B 1V before IV after
Epithemia sorex Kiitz. 10 59
Navicula capitatoradiata Germain 23 54
Nitzschia sinuata var. tabellaria (Grun.) Grun. 15 55
Reimeria uniseriata Sala et al. 41 59
Rhoicosphenia curvata (Kiitz.) Grun. 31 63
Monoraphidium arcuatum (Korshikov) Hindak 22 56

Tab. 4. Physicochemical and hydraulic variables recorded to characterize upstream (Site A) and downstream (Site B) sites in high water
and low water periods of 2009.

Site A Site B

Variables High water Low water High water Low water
TDS (mg.L") 173.00 198.00 399.00 409.00
CO,; (mg.L ) 0.00 0.00 0.00 0.00
HCO; (mg.L™") 100.00 100.00 312.50 225.00
S (mg.L™") 20.50 33.40 27.50 43.70
Cl (mg.L™") 5.70 8.60 8.60 8.60
Na (mg.L™") 10.10 10.10 71.80 56.60
K (mg.L™") 2.20 3.80 5.00 5.30
Ca (mg.L™) 19.20 31.20 50.40 52.00
Mg (mg.L ™) 7.80 6.80 10.70 9.60
Nitrate (mg.L™") 6.60 3.00 15.50 7.50
Nitrite (mg.L™") 0.00 0.00 0.00 0.00
Fluoride (mg.L™") 0.70 0.70 1.10 1.00
Arsenic (mg.L™") 1.00 1.00 2.00 1.00
Total hardness (meq. L") 1.60 2.10 3.40 3.40
T water (°C) 21.50 14.00 17.00 13.40
T air (°C) 27.90 18.60 22.00 9.40
pH 8.68 8.85 7.98 7.81
Conductivity (uS.cm™) 199.61 284.54 524.30 620.74
Channel width (m) 2.93 3.50 4.40 6.30
Mean depth (m) 0.11 0.17 0.11 0.29
Mean current velocity (m.s™)" 0.17 0.09 0.10 0.08

“Variation in current velocity by effect of the dam were assessed by two-way ANOVA.
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(P<0.0001) was observed in the high water period, while
during the low water period a predominance of the stalked
guild was recorded (P=0.0081).

Two-way ANOVAs showed changes in the structure of
algal community downstream of the dam since abundance,
richness and diversity were altered. Total abundance was
higher at the upstream site in the low water period
(P<0.0001, Fig. 7) and the lowest value was observed
downstream of the dam in the same period. AFDM only
presented differences between hydrological periods
(P=0.01), being the greatest in the low water period; Chl a
did not show differences between either sites or periods
(P>0.05). Richness was highest at the downstream site dur-
ing the high water period (P=0.0001, Fig. 7); similarly,
Shannon-Wiener diversity and evenness indices were
greater at the same site and period (P<0.0001).

DISCUSSION

The findings of this study showed that the dam af-
fected algal community composition and structure. As-

semblages were markedly different before and after dam
construction according to DCA. Although the reaches
studied show natural geomorphologic differences that
could have masked the dam effect or avoided its detection,
the differences between samples taken before and after
dam construction showed how natural variations between
sites were modified over time. Similarly, Wu et al. (2009)
observed that algal assemblages in downstream sites of
the dam were similar to those of upstream control sites
before dam construction and for one year after dam con-
struction; however, assemblages were markedly different
during the second and the third year after dam construc-
tion. Our results also pointed out that dam construction
affected not only the assemblages living at downstream
site but also those in the upstream site, similar to the fin-
dings reported by Principe (2010). In relation to this, it
has been shown that important geomorphologic changes
can occur upstream of low-head dams (Evans et al., 2007)
with inundation of floodplains and the formation of new
lakeshore vegetation types (Merritt and Cooper, 2000;
Magilligan et al., 2003).
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Fig. 3. Variation of structural attributes recorded before and after dam construction (2006 and 2009) in sampling sites upstream (A) and
downstream (B) of the dam during two hydrological periods (high and low water). Only variables evidencing an effect of the dam are

plotted (significant three-way interaction of ANOVAs).
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Indicator species showed that after dam construction
there could have been an increase in nutrient concentra-
tion and a release of plankton from the impoundment. De-
tector species indicated possible habitat alterations after
dam construction. These species also offered an excellent
opportunity for future monitoring, since they indicate the
direction in which ecological change is taking place. De-
tector species, which span in a wide range of conditions,
may be useful indicators of changes produced by anthro-
pogenic activities; actually, they were successfully used
in evaluation of forest degradation of African savanna
(McGeoch et al., 2002).

In this study we found a marked reduction in total
algal abundance at the downstream site after dam con-
struction during the low water period. On the other hand,
richness was higher after dam construction at the down-
stream site during the high water period, while diversity
increased after dam construction. Even when richness and
diversity were higher at the downstream site before dam
construction (Amaidén, 2008), three-way ANOVAs
clearly showed how their value increased after dam con-
struction. As has been observed, the impacts of a distur-
bance on diatom species richness are unpredictable and
vary according to the type of stressors involved (Steven-
son, 1984a). Thus, Wu ef al. (2009) found that diatom
richness was higher at upstream sites after dam construc-
tion. They explained these results by a release of sedi-
ments downstream of the dam, which have negative
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Fig. 4. CA of periphyton samples (166 species) taken at the down-
stream site before (open symbols) and after (filled symbols) dam
construction during high (Hw) and low water (Lw) periods.

effects on algal community. However, Wu et al. (2010)
observed that richness and density in regulated reaches
were higher than the expected for non-regulated reaches,
which may be explained by a favorable combination of
biotic interactions and habitat changes. Thomson et al.
(2005) indicated that diatom species richness downstream
of a dam decreased after dam removal. These different re-
sponses to flow regulation may be explained by the pat-
tern of disturbance and the degree of alteration in current
velocity. Hydrologic regime alteration and disturbance
pattern may be important factors in determining assem-
blages present in the study area. Thus, disturbance be-
comes the main source of temporal and spatial
heterogeneity affecting the structure and dynamics of na-
tural communities and it is a natural selection agent in the
evolution of life story traits (Sousa, 1984).

The CA performed with downstream samples before
and after dam construction showed that there would be a
loss of seasonality at the downstream site since assem-
blages were more similar between hydrological periods
after dam construction. Similar changes in the hydrologic
regime and the small variation between periods have been
reported (Magilligan et al., 2003; Gomes Lopes et al.,
2004; Magilligan and Nislow, 2005; Poff and Zimmerman,
2010). Moreover, the CA performed with samples taken
after dam construction showed a clear segregation of sites.
It also evidenced the homogenizing effect of the dam since
a low separation of samples from each hydrological period
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Fig. 5. CA of periphyton samples (173 species) taken at upstream
(filled symbols) and downstream (open symbols) sites during high
(Hw) and low water (Lw) periods after dam construction.
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Tab. 5. List of indicator taxa from sites upstream (A) and downstream (B) of the dam. Taxa with significant (P<0.05) indicator value
(IV) >70% were selected.

Taxa v pH  Conductivity TS  Current Life form Saltcontent N. Het.
Site A Epithemia turgida (Ehrenb.) Kiitz. 99.7 AL LMB BENT
Upstream Epithemia sorex Kiitz. 99.5 AL H EU BENT
Gomphonema dichotomum Kiitz. 99.4 CMN BENT
Scenedesmus cells 98.9 PLA
Epithemia adnata (Kiitz.) Bréb. 97.9 M BENT
Rhopalodia gibba var. ventricosa (Kiitz.) 97.6 M-H BENT
Perag. and M. Perag.
Fragilaria crotonensis Kitton 83.2 IN-AL EU-ME L PLA IND
Nitzschia tubicola Grun. 81.8 BENT
Cocconelis placentula var. lineata 80.7 CMN-AL-ALB EU L BENT IND
(Ehrenb.) van Heurck
Cocconeis placentula var. euglypta 80.4 CMN-AL-ALB EU L BENT IND
(Ehrenb.) Grun.
Encyonema minutum (Hilse) D.G. Mann 79.8 CMN-AL ME BENT OLI
Cocconeis pediculus Ehrenb. 78.8 AL ME-EU BENT IND
Ankistrodesmus fusiformis Corda 76.3 PLA
sensu Korsch
Site B Gyrosigma obtusatum (Sull and Wormley) 100.0 CMN-AL-ALB EU L BENT
Downstream Boyer
Pinnularia silviasalae Metzeltin, 100.0 BENT
Lange-Bert and Garcia-Rodriguez
Sellaphora pupula (Kiitz) Mereschk. 100.0 CMN-AL BENT HAL
Navicula gregaria Donkin 99.9 AL EU BENT
Amphora perpusilla Grun. 94.7 AL BENT
Gomphonema parvulum (Kiitz.) Kiitz. 94.5 EU-SP R BENT NH
Achnanthidium exiguum (Grun.) Czarn. 94.0 AL L BENT
Planothidium lanceolatum (Bréb.) 93.0 CMN-AL OL-EU R BENT
Round and Bukht.
Amphipleura lindheimeri Grun. 92.7 AL Sp BENT IND
Achnanthes sp; 91.3 BENT
Rhoicosphenia curvata (Kiitz.) Grun. 90.8 AL EU ROB BENT OLI
Amphora ovalis var. affinis (Kiitz.) 85.1 ALB R BENT
van Heurck
Geissleria decussis (Qstrup) Lange-Bert. 85.1 AL BENT
and Metzeltin
Achnanthes lanceolata var. frequentissima ~ 83.3 BENT
Lange-Bert.
Gomphonema minutum (Agardh) Agardh 83.3 EU BENT
Navicula elginensis var. neglecta (Krasske) 83.3 AL EU BENT
Patrick
Pinnularia microstauron (Ehrenb.) Cleve 83.3 IN-AL OL-ME L BENT
Neidium affine (Ehrenb) Pfitz. 83.3  IN-AL-ALB R BENT
Nitzschia amphibia Grun. 80.9 AL EU BENT NH
Navicula cryptotenella Lange-Bert. 80.0 CMN-AL BENT OLI-IND
Scenedesmus quadricauda Chod. 78.9 EU PLA
Amphora submontana Hust. 72.6 ALB ROB BENT OLI

Ecological attributes extracted from Hustedt (1930), Patrick and Reimer (1966), Fore and Grafe (2002), Oliva Martinez et al., (2005), Lane and Brown
(2007) are presented.

TS, trophic state; N.Het., nitrogen heterotrophic; CMN, circumneutral; IN, indifferent; AL, alkaliphilous; ALB, alkalibiontic; H, high; M, medium, SP,
saprobous; EU, eutraphentic; ME, mesotraphentic; OL, oligotraphentic; LMB, limnobiontic; L, limnophil; R, Reophil; ROB, reobiontic; BENT, benthic;
PLA, planktonic; IND, indifferent; OLI, oligohalobe; HAL, Halophil; NH, nitrogen heterotrophic.
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was observed in the downstream site. This result is rein-
forced by the fact that current velocity was similar between
high and low water periods at the downstream site, unlike
upstream of the dam. Current velocity has been reported as
one of the main factors that determine taxa distribution and
abundance in regulated streams (Horner and Welch, 1981;
Stevenson, 1984b; Reiter and Carlson, 1986; Growns,
1999; Poff et al., 2007; Poff and Zimmerman, 2010). Dif-
ferences in aquatic biota between sites upstream and down-
stream of dams similar to those found in our study have
been reported by many researchers (Jakob et al., 2003;
Uehlinger et al., 2003; Poff and Zimmerman, 2010). Par-
ticularly for algal assemblages, Growns (1999) found that
differences in diatom communities upstream and down-
stream of dams were greater than the differences between
sites of unregulated streams. Further, Growns and Growns
(2001) and Chester and Norris (2006) found changes in the
periphytic community downstream of dams similar to those
observed in this study.

The presence of alkaliphilous indicator species at the
upstream site coincided with the greater pH values
recorded there. At the downstream site, nutrients were
higher and, coincidently, there were species that thrive in
nutrient-enriched water. Marcus (1980) recorded a greater
algal growth downstream of a dam, which was attributed
to nitrogen discharges from the reservoir. Particularly, the
presence in our study of Nitszchia amphibia and Gom-
phonema parvulum as indicators of the downstream site
agree with Marcus’s (1980) results since these species are
nitrogen heterotrophic, preferring organic compounds as
a source of nitrogen and growing best in the presence of
nitrates (Patrick, 1977). Further studies that evaluate al-
terations in nutrient dynamic by the dam would allow es-
tablishing the cause-effect relationships between nutrient
concentration and the presence of species that thrive in
nutrient-enriched water. Some other indicator species at
our downstream site were planktonic, which is in agree-
ment with Ward and Stanford’s (1983b) statement in re-
lation to the presence of planktonic organisms
downstream of dams. These authors stated that surface-
release impoundments release planktonic organisms oc-
curring only in the lower reaches of river systems, except
below impoundments and natural lakes. Plankton is also
released from deep-release dams, as the dam of this study,
but not in great numbers.

In this study, as predicted, we found that proportional
abundance of early-successional species was higher at the
upstream site, while proportion of late-successional
species was higher at the downstream site. Molloy (1992),
Stevenson (1996), Passy (2007) and Wu et al. (2009) re-
ported that under conditions of high current velocity, sim-
ilar to those occurring in the upstream site of our study,
there is a predominance of prostrate and erect forms, best
adapted to withstanding or recovering from disturbance.

At downstream sites, however, centric and stalked forms
are highly abundant since they can be attached in small
free spaces. In our study site, lower fluctuations in dis-
charge downstream of the dam may have favored succes-
sion advance and may have allowed the development of
a complex community. At the upstream site, mainly dur-
ing the high water period, floods may have caused slough-
ing of life forms from the outer layers of the biofilm, thus
resetting the algal community to early successional stages,
as in Oemke and Burton (1986), Peterson and Stevenson
(1992) and Peterson (1996). McCormick and Stevenson
(1991) and Stevenson et al. (1991) proposed that, during
succession, benthic algal dominance change from species
with high immigration abilities or disturbance resistant,
such as Cocconeis spp., to species that predominate with
limiting resources and high population densities, such as
stalked species. In lotic ecosystems, where the spatial het-
erogeneity shaped by the current maintains a patch dy-
namics (Townsend, 1989) and temporal variation in the
discharge produces periodical disturbances, the life forms
of early and late-successional species represent ecological
viable strategies. Under such conditions, disturbance vari-
ation in frequency and intensity may strongly affect suc-
cessional patterns, dominance hierarchies and species
diversity (Peterson and Stevenson, 1992).

Total abundance was higher at the upstream site dur-
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Fig. 6. Proportion of diatom morphological guilds present at
sites upstream (A) and downstream (B) of the dam differentiated
by hydrological period.
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ing the low water period whereas biomass did not show
significant differences between sites. In contrast, some au-
thors found higher values of biomass in reaches down-
stream of dams (Marcus, 1980; Uehlinger et al., 2003).
The decrease in abundance in our site downstream of the
dam may have been related to a higher deposition or re-
lease of sediments from the reservoir during the low water
period (Wu et al., 2009). According to Wood and Ar-
mitage (1997) a reduction in current velocity, particularly
during the low water period, can lead to a deposition of
large volumes of sediments and decaying organic matter
onto the river bed. Fine sediment suspension and deposi-
tion affect producers in many ways, mainly by reducing
the penetration of light and, as a result, reducing photo-
synthesis and primary productivity within the stream;
also, by causing the sloughing and preventing attachment
to the substrate of algal cells (Wood and Armitage, 1997).

Contrary to what we expected, at the downstream site,
species richness was higher in resemblance to that ob-
served by Wu et al. (2010). The dominance of Cocconeis
placentula var. euglypta and C. placentula var. lineata at
the upstream site during the high water period led to a
lower value of richness in that site. This dominance may
be explained by the growth form of these species that al-
lows them to withstand higher current velocities. Addi-
tionally, the effect of grazers which remove the outer
layers of periphyton mat (Wellnitz ez al., 1996) could be
important in our site (Orpella, 2008). Grazers can reduce
algal biomass and influence community composition by
eliminating certain species and growth forms (Steinman,
1996; Rosemond et al., 2000; Diaz Villanueva and Alba-
rifio, 2003; Diaz Villanueva et al., 2004; Alvarez and
Peckarsky, 2005).

Diversity and evenness indices were also higher
downstream of the dam during the high water period. A
similar pattern was reported by Marcus (1980), who ex-
plained the rise in algal growth and diversity as due to the
increase in nutrient discharge from the impoundment that
creates a more favorable environment for diatoms. Simi-
larly, increases in macroinvertebrate richness and diver-
sity were recorded downstream of small dams as due to
the absence of important habitat alterations (Principe,
2010). Stenger-Kovacs et al. (2006) found that hydromor-
phological modifications increased downstream diversity
in many river-types. However, Ward and Stanford
(1983b), Ward (1992), Jakob et al. (2003) and Poff and
Zimmerman (2010) proposed that biodiversity down-
stream of dams tends to be lower than in natural streams
due to a reduced temporal heterogeneity in temperature
and flow regime, and to the elimination of sensitive
species responding to habitat alteration. Nevertheless, in
this study downstream conditions may have exhibited an
intermediate level of disturbance (Ward and Stanford,
1983a; Sousa, 1984) in comparison with the upstream site,
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Effect of a dam on algal communities: before-after dam construction 91

where sloughing by current could be higher, only Coc-
coneis spp. staying attached. According to Sousa (1984)
regional diversity is the greatest at intermediate levels of
disturbance; at higher rates of disturbance most patches
are dominated by early-successional species while at
lower rates of disturbance late-successional species pre-
dominate. In addition, many factors can affect algal di-
versity in streams, which may interact with current
velocity, such us light, grazing or nutrients. Both sites
present a similar riparian cover, so light would not be an
important factor in determining diversity patterns. Before
dam construction, greater densities of Ephemeroptera
were recorded upstream of the dam (Orpella, 2008), being
these insects the main grazers in these mountain streams.
Currently, there are no records of density changes of these
grazers after dam construction, but future research may
elucidate if the effect of grazing is different between up-
stream and downstream sites. In relation to nutrients,
some variations in their concentration or availability may
be affecting the downstream community since some stud-
ies have already reported an important effect of nutrients
in regulated reaches (Ward and Stanford, 1983b; Marcus,
1980; Uehlinger ef al., 2003).

In conclusion, the dam altered algal community com-
position and structure and favored succession advance
since it reduced current velocity and flow fluctuations.
However, considering that diversity was higher after dam
construction and at the downstream site, unlike predicted,
some other factors may be affecting the community, such
as nutrient concentrations, sedimentation or grazing. Fur-
ther research is necessary to explain the dam effects on
algal colonization dynamics, grazing, nutrient availability
and substrate stability, as well as to test the usefulness of
detector species for monitoring river systems.
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