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Abstract A new approach for visual fish survey in
reservoirs using underwater drones (remotely operated
vehicle- ROV) is presented. The ROV was applied to
identify abiotic gradients and to compare fish assem-
blages on the steep slopes in a tropical reservoir. The
tested hypothesis is that fish are concentrated in the
littoral zone due to the better physicochemical and
habitat conditions, compared to deep and hypoxic
layers. Twelve species were recorded (seven native,
five exotic), with all species occurring in the littoral
zone, seven species in the transition, and four in the
profundal zone. A greater fish abundance and richness
was found in the littoral zone corroborating the main
hypothesis. The littoral zone was dominated by exotic
cichlids (Cichla spp., Coptodon rendalli), while native
catfish (Loricariichthys castaneus, Pimelodella later-
istriga) occupied deeper areas. The fish distribution
seems to be driven by local factors, such as oxygen
availability and habitat structure. The preference for
the littoral zone by alien cichlids may have led to the
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extirpation/decrease of native characids and induced
catfishes to occupy deep habitats. Underwater drones
can be a valuable tool for the simultaneous collection
of abiotic/biotic data, especially in deep reservoirs
with complex habitats, resulting in advances in the
environmental monitoring.

Keywords Remotely operated vehicle - Vertical
stratification - Underwater video - Littoral-profundal
zones - Environmental gradients

Introduction

Reservoirs are non-natural ecosystems with important
multiple uses, but also drivers of severe environmental
changes in inland waters. The environmental impact of
each dam is unique (Agostinho et al., 1999, 2008; Dias
et al., 2021), however, one of the common effects is
the elevation of the water level, which can vary from a
few centimeters (e.g. run-of-the-river hydroelectric
plants with low water storage) to more than 100 m in
large accumulation dams. In deep tropical reservoirs,
the heating of surface layers can result in seasonal
thermal stratification, with well-defined water layers,
with different water densities and physicochemical
characteristics during the summer (Winton et al.,
2019). The rise in water level and stratification causes
abrupt environmental changes, especially in the
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reservoir deeper layers, giving rise to static, anoxic
and homogeneous habitats (Wetzel, 2001; Straskraba
& Tundisi, 2013).

In this new scenario, fish tend to occupy reservoir
littoral zones, a converging pattern that includes
different fish taxa in different regions of the world
(Gido et al., 2009; Riha et al., 2015; Agostinho et al.,
2016; Baumgartner et al., 2018). The shoreline has
greater habitat structure (e.g. branches and aquatic
macrophytes) and the water physicochemical condi-
tions are more suitable for the fish development
compared to deep zones (Gois et al., 2012; Strayer &
Findlay, 2010). As a result, these areas are exploited
by fish for breeding, feeding and shelter (Agostinho
et al., 2007; Oliveira & Goulart, 2008). In contrast,
few species have pre-adaptations capable of circum-
venting anaerobic conditions and low food availability
in the deeper layers (Fernando & Holcik, 1991). These
spatial patterns are temporally dynamic, including
circadian and seasonal changes in vertical fish distri-
bution mediated by biotic (e.g., ontogeny, predator
avoidance) and abiotic (e.g., water column stratifica-
tion) factors (Mehner, 2012; Muska et al., 2013).

Different methods have been used to determine the
vertical distribution of fish in reservoirs, such as
gillnets positioned in different layers of the water
column (Prchalova et al., 2008), telemetry (Goulon
et al., 2018), environmental DNA ( Blabolil et al.,
2021) and hydroacoustic (Busch & Mehner, 20009;
Pollom & Rose, 2016). These methods allow impor-
tant advances in aquatic ecology, but like any tool,
they possess certain biases and limitations. Hydroa-
coustic methods, for example, sometimes can lead to
misinterpretation of fish for bubbles, in addition to
presenting limitations related to the so-called acoustic
dead zones, which affect the ability to identify
specimens in complex and deep habitats (Lucas &
Barras, 2000; Busch & Mehner, 2009; TuSer et al.,
2014). Although hydroacoustic cameras as DIDSON
are able to recognize species, the beam of echosounder
is very narrow (Tuser et al., 2014), and also have
limitations related to acoustic dead zones (Lucas &
Barras, 2000; Busch & Mehner, 2009; TusSer et al.,
2014). On the other hand, gillnets are invasive and
known to be a selective technique for certain species,
morphotypes and/or biotypes (Oliveira et al., 2014).
For this reason, the combination of different methods
has been used to reduce the specific biases of each
methodology and to provide a more accurate
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description of fish assemblages (Kubecka et al.,
2009). To date, the ability of small Remotely Operated
Vehicles (ROVs) as a tool for simultaneously collect-
ing both abiotic and biotic information, has not been
properly tested in reservoirs.

The ROVs are submersible robotic systems con-
trolled from the surface in real time. Each ROV has
technical specificities according to the manufacturer
and the purpose of use, with great variation in power,
autonomy, depth, accessories, and price (Sward et al.,
2019). However, this equipment is basically composed
of a camera mounted in an impermeable enclosure,
with propellers for maneuver, attached to a cable on
the surface through which a video and telemetry
signals are transmitted (Murrie et al., 2014). Small
ROVs (— 3 to 20 kg) are popularly known as under-
water drones. Currently, a series of real-time sampling
devices are available to be attached to certain models,
such as benthic fauna suction samplers, robotic arms,
multiparameter probes, sonars, optical systems to
quantify zooplankton and hydrophones (Lima et al.,
2020; McLean et al., 2020; Monk et al., 2020), making
ROVs a powerful multi-tool for aquatic environmental
monitoring. The application of ROVs as a non-
destructive method for the visual survey of fish is a
rapidly growing field, but most researches have been
focused to marine environments (Sward et al., 2019),
still with rare applications in inland waters (Alin et al.,
1999; Guedes et al., 2020). In this context, video
transects using underwater drones equipped with
multiparameter probes can be valuable for simultane-
ously collecting physicochemical, habitat and fish
distribution information, especially in the deepest and
less studied reservoir layers.

The main objective of this study is to present a new
approach for obtaining environmental data and fish
occurrences in freshwater reservoirs by visual survey
using underwater drones (small ROV class). The ROV
was used in the steep slopes of a tropical reservoir
(oligo-mesotrophic and warm monomictic) located in
Southeast Brazil during the summer to identify the
abiotic gradient (habitat + physicochemical) from the
littoral to the profundal zone, and to compare fish
assemblages (abundance and richness) in that gradi-
ent. The tested hypothesis is that fish are concentrated
in the littoral zone because of the better physicochem-
ical and habitat conditions, when compared with deep
and hypoxic layers of the reservoir. In addition, we
present for the first time the advantages, biases, and
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limitations of underwater drones’ application in
reservoirs. Finally, we hope to contribute to a better
understanding of the processes that modulate the
distribution of fish in altered environments and the
development of this new non-invasive technique for
environmental monitoring in inland waters.

Methods
Study area

The Lajes Reservoir (22°42" — 22°50'S;
43°53 — 44°32'W), State of Rio de Janeiro, Brazil,
was constructed between 1905 and 1907, and is one of
the oldest water impoundments designed for the
primary purpose of generating electricity in Brazil
(Brazilian Committee on Dams, 2011). The reservoir
area is dendritic, with several embayment areas and
islands (Online Resource 1). The margins are steep
and the maximum depth is 45 m close to the dam. The
average water inflow is 13.7 m* x s™', of which most
(8.3 m®> x s™!) come from an inter-basin diversion
(Guedes et al.,, 2020). The water retention time
(— 300 days) and water transparency (euphotic
zone = 9.2 m) are high, with predominance of oligo-
mesotrophic conditions (Soares et al., 2008; Klippel
et al., 2020). Lentic conditions predominate in the
longitudinal extent of the reservoir associated with the
high retention time (Aradgjo et al., 2021). The water
column presents thermal stratification typical of warm
monomictic water bodies, with a stratified warm
period, and mixing (complete or partial) during the
cold period (Branco et al.,, 2009). The climate is
seasonal tropical with dry winters (Aw), according to
the Koppen-Geiger classification.

Vertical zones along steep slopes

Three zones were compared along the vertical/envi-
ronmental gradient (habitat 4+ physicochemical) fol-
lowing the steep slopes of the reservoir: littoral,
transition and profundal (Fig. 1). The littoral zone
comprises depths between 0 and 7 m, the transition
zone between 7 and 15 m, and the profundal zone >
15 m. The definition of the limits and dimensions of
the vertical zones were based on different zonation

Pelagic

gin”
oral \\! - 9 g

-4 Litt

-8 ! = , 2 nio 9
12 Transition\ """""" i
16 o

20 e T N

I Profundal

-45 m

Fig.1 Schematic model showing the dimensions and limits (in
meters) of the zones along the steep slopes (littoral, transition
and profundal), physicochemical water stratification column
(eplimnion, metalimnion and hypolimnion) of the Lajes
Reservoir during the summer

concepts (e.g. Wetzel, 2001; Lewis, 2009). In addi-
tion, we follow Matthews (1998) and Oliveira &
Goulart (2008) who emphasized the need to expand
the purely limnological compartmentalization in lentic
environments, for a zoning that also includes the
effects of habitat components on the potential distri-
bution of fish. In general, the vertical zonal boundaries
vary in space and time according to the geographical
location and functional characteristics of each reser-
voir. Therefore, we conducted standardized sampling
only in lentic areas of the reservoir during the period of
thermochemical stratification (October-2019 and
April-2020; with the exception of March-2020 due
to the rise of the COVID-19 Pandemic in Brazil) in
two periods of the day (day: 09:00-16:00; and night:
19:00-01:00).

Transect design

A ROV model Genneino T1 (Shenzen, China) was
used to sample fish and abiotic data in the vertical
gradient. The ROV is small (39 x 34 x 6 cm,
width x length x height) and lightweight (4.4 kg),
and is equipped with a camera attached (1 /2.5 inches
SONY CMOS, 4 k resolution, FOV 160°), automatic
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stabilization systems, artificial lights (3000 lumens),
sensors of depth (in meters) and temperature (° C)
capable of operating at 150 m of depth. The transects
followed the margin slope, beginning in the profundal
zone with ascending route in zigzag to the littoral zone
(Fig. 1). The ROV was operated at a constant speed
of — 0.25 m/s, an altitude of 1.5 m above the ground,
angled filming fixed at 30° towards the bed, with lights
always on. The fixed depth and direction were
automatically maintained by self-adjusting the speed
of the thrusters, based on the real-time processing of
the pressure sensor and dipping compass. The oper-
ation was carried out from a boat by two people, one in
charge of the filming and the other controlling the
cables (Fig. 2). The steps of pre-sampling, field
procedures and post-sampling procedures were carried
out following recommendations proposed by Monk
et al. (2020).

The width of the transects was delimited by the field
of view of the camera lens (FOV 160°), which
corresponded to an observable horizontal distance of
approximately 2 m. Each vertical zone was sampled
for — 7 min. The total length of the transects was
defined as — 105 m, based on the equationd = v X ft,
where d is the displacement, v is the speed (— 0.25 m/
s), and t is time (7 min = 420 s) [d = 025 m x s~
x420 s = 105 m]. The approximate total area of each
transect was ~ 210 m? (2.0 m wide x 105 m long).
Because of certain reservoir localities were too
shallow, the transition zone was not sampled in 8
occasions, and the profundal zone in 20 occasions. The
sampling unit was defined as the total number of fish
observed in each transect, totaling 260 samples ([8
transects x 3 zones x 2 periods (day / night) x 6

Fig. 2 Remotely operated vehicle model Genneino T1 being
operated from a boat in the Lajes Reservoir, Rio de Janeiro
State, Brazil
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months] — 28 samples not taken due to depth limita-
tions). In 12 occasions, no fish were recorded, and
these samples were included in the analysis by
inserting a dummy variable (Clarke et al., 2006).

Data extraction from video

For each specimen observed within the transected
range, biotic (species and estimated abundance) and
abiotic (temperature — °C and depth — m) informa-
tion were recorded in real time (still in the boat).
Dissolved oxygen (mg x L™') was measured at every
I-m depth with a YSI PROOD probe (Ohio, USA)
before performing the ROV transects. The habitat
coverage rate (rocky or clay substrate, branches,
leaves) observed close to the fish were arbitrarily
quantified through a protocol of grades (0-3): 0 = no
coverage; 1 = low coverage; 2 = moderate coverage;
3 = high coverage. In the laboratory, the videos were
reanalyzed on a computer, with the results of the first
annotation being checked and supplemented. A single
viewer watched all video records to avoid multiple
observers bias. Fish were identified to the species level
following Santos et al. (2014); only the Cichla spp.
(Cichla kelberi Kullander & Ferreira, 2006 and Cichla
piquiti Kullander & Ferreira, 2006) that have similar
morphology and color were identified to the genus
level.

Data analysis

To understand the patterns of environmental variables
(habitat 4 physicochemical) in relation to the vertical
gradient and periods, samples were analyzed through a
combined approach of univariate and multivariate
techniques. First, a two-way ANOVA on aligned ranks
transformation (ANOVA ART; function art in the
ARTool package; Kay & Wobbrock, 2020) was used
to compare each environmental variable between the
vertical zones (littoral, transition and profundal) and
the diel cycle (day and night). When significant
differences were detected, an a posteriori Tukey HSD
was conducted at the 0.01 confidence level. Only
environmental variables that differed significantly
between zones/diel periods were used in the subse-
quent multivariate analysis. A Permutational Analysis
of Variance (PERMANOVA; function adonis in the
Vegan package; Oksanen et al., 2019) was used to
compare the multivariate environmental data between
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the vertical zones and diel cycle (fixed factors).
PERMANOVA was applied using 9999 permutations
and square sum (partial) to calculate the p-values.
When significant differences were detected
(»p <0.01), paired comparisons were conducted
between the groups. We used nonparametric tests
because data were non-normal, even after using
various data transformations. A principal component
analysis (PCA) was applied on the standardized
environmental data to identify spatial patterns.
Because environmental data have different units of
measurements, they were transformed to standard
z-scores, i.e., they become dimensionless before
submitting to multivariate analysis.

Spatial and temporal comparisons of the fish
assemblage structure, total number of individuals
(N) and total number of species (S) were also
performed with PERMANOVA. Fish abundance data
were previously log-10 transformed to reduce the
influence of abundant species but preserve information
on their relative abundance (Borcard et al., 2011).
Then, the data were transformed into a Bray—Curtis
“zero adjusted” similarity matrix, to circumvent the
uncertainty of the Bray—Curtis coefficient ratio due to
the presence of samples (12 transects) without fish
records (Clarke et al., 2006). To determine the fish
species that most contributed to within-group similar-
ity, a multilevel pattern analysis (MPA, multipatt
function, from the indicspecies package) was used.
This analysis determines the association between
zones and periods for each species separately. Signif-
icant values were detected based on the IndVal index

that was tested through a permutation test (Caceres &
Legendre, 2009). Because the slightly unbalanced
design, the richness patterns in relation to zones were
analyzed through a combined analysis of rarefaction
and extrapolation techniques based on Hill numbers
(g = 0) using iNEXT package (Hsieh et al., 2016). All
analyses were conducted in R environment (R Core
Team, 2020).

Results
Vertical environmental gradient

Strong and expected differences in the environmental
variables (physicochemical + habitat) were detected
between the vertical zones by PERMANOVA
(P =128.8, P <0.001), whereas periods (day x
night) and interactions zone x period had no signif-
icant differences (Table 1; Online Resource 2).
Vertical zoning explained 49% of the variation in
the set of environmental variables, and the post-hoc
tests showed paired differences between all zone
comparisons (P < 0.001). The environmental changes
between the different vertical zones were depicted in
the first PCA axis (57.6% of the explained variation,
Fig. 3; Online Resource 3). The littoral zone was
positively associated with higher temperatures and
oxygen concentrations, and a substrate with higher
branches and leaves coverage. Conversely, the pro-
fundal zone exhibited low temperatures and oxygen
concentrations as the depth increases. The transition

Table 1 Results of two-

) Anova ART Zone Period Zone x Period Post-hoc test

way ANOVA on aligned
ranks transformation Temperature (°C) 275.2%%% 312 42 Lit > Tra > Pro
(Anova ART) and the Dissolved oxygen (mg/L)  488.1%%% 363 1073 Lit > Tra > Pro
permutational analysis of
variance (PERMANOVA) Depth (m) O81.1%%* 7.2%*% 0.4 Lit < Tra < Pro
comparing the Leaves (%) 48.1%%* 0.7 1.11 Lit = Tra > Pro
environmental variables Branchs (%) 80,2 4.6 7 4% Lit > Tra > Pro
between the vertical zones .
and periods Clay (%) 0.5 1.5 1.1 Lit = Tra > Pro

Rocks (%) 17.5%** 0.9 2.2 Lit = Tra > Pro

PERMANOVA Df Pseudo-F ~ R?

Zone 2 128.8 *** 0.49 Lit # Tra # Pro

Period 1 1.6 > 0.01

Zone x Period 2 2.19 > 0.01

Residuals 254 0.49

Total 259 1

#p < 0.01, ***p < 0.001
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Fig. 3 Ordination diagram from the two first axes of principal
component analysis (PCA) on environmental variables in the
three zones of the steep slope margins of the Lajes Reservoir,
Brazil

zone was associated with intermediate values of the
environmental variables in PC1. The second PCA axis
(14.8% of the explained variation) was negatively
associated with rocky substrate and reflected intra-
zonal variation in the littoral and transition zones
(Fig. 3; Online Resource 3).

Fish assemblages

A total of 442 specimens comprising in 5 orders, 6
families and 12 species were recorded (Figs. 4 and 5;
Online Resource 4). Most individuals were Cichli-
formes (% total number, N% = 75.7), followed by
Siluriformes (N% = 17.8) and Gymnotiformes
(N% = 3.8). The most abundant species were the
cichlids (Cichla spp. N% = 36.6), Crenicichla lacus-
tris (Castelnau 1855) (N% = 16.74) and Coptodon
rendalli (Boulenger 1897) (N% = 15.15), followed by
the catfishes Loricariichthys castaneus (Castelnau
1855) (N% =9.72) and Pimelodella lateristriga
(Lichtenstein 1823) (N% = 5.2; Online Resource 4).

Differences in the fish assemblage structure were
detected among the vertical zones (PERMANOVA,
F =25.5; P < 0.001) and periods (P = 4.7; P < 0.01,
Table 2). Paired comparisons indicated significant
differences in fish assemblages between the lit-
toral x transition (P =28.0; P < 0.001) and lit-
toral x profundal (F = 31.1; P < 0.001) zones, but
not between the profundal x transition zones
(P =1.52; P=0.63; Table 2). All twelve recorded
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species were observed in the littoral zone, and five
species had distribution restricted to this zone (Fig. 5;
Online Resource 4). The non-native cichlids Cichla
spp. and C. rendalli were the main indicators of the
littoral zone according to the MPA (P < 0.01, Online
Resource 5). In the transition zone, seven species were
recorded, but no species had occurrence restricted to
this zone. Only L. castaneus was an indicator of two
zones, the profundal and transition zones (P < 0.01).
In the profundal zone, only four species were
recorded, and the small catfish P. lateristriga was an
indicator species of this zone (P < 0.01). Regarding
the diurnal changes, the non-native tilapias (C.
rendalli and Oreochromis niloticus (Linnaeus 1758))
were indicators of the day period, whereas Gymnotus
carapo Linnaeus 1758, Metynnis maculatus (Kner
1858) and P. lateristriga were indicators of the night
period (MPA; P < 0.05, Online Resource 5).

The littoral zone showed greater fish abundance
(N) compared to the other vertical zones (P < 0.001;
Online Resource 6), but no difference was detected for
the abundance between the day and night. On the other
hand, the species richness (S) was higher in the littoral
during the night (f = 11.5; P < 0.001), followed by
the transition (f =8.7; P < 0.001) and profundal
zones (t = 2.6; P < 0.01). A comparison of extrapo-
lated species diversity based on Hill numbers (g = 0)
shows that species richness was estimated to be the
highest in the littoral, followed by transition and
profundal zones, respectively (Fig. 6).

Discussion

Underwater drones in reservoirs: biases,
challenges and opportunities

Although being valuable tools for monitoring fish in
reservoirs, ROVs have methodological biases and
limitations. Before using ROVs, researchers must first
consider the potential specific effects of the equip-
ment, such as different light intensities and artificial
noise, speed, size and depth of vehicle operation
(Sward et al., 2019; Monk et al., 2020). In the Lajes
Reservoir, it was observed that the fish react differ-
ently to the presence of the small ROV, with some
specimens ignoring and others being apparently
attracted by the equipment. These responses, however,
seemed to be punctual and individual, with no clear
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Fig. 4 Photographic records of different species of fish produced by the underwater drones in the Lajes Reservoir, Rio de Janeiro State,

Brazil

patterns for a given species or period of the day.
Artificial light, for example, can induce different
attraction/repulsion  responses  between  highly
active/mobile and less active/sedentary species (Ryer
et al., 2009). The intensity of reaction to the ROV can
further be influenced by a variety of factors, including
the species, trophic position and body size (Sward
et al., 2019). The use of smaller and less noisy ROV,
as in the current study (weight 4.4 kg), has the
potential to reduce disturbances previously observed
with larger ROV in marine environments.

The structure of the fish assemblages observed with
ROV was substantially different from those previously

observed with gillnets in the Lajes Reservoir. Catches
with gillnets (deployed at the margins during the night
period) showed L. castaneus as the most abundant
species, followed by the cichlids C. rendalli and C.
lacustris, with relatively intermediate abundance, and
P. lateristriga as alow frequent/rare species (Aratjo &
Santos, 2001; Guedes et al., 2020; Aradjo et al., 2021).
However, the aforementioned estimates are invariably
skewed for different reasons. Loricariichthys casta-
neus, for example, has an armored body and rough
fins, morphological characteristics that facilitate nets
entanglement (Hamley, 1975), leading to overestima-
tion of this population. On the other hand, cichlids

@ Springer
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Fig. 5 Boxplots of fish
occurrence in different
vertical zones (m) along the
steep slopes of the Lajes
Reservoir. Red circles

indicate the mean depth of C lacustris « i

the occurrences. Only <
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Table 2 Results of Source df MS Pseudo- F R?
PERMANOVA for
comparing differences in Zone 2 2.33 05,543k 0.16
the fish assemblage Period 1 0.43 4.74%% 0.015
structure between the three
vertical zones and two Zone x period 2 0.18 2.06 0.013
periods Residuals 254 0.09 0.8
Total 259
Pair wise test for the fixed factors
Zone t Period t
Littoral x transition 28.0%#* Day x Night 4.02%%
df degree of fregdom, MS Littoral x profundal 31.1%%*
Mean square; R” coefficient Transition x profundal 1.52

of determination

have advanced visual acuity (Carleton, 2009) and can
actively avoid gillnets, with consequent underestima-
tion of their occurrences. As previously shown, P.
lateristriga occupies deep habitats, in which the
gillnets were not effectively able to reach. ROVs,
although with their own built-in biases, do not depend
on active/passive fish capture and can efficiently
sample the deepest reservoir areas. Therefore, the
application of ROVs can help to circumvent the
selectivity of traditional methods, contributing to more
accurate “photographs” of the fish communities,
allowing advances in the environmental monitoring
of inland waters. However, we recommend future
methodological studies comparing both techniques
simultaneously to validate this statement.

The hydro-environmental characteristics and prior
knowledge of the reservoir ichthyofauna can facilitate
the performance of the video transects with ROV. In

@ Springer

environments where the ichthyofauna is unknown, the
species identification can be potentially erroneous,
since characteristics that need to be evaluated at
species level are difficult to be observed using videos.
In addition, in eutrophic environments (turbid waters)
and turbulent flow, the sampling procedure can be
difficult due to the impossibility of capturing clear fish
images, and to perform transects due to the flow-
induced conditions. As reservoirs commonly exhibit
well-demarcated environmental flow, transparency
and depth gradients, the application may not be
appropriate in longitudinal studies (from river to
dam). Recently, Lima et al. (2020) synthesized the
field challenges and lessons learned of the application
of small ROV by water managers in the Netherlands.
These included other aspects that also raised concerns,
such as the clogging of propellers caused by vegeta-
tion, the tangle of the rope with underwater objects and
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Fig. 6 Rarefaction/extrapolation (R/E) of fish species per-
formed with iNEXT for the studied zones of the Lajes Reservoir,
with 95% confidence intervals

obstacles, and the suspension of sediment and debris
induced when vehicles are operated close to the
bottom.

The development of compact and less expensive
ROVs (from around 3 thousand USD) has made this
technology increasingly accessible for environmental
monitoring. Traditional sampling programs in reser-
voirs (e.g. hydroacoustic, boat, multiparameter probe,
gillnets) involve a large equipment infrastructure and a
high financial cost. In contrast, small ROV coupled to
sensors are stored in a handbag and can be conve-
niently handled from the margins by one or two
people. In addition, these vehicles provide in situ
observations of fish, their behaviors and habitat
associations that cannot be determined with traditional
methods (Sward et al., 2019). The ability to be
dynamically controlled in “real time” across a variety
of depths and habitats, means that the vehicle can
inspect vast areas with constant supervision and can be
easily focused on areas of interest (Monk et al., 2020).
Other accessories, such as suction samplers for benthic
fauna, robotic arms, sonar, optical systems to quantify
zooplankton and hydrophones, make ROV a flexible
tool, with the potential to complement or even replace
traditional methods of collecting environmental data
(Lima et al., 2020).

Fish assemblages and vertical distribution

A clear change in the fish assemblage structure was
found along the steep slopes of the reservoir, with
differing environmental characteristics from the lit-
toral to the profundal zones. Non-native species
(peacock basses and tilapias) dominated the littoral
zone to the detriment of native species. The introduc-
tion of these cichlids into the reservoir took place over
60 years ago (Guedes et al., 2021), and the impacts of
the introductions have been well documented in
different environments (Pelicice & Agostinho, 2009;
Sharpe et al., 2017). In Brazil, species with equilib-
rium reproductive strategies, such as non-predatory
cichlids and small generalist characids, were more
successful in occupying the littoral zones of old
reservoirs (Agostinho et al., 2016). However, the
introduction of predatory cichlids such as the peacock
bass has caused reduction in the abundance or even the
complete extirpation of small characids (Pelicice &
Agostinho, 2009; Sharpe et al., 2017). Therefore, it is
likely that the assemblage dominated by non-native
cichlids in the littoral zone is a long-term deleterious
effect that resulted in the successful establishment of
non-native species and the consequent extirpation of
native fish. The profundal zone presented a less
structured fish assemblage, with emphasis on the
occurrence of P. lateristriga, a native species typical
of shallow streams that were surprisingly detected
exploring the deep reservoir areas (at a depth of 38 m).
This result shows a wide range of occupation by
certain species on the steep slopes of the Lajes
reservoir and the absence of completely vacant
habitats.

The greatest fish abundance and richness was
observed in the littoral reservoir zone, which is
characterized by higher oxygen levels and water
temperature, and more structured and complex phys-
ical habitats, corroborating the main hypothesis of this
study. Similar patterns of diversity were observed in
the littoral zone of different reservoirs (e.g. Brosse
et al.,, 2007; Gido et al., 2009; Riha et al., 2015;
Agostinho et al., 2016; Baumgartner et al., 2018). The
presence of submerged trees or branches play a
structuring effect in the littoral zone, maintaining
and contributing to increase the abundance of species,
not only in newly built reservoirs, but also in older
reservoirs. (Gois et al., 2012). Furthermore, the higher
temperatures and availability of dissolved oxygen in
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the upper layers are critical to the physiology, energy,
behavior and growth of fish, and may limit distribution
of certain species to the upper layers especially during
the period of thermochemical stratification (Pollock
et al., 2007; Winton et al., 2019; McMeans et al.,
2020). As a result, the reservoir littoral zone is more
exploited by fish for breeding, feeding and shelter,
thus sustaining great fish abundance and richness.

In the Lajes Reservoir, we observed greater fish
richness occurring consistently during the night in the
three vertical zones. This may indicate potential
horizontal diel migrations, with some species occu-
pying the pelagic/bathypelagic zones during the day
and migrating to the steep slopes of the reservoir at
night. Although we have no sufficient information to
support this hypothesis, similar patterns of daily
horizontal movements have been already observed in
other reservoirs with different patterns between adults
and juveniles (see Cech et al., 2005; Riha et al., 2015;
Muska et al., 2018). The reasons for the nocturnal
migration of fish to the littoral zones are still unknown.
However, the main reason seems to be resting,
bioenergetic efficiency, feeding opportunities and
predator avoidance (Mehner, 2012; Muska et al.,
2013). These factors eventually promote changes in
species richness during the diurnal cycle.

Conclusion

We provided one of the first insights on the application
of small ROVs to monitor fish in reservoirs. We found
a vertical gradient in environmental characteristics
with differing fish assemblage structures along the
steep slopes of the reservoir. We showed that greater
abundance and richness of fish were observed in the
littoral zone, associated with the greater environmen-
tal heterogeneity. We also discussed biases, chal-
lenges and opportunities of the application of ROV in
freshwater systems. The Lajes Reservoir seemed to be
an adequate case study due to the predominance of
lentic conditions, high water transparency (up to
6 m—Secchi’s Disc), and extensive prior knowledge
of the ichthyofauna. In general, the scarcity of studies
applying ROV’s in inland waters still hinder the
establishment of robust techniques, protocols and
comparisons. It is exactly this gap that makes this
technique promising new debates and discoveries in
freshwater environment. Underwater drones can be a

@ Springer

valuable environmental tool for the simultaneous
collection of abiotic and biotic data, especially in
deep reservoirs, with variable and complex habitats,
resulting in advances in the environmental monitoring.
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