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Fragmentation and interconnection of water bodies cause severe changes in the natu-
ral flow regime of continental water systems. However, assessments of these impacts on
the freshwater fish distribution are still scarce. We investigated whether an artificial flow
regime generated by discharges from an aqueduct would promote a longitudinal environ-
mental gradient in an off-river reservoir. We tested the hypothesis that the incoming wa-
ter from aqueduct discharges promotes environmental gradient between lotic and lentic
conditions. We expect that environmental changes and the artificial flow regime promote
the structuring of fish assemblage and that the lotic-lentic transition areas present the
highest fish species richness. A longitudinal gradient in environmental characteristics with
differing fish assemblage structure was found. Temporal changes in the fish assemblages
occurred only in areas near the discharge of the aqueduct. The highest fish richness and
diversity were recorded in the transition zone during the wet season, associated with the
greater environmental heterogeneity of this ecotone, whereas the lowest was found in the
lotic zone, probably associated with the altered flow regime. The greatest abundance was
recorded in the upper lentic zone in the wet season, whereas the lowest was found in the
lower lentic zone in both seasons. Our results corroborate the hypothesis that the artificial
flow regime, modulated by the seasonality of discharges and the influence of environmen-
tal variables, promotes longitudinal gradients in reservoirs when rivers are not present.
The findings are relevant in a scenario where ever more interconnections of aquatic bod-
ies have been diffused around the world.

© 2020 European Regional Centre for Ecohydrology of the Polish Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

by dams (Grill et al., 2019; Nilsson et al., 2005), with se-
vere implications for the global diversity of freshwater fish

Reservoir construction and water diversion have mul-
tiplied in the world, disfiguring the landscape and flow
regime of continental water systems. Nowadays, more than
half of the world’s largest river systems are fragmented
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(Liermann et al., 2012). In addition to fragmentation, the
rivers have been exposed to the spread of large inter-
and intra-basin water interconnection and transfer pro-
grammes. State and private investments of over US $ 2.7
trillion in water transfer megaprojects is expected over the
next few years, mainly in North America, Asia and Africa
with a total water transfer volume reaching 1910 km?3
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per year, and a total transfer distance greater than twice
the length of the equator (Shumilova et al., 2018). In the
US, for example, the number of inter-basin water transfer
projects has risen from 256 in 1985-1986 to 2161 in 2017
(Dickson and Dzombak 2017). Recently, one of the largest
water crises in modern history has led the Indian govern-
ment to formulate an unprecedented program of linking
30 major rivers through more than 15,000 km of concrete
channels (Lakra et al., 2011). Fragmentation and intercon-
nection of water bodies originate a complex artificial hy-
drological network, with unpredictable long-term conse-
quences.

The construction of reservoirs breaks the natural river
flow regime and results in a set of abiotic and biotic mod-
ifications, equivalent to the formation of a new ecosys-
tem, with hybrid characteristics between a river and a lake
(Baxter, 1977; Fernando and Hol¢ik, 1991; Poff et al., 1997).
The environmental contrast between rivers and lakes can
be observed in the longitudinal axis of the reservoirs,
where the new lentic regimes formed near the dam can
be observed, as well as the presence of free flow regimes
upstream of the enterprise. Longitudinal zonation patterns
in reservoirs are often based on a common conceptualiza-
tion proposed by Thornton (1990), where the environment
is categorized into three distinct zones: 1. Riverine, pluvial
or lotic; II. Transition and IIl. Lacustrine or lentic. The area
occupied by each zone varies according to each reservoir
and is influenced by the magnitude of the barred river,
morphometry, retention time, thermal stratification, season
and geographical location (Straskraba and Tundisi, 2013).
The degree of connectivity between the river and reser-
voir systems is essential in the function, the dynamics of
the ecological nuclei and the reservoir integrity (Fullerton
et al,, 2010; Larsen et al., 2012).

Many studies have shown that the distribution of fish
in the longitudinal river-reservoir gradient is not random
(e.g., Nobile et al., 2019; Prchalova et al., 2009; Sandhya
et al., 2019; VasSek et al.,, 2016). For example, lentic zones
tend to support fewer species due to a lower number
of species pre-adapted to exclusively lentic conditions
(Fernando and Holcik, 1991; Affonso et al., 2016). Lentic
habitats are generally characterized by low levels of or-
ganic nutrients, clear water and greater depths (Kimmel
et al., al.,1990). In the lotic zone, the flow is intense, the
nutrient levels are higher, and the abiotic characteristics
are more similar to those of a river (Straskraba and Tundisi,
2013; Thornton, 1990). Fish that colonize the lotic zone are
adapted to river conditions, and this zone supports, for ex-
ample, a greater number of rheophilic species (Agostinho
et al., 2007). The transition zone shares characteristics of
the lotic and lentic zones. A higher species richness may
occur in the transition areas due to greater habitat hetero-
geneity in this ecotone (Buckmeier et al., 2013; Willis and
Magnuson, 2000). River-reservoir transition ecotones may
temporarily promote coexistence between species adapted
to both lentic and lotic conditions, or those tolerant of hy-
drological variations (Nobile et al., 2019; Sandhya et al.,
2019; Terra et al., 2010). The seasonality of rainfall and
flow changes also result in changes in nutrient inputs and
habitat availability, which interact in a complex manner

in the longitudinal gradient and modulate the distribution
of assemblages (Agostinho et al.,, 2004; Junk et al., 1989;
Nobile et al., 2019).

Several reservoirs were built outside of the main chan-
nel of a river (e.g., off-stream; off-river, or polders), in
flooding areas adjacent to water bodies, and can be sup-
plied by inter- and |/ or intra-basin water transposition
mechanisms. In these types of reservoirs, the direct ab-
sence of an upstream river may not favour the formation of
marked longitudinal gradients. However, water discharges
from hydraulic mechanisms produce artificial flow regimes
and have the potential to promote longitudinal environ-
mental gradients in reservoirs

The hydrological regime is a main driver of freshwater
ecosystems, structuring the physical habitat model, provid-
ing connectivity, framing biotic interactions, and ultimately
selecting the specific life histories of aquatic organisms
(Mims and Olden, 2012, 2013). Water movement through
landscapes and complex interactions with substrates, local
geology and relief promote heterogeneous habitats (Bunn
and Arthington, 2002), which influence fish distribution,
abundance and diversity (Poff and Zimmerman, 2010).

Alteration of natural flow regimes often results in
negative effects on the biota (e.g., Brown and Bauer, 2010;
Bunn and Arthington, 2002; Poff et al., 1997). Many studies
show that the conversion of a lotic to a lentic environment
caused by river fragmentation is harmful to the native
fish assemblages (e.g., Liermann et al., 2012; Loures and
Pompeu, 2019; Wu et al., 2019). However, the reverse, that
is, the effects of the conversion of a lentic environment to
a lotic one caused by artificial flow regime in reservoirs
are still scarce in the literature. Even more scarce are
studies that attempt to predict how these contrasting
effects (fragmentation and interconnection) interact and
affect fish distribution.

The present study aimed to investigate for the first
time whether water inflows reaching an off-river reservoir,
through a transposition between adjacent watersheds,
would be responsible for spatiotemporal changes in the
fish assemblages and in the descriptors of abundance,
species richness and diversity. Specifically, we aimed to (i)
identify whether there is a longitudinal abiotic gradient
through environmental variables (habitat + physicochem-
ical), (ii) determine how species are distributed along
this gradient, (iii) compare fish assemblages and their
descriptors between zones and seasons, and (iv) examine
the fish-environment relationships in these non-natural
conditions. The tested hypothesis was that the incoming
water from aqueduct discharges promotes environmental
gradient between lotic and lentic conditions. We expect
that environmental changes and the artificial flow regime
promote the structuring of fish assemblage, since flow
is one of the main modulators of the environmental
conditions and, consequently, of the communities (Poff
et al, 1997). In addition, we expect that the lotic-lentic
transition areas present the highest fish species richness
because of the great environmental heterogeneity of this
ecotone (Buckmeier et al., 2013; Willis and Magnuson,
2000). Achieving these goals can serve to identify the
environmental effects caused by changing flow patterns
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Fig. 1. Elevation map of the Lajes Reservoir, with longitudinal zone indications (red dashed line - lotic zone (Lo); orange dashed line - transition zone
(Tr); and yellow dashed line - i. upper lentic (ULe); ii. middle lentic zone (MLe); and iii lower lentic zone (LLe); generated by Atlas 1.3- 3D Map Generator
Terrain. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and to improve our understanding of the impacts on logical succession. Water transparency is high (euphotic
the fish distribution imposed by river fragmentation and zone = 9.2 m) and mesotrophic conditions predominate
interconnection. (Total phosphorous = 1.0 uM) with low phytoplankton

biomass (Chlorophyll-a = 1.9 ug L~1) (Soares et al., 2008).
2. Methods The climate is seasonal tropical with dry winters (Aw), ac-

cording to the Koppen-Geiger classification.
2.1. Study area
2.2. Sampling locations
The Lajes Reservoir (22°42'—22°50'S; 43°53-44°32'W),

State of Rio de Janeiro, Brazil, was formed between 1905 Monthly standardized samplings were carried out be-
and 1907 and is one of the oldest reservoirs designed tween April 2016 and March 2018 in five zones, cover-
for the primary purpose of generating electricity in Brazil ing an extent from the mouth of the aqueduct discharge
(Brazilian Committee on Dams, 2011). The mean inflow to the dam (Fig. 1). The zones were defined according to
of water is 13.7 m?/s~!, of which most of the flow the flow, physicochemical parameters and depth, follow-
(8.3 m?/s~!) is received by transposition from an inter- ing Thornton (1990) and Agostinho et al. (2007). The lotic
basin diversion (From Paraiba do Sul River Basin to Guandu zone (hereinafter, Lo) begins at the mouth of the aque-
River Basin) (Fig. 1). Water transposition occurs by gravity duct and extends for 1.8 km in a narrow flowing chan-
through the rock-carved artificial underground aqueduct, nel, with shallow depth (2.0-6.1 m); the transposed wa-
built in 1914, with a length of 8.4 km. Aqueduct flow os- ters reach the reservoir colder (17.6-25.8 °C) and more tur-
cillations follow natural rainfall patterns, with higher dis- bid (~1.4-97.3 NTU) than in the other zones. The transi-
charges in the wet season (January-March) and lower dis- tion zone (Tr) is structured without apparent flow, with
charges in the dry season (July-September) (Fig. 2). The a slightly deeper depth (2.4-6.9 m), and less turbid wa-
remaining flow is natural (~5.4 m?/s~1), coming from the ter (~2.6-37.9 NTU). The lentic zone, outside the influence
streams of the Atlantic Forest biome, which discharge into of aqueduct discharges, occupies a large longitudinal ex-
different areas of the reservoir. Lentic conditions predom- tension, and is subdivided into three zones (upper lentic,
inate in the longitudinal extent of the reservoir, because ULe; middle lentic, MLe; and lower lentic, LLe). Overall,
of the low connectivity with natural tributaries and den- the three lentic zones have similar physicochemical and
dritic morphology, associated with a high retention time habitat characteristics, such as low turbidity (1.6-4.2 NTU)
(~297 days). The banks present dense vegetation cover and high temperature (21.1-31.1 °C), differing only in depth

of the Atlantic Forest biome in different stages of eco- (ULe = 6.3-16.2 m, MLe = 7.7-31 m and LLe = 31.7-46 m).
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Fig. 2. Mean and standard error of monthly rainfall (mm, dashed line) and flow (m3 s ~ 1, dark line) variations from April 2016 to March 2018 in the Lajes

Reservoir.

2.3. Environmental variables

Water temperature ( °C) and turbidity (NTU) were mea-
sured using a Horiba U-52 G multiprobe (Japan, Horiba,
Ltd.). Water transparency (cm) was obtained with a Sec-
chi Disk. Depth was measured using a centimetre-accurate
digital probe (Speedtech model SM-5). Underwater videos
(~ 20 min) recorded on a 200 m? (50 x 4 m) area transect
from the shore to the reservoir bed were taken using a re-
mote operated vehicle (ROV) model Titan Genneino (Shen-
zen, China). The ROV is capable of operating to a depth
of 150 m and is equipped with a camera attached (1 /
2.5 inches SONY CMOS, 4k resolution, FOV 160°), operat-
ing at a speed of 3.3 ft / s and angled filming of 30° to-
wards the bed. From the videos, the coverage of each item
of substrate type (% of rocks, clay and sand) and aquatic
macrophytes was estimated, using a rating protocol of 0-
4 corresponding to coverage area: 0 = no coverage (0 m?);
1 = low coverage (1-60 m?); 2 = moderate coverage (60.5-
120 m?); 3 = high coverage (120.5-180 m?); 4 = complete
coverage (200 m2).

2.4. Fish sampling

Six gill nets (35 x 2.8 m; mesh of 15-110 mm be-
tween adjacent nodes) were set near the margins at dusk
and retrieved the next morning. The sampling unit was de-
fined as the number of individuals collected per 590 m? |
14 h, totalling 120 samples (5 zones x 2 years x 2 sea-
sons x 6 months). Fish were caught alive, and their to-
tal length (TL) was measured; they were then returned
alive to the water. This study was authorized by the
Ethics Council of Animal Use (CEUA | ICBS | UFRR]),
through Permission 12,179, CEUA 03/2017, and the Brazilian
Environmental Agency (SISBIO/IBAMA/ICMBio- Permit no.
10,707).

2.5. Statistical analyses

A Permutational Analysis of Variance (PERMANOVA)
based on Euclidean distance and permutation of residuals
under a reduced model was performed to ascertain the
abiotic longitudinal gradient by comparing the environ-
mental variables, substrate type and aquatic macrophytes
coverage between the fixed factors: i. seasons (dry, April-
September x wet, October-March); and ii. longitudinal
zones (lotic, Lo; transition, Tr; upper lentic, ULe; middle
lentic, MLe; and lower lentic, LLe). Significant differences
among the factors were followed by PERMANOVA pairwise
comparison tests.

A PERMANOVA was also applied to compare the
structure of the fish assemblage between seasons and
longitudinal zones (fixed factors). Fish abundance data
were previously transformed (square root) to reduce the
influence of abundant species but preserve information on
their relative abundance, and the triangular matrix was
constructed using Bray-Curtis similarity. PERMANOVA was
applied using the Type Il square sum (partial) to calculate
the p values. When significant differences were detected (p
<0.01), paired comparisons were conducted between the
groups. In addition, comparisons of the total number of
individuals (N), total number of species (S) and Shannon-
Wiener diversity (H') were performed between zones and
seasons using this PERMANOVA analysis. We also used
a Similarity Percentage (SIMPER) analysis to determine
species that most contributed to within-group average
similarity of the seasons and zones, thus identifying their
distribution patterns along the spatial-temporal gradient.
The relationship between environmental variables and
the fish assemblage structure was investigated using
distance-based redundancy analysis (dbRDA, McArdle and
Anderson, 2001). This analysis is suitable to measure the
relationship between variation in the species data and
some linear combination of the environmental variables
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Table 1

Pseudo-F values from PERMANOVA and significant differences in environmental variables between seasons and zones in the Lajes Reservoir.

Variable Season Zone Season x zone Significant differences
Temperature ( °C) 170.6** 32.6** 0.4 Dry < Wet

Lo < Tr, ULe, MLe, LLe
Transparency (m) 18.1%* 59.1%* 14 Wet < Dry

Lo < Tr < ULe < MLe, LLe
Turbidity (NTU) 12.1%* 6.5%* 4.7 Dry < Wet

LLe, MLe, ULe < Tr, Lo
Depth (m) 4.2+ 449.0** 1.0 Wet < Dry

Lo < Tr < ULe < MLe < LLe
Macrophytes 1.3ns 361.7** 13 ULe, MLe, LLe < Lo < Tr
Clay 3.5ns 52.1** 0.8 Lo < Tr < MLe, LLe, ULe
Sandy 0.3ns 52.2%* 0.4 LLe, MLe, ULe < Tr < Lo
Rocks 0.6ns 118.1** 0.4 LeU < MLe < LLe, Tr < Lo

ns. non-significant; ** p < 0.001; * p < 0.05.

(Legendre and Anderson, 1999). Pearson correlations with
the first two dbRDA axes were examined to identify
the strength and direction of the species-environmental
relationship (Anderson et al., 2008). Taxa with low
abundance (%N < 1) were excluded from analysis. Uni-
variate and multivariate analyses were performed with
the software PRIMER-E v.6.1.13 and PERMANOVA + 1.0.3
(www.primer-e.com; Anderson et al., 2008).

3. Results
3.1. Environmental variables

Environmental variables differed between seasons and
along the longitudinal gradient from the aqueduct to the
dam, with irrelevant interactions between these two fac-
tors, except for the turbidity (Table 1; Table S1 and Fig. S1
in the Supplementary information). Higher temperatures
were detected in the wet season (t = 13.0; p <0.001) com-
pared with the dry season and in the lentic zones (ULe,
MLe and LLe) compared with the lotic zone (p <0.001).
The turbidity was significantly higher in the wet season
(t = 3.4; p <0.001) compared with the dry season, and in
the lotic zone (p <0.001) compared with the lentic zones.
Zone x season interactions were detected for turbidity in
Lo and Tr zones, with higher values during the wet sea-
son compared to the dry season (Lo, t = 2.4, p < 0.001; Tr,
t = 2.6, p < 0.001) only in this two zones (Table S1 in the
Supplementary information). The transparency was highest
in the dry season (t = 4.2; p <0.001), between the lower
and middle lentic zones (p <0.001). The depth presented
a spatial gradient, with lower values in the lotic zone and
higher values in the lower lentic zone (p <0.001). Higher
depths were found in the dry season (t = 2.0; p <0.05)
compared to the wet season due to the operation of the
hydroelectric plant that keeps the water accumulated in
the dry season.

Regarding the habitat components, aquatic macrophytes
(p <0.001) occurred in higher percentages only in the
lotic and transition zones. Clay substrate predominated in
four (Tr, ULe, MLe and LLe) of the five reservoir zones (p
<0.001), while rocky substrate (p <0.001) predominated
only in Lo. Sandy substrate records (p <0.001) occurred
only in the lower proportion, in the transition and lotic
zones (Table 1).

3.2. Diversity indices

The community descriptors (N, S and H’) changed sig-
nificantly between the zones and seasons (Table S2, and
Fig. S2 in the Supplementary information). The number of
individuals (N) was significantly higher in the ULe, Lo and
Tr compared with the other zones (p <0.001), and in the
wet season than in the dry season (t = 2.7; p <0.001). Sig-
nificant interaction season vs. zone was found only for ULe
(t = 3.6; p < 0.001), which exhibited the highest abun-
dances during the wet season, whereas in the other zones
no marked seasonal variation was found (Table S2; Fig. S2
in the Supplementary information).

The number of species (p <0.001) and Shannon diver-
sity (p <0.001) were significantly higher in the transition
zone during the wet season, and lower in the lotic and ULe
zones in both seasons (Table S2; Fig. S2 in the Supplemen-
tary information). Significant differences in community de-
scriptors between the seasons were detected only for the
number of individuals (N) and number of species (S). The
number of individuals (t = 2.7; p <0.001) and the number
of species (t = 3.4; p <0.001) were lower in the dry season
and higher in the wet season.

3.3. Fish assemblages

A total of 5129 specimens comprised in 5 orders, 14
families, 27 genera and 31 species were captured (Ta-
ble S3 in the Supplementary information). Most individ-
uals were Siluriformes (% total number, N% = 66.3%), fol-
lowed by Cichliformes (N% = 12.4%) and Characiformes
(N% = 11.2). Of the 31 species recorded, 12 were common
in all zones. In the Lo zone, there was exclusive occurrence
of the native Siluriformes Hypostomus luetkeni, Microglanis
parahybae and Trichomycterus giganteus, whereas in the Tr
zone there were exclusive records of the Characiformes Ho-
plerythrinus unitaeniatus and Colossoma macropomum. Lori-
cariichthys castaneus (N% = 31.1; FO% = 61.7), Trachely-
opterus striatulus (N% = 10.4; FO% = 59.2), Rhamdia que-
len (N% = 7.7; FO% = 81.7), Metynnis maculatus (N% = 7.4;
FO% = 51.7) and Cichla kelberi (N% = 4.3; FO% = 58.3) were
the most abundant and frequent species. Hoplias malabar-
icus, Astyanax cf. bimaculatus and Copdoton rendalli were
frequent but not abundant. Hypostomus luetkeni was abun-
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dant in the Lo zone and not frequent in the rest of the
reservoir (Table S3 in the Supplementary information).

Differences in the fish assemblage structure were de-
tected among the zones (Pseudo-F = 19.27; p <0.001) and
seasons (Pseudo-F = 4.30; p <0.001), according to PER-
MANOVA. Spatial changes accounted for 32.9% of the esti-
mated component of the variation - ECV, whereas seasonal
changes accounted for 4.31% of the ECV (Table 2).

Significant differences (p <0.001) in the assemblage
structures were found between all zones, according to the
paired comparisons, and between the dry and wet sea-
sons for the pooled samples, according to PERMANOVA.
When each zone was considered separately, seasonal
changes were detected only for the Lo, Tr and ULe zones
(Table 2).

The species that most contributed to the average simi-
larity (SIMPER) in Lo zone was H. luetkeni, followed by R.
quelen, H. malabaricus and L. copelandii, whereas in Tr were
M. maculatus, R. quelen and C. gilbert (Table S4 in the Sup-
plementary information). Rhamdia quelen and T. striatulus
contributed to average similarity in the three lentic zones.
Other species were typical and had high contribution to
average similarity in ULe (e.g., L. castaneus and G. brasilien-
sis), MLe (e.g., C. rendalli, H. affinis, and C. kelberi), and LLe
(e.g., C. kelberi) (Table S4 in Supplementary information).
Cichla kelberi was most representative of the dry season,
whereas L. castaneus and M. maculatus of the wet season,
according to SIMPER analysis.

Table 2
Results from PERMANOVA for comparing differences in the fish assem-
blage structure between the five zones and two seasons.

Source Df MS Pseudo-F ECV
Zone 4 27,186  19.27** 3291
Season 1 6079 4.31* 8.80
Zone x Season 4 3130 2.22%* 12.04
Res 111 1410 37.55
Total 120

Pair wise test for the fixed factors

Zone t Season t

LLe vs. MLe 1.91%* Dry x Wet 2.07**
LLe vs. ULe 3.66**

LLe vs. Tr 3.66**

LLe vs. Lo 4.77**

MLe vs. ULe 3.31* Zone x Season t
MLe vs. Tr 4.01** LLeDry x LLeWet 1.11
MLe vs. Lo 5.41* MLeDry x MLeWet 1.23
ULe vs. Tr 4.47+ ULeDry x ULeWet 2.19**
ULe vs. Lo 5.92%* TrDry x TrWet 1.59*
Tr vs. Lo 5.93** LoDry x LoWet 2.06**

The t-test values are shown for post hoc, pair-zone and station tests. df,
degrees of freedom; MS, mean sum of squares; ECV, estimated percentage
components of variation; F, Pseudo-F; * p <0.05; ** p <0.001.

3.4. Species-environment relationship

A total of 28.2% of the variation in the structure of the
fish assemblages was explained by the environmental vari-
ables according to the first two axes of dbRDA (Fig. 3).
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Fig. 3. Ordination diagram (triplot) of the two first axes of the distance-based Redundancy Analysis (dbRDA) on the relationships between fish assemblage
and environmental variables. Samples coded by zones: Lo, lotic; Tr, transition; ULe, upper lentic; MLe, middle lentic; LLe, lower lentic; and seasons: W, wet;
D, dry. Species code: Asbim, Astyanax cf. bimaculatus; Aspar, Astyanax parahybae; Cikel, Cichla kelberi; Coren, Coptodon rendalli; Cygil, Cyphocharax gilbert;
Homal, Hoplias malabaricus; Hyaff, Hypostomus affinis; Hylue, Hypostomus luetkeni; Lecop, Leporinus copelandii; Locas, Loricariichthys castaneus; Memac,
Metynnis maculatus; Olhep, Oligosarcus hepsetus; Ornil, Oreochromis niloticus; Rhque, Rhamdia quelen; Trstr, Trachelyopterus striatulus.
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The first dbRDA axis presented positive correlation with
clay (r = 0.81), transparency (r = 0.64) and temperature
(r = 0.64), and negative correlation with rocks (r = —0.89)
and turbidity (r = —0.23). For the second dbRDA axis, only
macrophytes (r = 0.77) and sandy substrate (r = 0.35) had

significant positive correlation, whereas depth (r = —0.68)
had negative correlation.
Hypostomus luetkeni (r = -0.81) and L. copelandii

(r = —0.49) had strong correlation with RDA1 (Fig. 3, Ta-
ble S5 in the Supplementary information) and were asso-
ciated to rock substrate and high turbidity of the Lo zone.
Trachelyopterus striatulus (r = 0.39), L. castaneus (r = 0.35),
C. kelberi (r = 0.3), H. affinis (r = 0.27) and O. nilloti-
cus (r = 0.28) were associated with clay substrate, high
transparency and temperature of the lentic zones (LLe,
MLe, ULe). Cyphocharax gilbert (r = 0.68), M. maculatus
(r = 0.61), A. cf. bimaculatus (r = 0.52), H. malabari-
cus (r = 0.5) had strong positive correlation with RDA2
and were associated with high macrophyte cover and low
depth and transparency of the Tr zone.

4. Discussion

The main finding of this study is that water transpo-
sition from an adjacent watershed, through a hydraulic
mechanism, promoted longitudinal changes in the physic-
ochemical parameters and habitats and consequently
influenced the structure of fish assemblages in an off-river
reservoir, thus corroborating our hypothesis. Temporal
changes in fish assemblages occurred only in areas lo-
cated near the discharges, which may be associated with
periodic fluctuations of the aqueduct flow. Given the
often-cited relationships between flow, habitat structure,
and fishes, it is not surprising that temporal modifications
to flow regimes affect fish assemblage structure (Bunn and
Arthington, 2002; Poff et al., 1997). Hydrological regime is
of crucial importance in the modulation of fish ecological
processes and assemblage structure. Species select phys-
iologically convenient habitats throughout the life cycle.
Changes in flow can influence phenological aspects of
individual fish species (e.g., gonad maturation, migration,
growth) and habitat availability and heterogeneity, with
consequent effects on biotic interactions (Agostinho et al.,
2007; Bunn and Arthington, 2002; Junk et al., 1989; Mims
and Olden, 2012; Winemiller, 1989).

The discharges of the aqueduct formed a lotic regime
zone, and upon the influence of this artificial flow, the fish
richness (S) and diversity (H ’) were significantly lower
compared with the other zones. This pattern differs from
reservoirs built on the continuum of a river, where the
lotic zone may exhibit the highest fish richness and di-
versity, as this is the main habitat for most species be-
fore damming (Agostinho et al., 2007; Affonso et al., 2016).
In general, impoundment effects on fish diversity were
more pronounced in lentic environments than lotic zones
(Loures and Pompeu, 2019). The unnatural lotic zone of the
Lajes Reservoir is intermittent in periods of low water and
reduced flow and has a channel that prevents upstream
migration of fish. This conjuncture of potential environ-
mental stressors seems to be consistent with the lower

richness and diversity observed in the lotic zone, which is
regulated by artificial inflows.

Hypostomus luetkeni and L. copelandii were the only
species that were exclusively typical of the lotic zone,
associated with rocky substrate and turbid waters with
comparatively low temperature. For H. luetkeni, the pre-
dominance of rocky substrate may be associated with
periphyton, the main dietary item. The sucking mouth
provided with expanded, suction-shaped lips allows strong
adherence to the rocky substrate even under high flow
conditions (Casatti et al., 2005). On the other hand, L.
copelandii, a migratory species (Agostinho et al., 2007)
may be using the lotic zone because of the flow.

The lentic zones occupy a large longitudinal extension
of the Lajes Reservoir, reflecting the long retention time,
dendritic morphology and the absence of large natural
tributaries. In this zone, a longitudinal pattern can be ob-
served in the abundance of species. We found the lowest
fish abundance near the dam, whereas the highest abun-
dance was recorded in the upper lentic zone. This pat-
tern corroborates other (e.g., Sandhya et al., 2019), which
reported lower fish abundances in lentic reservoir zones,
especially in locations near dams, where the deep depth
was a main driver limiting fish distribution (Fernando and
Holcik, 1991). On the other hand, the largest abundances
in the upper lentic zone are mainly due to the high lo-
cal catches of L. castaneus in this compartment. This ben-
thic and low mobility species is tolerant to hypoxia (Silva
et al., 1997), and use the sandy substrate in low flow habi-
tats, with greater depths (~ 8 m) (Costa et al., 2013), con-
ditions that predominate in the upper reservoir zone. The
impoundments facilitate the invasion, dispersal and estab-
lishment of Loricariichthys spp. (Casemiro et al., 2017), and
the increased depth after reservoir formation expands this
type of habitat, where this species is prone to occupy and
reach high numerical abundance. In addition, L. castaneus
had pronounced seasonality, being typical of the wet sea-
son. This pattern may be associated with the reservoir bed
anoxic conditions in the wet season (Soares et al., 2008),
consequently, the need for vertical displacement to ob-
tain air oxygen (Silva et al., 1997), which would leave the
species more exposed to capture.

In the transition zone, an ecotone between lotic con-
ditions generated by artificial inflows and the lentic zone,
the number of species (S) and diversity (H’) were signif-
icantly higher than in other zones, meeting our expecta-
tion. Riverine-lacustrine ecotones in river-built reservoirs
can support highly diverse assemblies because they pro-
vide physical, chemical, biological, and ecological connec-
tions between different environments (Buckmeier et al.,
2013). Ecotones perform important functions in the spa-
tiotemporal structuring of communities, with tendencies
to increase biodiversity (Willis and Magnuson, 2000). The
highest species richness in the river-reservoir transition
zone was observed by Terra et al. (2010), Yang et al. (2012),
Nobile et al. (2019) and Sandhya et al. (2019) and were as-
sociated to high environmental heterogeneity and the suit-
ability of ecotones to temporarily promote coexistence be-
tween riverine and lacustrine species, or those tolerant of
hydrological variations. In the transition zone of the La-
jes Reservoir, macrophyte banks are found, increasing the
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physical structure, complexity and heterogeneity of habi-
tats, which could be associated with the presence of native
species such as A. cf. bimaculatus, C. gilbert and H. malabar-
icus (Thomaz and Cunha, 2010; Costa et al., 2013). In the
case of gradients promoted by artificial water discharges,
the greatest richness found in the transition zone may be
due to the stressful effects at the ends of the longitudi-
nal gradient, generated by both the upstream aqueduct dis-
charges, and the low number of pre-adapted species to the
lentic environment near the dam.

Inter-basin water transfer projects affect both the
donor and the recipient basins, with effects that include
(but are not limited to) changes in flow dynamics and
physicochemical conditions, as well as other deleterious
effects such as habitat destruction, fishery collapse, spread
of parasites, biological invasions, species extinction and
water pollution (Zhuang 2016). In addition to these ad-
verse effects, there are also those caused by dams, where
native communities are already weakened by the physical,
chemical and biological changes imposed by river frag-
mentation. Finally, fragmentation and interconnection of
water bodies affect both abiotic and biotic environments,
and the convergence of these impacts is complex and
should be better understood in future studies.

5. Conclusions

Based on the finding of this study, we concluded that
in the absence of the natural flow of a river, artificial dis-
charges may promote longitudinal flow regime partitioning
of reservoirs. The potential for water discharges to form
longitudinal gradients in reservoirs may also be related
to the location of the discharges, technical specifications
of the hydraulic mechanism, as well as anthropogenic
regulation in variables such as frequency, duration and
magnitude of discharges. These should be better under-
stood in later studies and taken into consideration when
planning water diversion ventures.

Inter-basin water transfer connection areas in the
reservoir exhibit lower fish richness and diversity, which
may be associated with unstable and unnatural flow
regime. On the other hand, the transition zone between an
artificial lotic and lentic flow regime presents the highest
fish species richness and diversity, which may be asso-
ciated with greater environmental heterogeneity of this
ecotone and to stressors at the ends of the longitudinal
gradient, i.e., the upstream unnatural discharges and the
downstream smaller number of species pre-adapted to the
lentic environment.

Finally, our results corroborate the hypothesis that
artificial flow regime, modulated by seasonality, influence
environmental variables and have potential effect on the
longitudinal distribution of the fish assemblages in an
off-river reservoir.
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