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ABSTRACT: Little is known about the seasonal movements of fish that inhabit large rivers in
South America, which makes it difficult to identify potential threats to fish populations associated
with the proliferation of hydropower developments. Dorados Salminus brasiliensis (Characi-
formes) are large riverine piscivores that are targeted by recreational and commercial fishers and
are considered regionally ‘'vulnerable' in Brazil due to overfishing, pollution, and habitat fragmen-
tation. Here, we used radio telemetry to study the seasonal movements of dorados in the upper
Uruguay River, Brazil, to provide the first information on large-scale migratory biology and to
inform management and conservation actions. From November 2001 to July 2003, 73 dorados
were radio-tracked using aerial surveys and 7 fixed radio telemetry stations installed in a section
of the upper Uruguay River covering ~400 km. Despite use of an extensive radio telemetry array
and aerial tracking, nearly 40 % of fish tagged at the downstream site were never detected, sug-
gesting unreported harvest, post-release mortality, or migration to tributaries or downstream
reaches that extended beyond the tracking area, emphasizing the challenges of working in such
a large study system in jurisdictions where research capacity and funding are limited. Nonethe-
less, this study yielded the first data on the migratory biology of dorados and revealed that a seg-
ment of the population is quite mobile and thus could be negatively impacted by river fragmenta-
tion, suggesting the need for management strategies that maintain connectivity (e.g. fish passage
facilities).

KEY WORDS: Salminus brasiliensis - Migration - Upper Uruguay River - Radio telemetry - Itd Dam -
Turvo Forest Park
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INTRODUCTION

There is a lack of research on the natural history
and behavior of fish in large tropical rivers (Wishart
et al. 2000). This is of particular concern because of
the many threats that face fish residing in large trop-
ical rivers such as overfishing, pollution, forestry,
agriculture, and hydropower development (Pringle
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2000, Malmqvist & Rundle 2002). Given that migra-
tory fish occupy large areas in the river basin, they
have the potential to be exposed to multiple threats;
thus, there is a need to document and describe the
migratory biology of fish residing in large tropical
rivers. Although a number of tools are available for
studying fish movement in large rivers (reviewed by
Lucas & Baras 2000), biotelemetry techniques such as
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radio and acoustic telemetry perhaps hold the great-
est potential, given the possibility for fish to under-
take vast migrations in such watersheds. A recent
synthesis revealed that biotelemetry tools have much
to offer in the study of threatened fish species as such
tools make it possible to document critical habitats
and identify the level of riverine connectivity
required for the species’ life history (Cooke 2008). To
date, only a handful of telemetry studies have been
conducted in large tropical rivers (Hocutt et al. 1994,
Thorstad et al. 2001), despite the fact that such tools
have been widely used in temperate rivers since the
1970s (Baras 1991).

One region that is particularly poorly studied with
respect to migratory fish is South America (Wishart
et al. 2000, Carosfeld & Harvey 2003). The upper
Parand River basin in Brazil is considered one of the
most studied with respect to fish fauna in South
America, but even there, information on the basic
natural history is known for only 86 of the 221 cur-
rently identified fish species (Agostinho et al. 2003).
The lack of information on natural history and migra-
tory biology of species makes it difficult to conduct
threat assessments and to develop management
strategies to address challenges such as hydropower
development and overfishing. Throughout South
America, but in particular in Brazil, large-scale
hydropower developments have taken place (130
dams higher than 10 m in the Parand River Basin
alone, as of 2001; Agostinho et al. 2002) and many
more are planned. Regulations do not require fish
passage facilities in Brazil to be constructed unless a
need is demonstrated, so a lack of information on
migratory tendencies makes it difficult for environ-
mental managers to make decisions regarding fish
passage needs (see Agostinho et al. 2002 for details).
In many other regions of the world, however, mainte-
nance of river connectivity for fish populations is
regarded as critical, particularly for migratory spe-
cies (Malmqvist & Rundle 2002, Nilsson et al. 2005).

The dorado Salminus brasiliensis Cuvier, 1816 is
the largest characin in the La Plata River Basin,
growing to 116 cm and 31.6 kg (Morais-Filho &
Schubart 1955), and has a wide distribution in South
America (Lowe-McConnell 1975). This species is tar-
geted by both sport and subsistence fisheries
because of its excellent taste and ease of capture
(Hahn 2000). Adult dorados are top piscivores in the
aquatic food chain, and they tend to feed in fast-
running waters primarily during the twilight period.
Previous mark-recapture studies have revealed that
dorados appear to exhibit seasonal migrations
between feeding and spawning areas, covering dis-

tances up to 1000 km (Petrere 1985). However,
mark-recapture studies have serious limitations, and
there is a tendency to underestimate the mobility of
the population (Lucas & Baras 2000). The spawning
migration of dorados in the Parand River Basin is
related to the flood regime of a particular year
(Agostinho et al. 2003), with most dorados initiating
spawning activity after the water levels have begun
to rise (Godoy 1975). The destruction of habitat,
interruption of the migratory routes by dams, and
especially over-fishing have caused this species to be
considered vulnerable according to the red list of
endangered species for the state of Rio Grande do
Sul (Marques et al. 2002). Documenting the migra-
tory biology of dorados in the upper Uruguay River
basin of Brazil using biotelemetry would address a
critical information gap and provide managers with
knowledge needed to make informed management
and conservation decisions.

The objective of this study was to document and
describe the movement patterns and migratory ten-
dencies of dorados in the upper Uruguay River.
Research efforts focused in a reach approximately
400 km in length and involved radio tagging fish at
the upstream extent of the study reach where there
was an impassable dam, as well as some 325 km
downstream near the lower portion of the study
reach. Such a tagging design enabled us to further
explore whether fish tagged in 2 locations exhibited
different movement patterns. Aerial tracking and
fixed radio receiver stations were used over a 3 yr
period, enabling us to also evaluate seasonal patterns
in movement. Given that this is one of the first radio
telemetry studies of migratory fish in South America
or any Neotropical river, we also discuss the chal-
lenges involved in using such technology in a region
where research capacity and funding are limited and
where the watersheds are massive. We also discuss
how our findings could inform management and
conservation initiatives, particularly those related
to mitigating fragmentation effects associated with
hydropower development.

MATERIALS AND METHODS
Study area

The Uruguay River, the third largest in the La Plata
River basin, is 1838 km long and covers a drainage
area of greater than 365000 km? (OEA 1969). Its
headwaters are in the Serra do Mar and Serra Geral,
the coastal ranges of southern Brazil. Its main source,
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the Pelotas River, originates only 64 km from the
Atlantic coast and flows to meet the Canoas River at
1800 m above sea level, thus giving rise to the main-
stream of the Uruguay River. In Buenos Aires, it com-
bines with the Parand River, forming the great estu-
ary of the La Plata River (Di Persia & Neiff 1986).

The upper Uruguay River has a great diversity of
habitats; extensive series of riffle and rapid sections
are predominant because of the rocky substrate and
high gradient. However, deep pools and sand beds
are common in some stretches. The mean river width
is 400 m (max. 1300 m) with depths of up to 130 m at
a site in Yucuma Falls, Turvo Forest Park, in a border
area between Brazil and Argentina. The water tem-
perature varies seasonally from 10 to 28°C, conduc-
tivity from 30 to 100 pS cm™!, and pH from 6 to 8.

The Uruguay River basin has suffered a variety of
negative impacts since the beginning of the last cen-
tury. Nearly all of the riparian vegetation had been
removed by the 1950s when 'balsas’ (boats) were
used to transport wood harvested from the margins of
the river downstream to Argentina (Pesavento 1982).
At present, the only intact sections of original ripar-
ian vegetation are located in the Turvo Forest Park
(Brazil) and Missiones Forest (Argentina), which
together cover 50 km of the river (Hahn & Camara
2000).

The study area is a stretch of the upper Uruguay
River about 400 km long (between 1050 and 1450 km
from the river mouth; Fig. 1). The upstream limit of
the study area is the Ita Dam, which began operation
in December 2000. The dam is 125 m in height and is
not equipped with fish passage facilities, so it is pre-
sumably a barrier to fish migration. The downstream
limit of the study site was the city of Porto Soberbo,
downstream of the Turvo Forest Park and Missiones
Forest.

Fish sampling and tagging

From November 2001 to July 2003, 73 dorados
were captured at 2 collection sites in the study area
(Table 1). Forty-two were captured along the
Yucuma falls, Turvo Forest Park (Site A) and 31 in the
tailrace of Itd Dam (Site B). The specific collection
sites were chosen because these areas had been
identified by researchers as areas where fish capture
would be possible due to an apparent concentration
of fish. The purpose of tagging fish from an upstream
and downstream site separated by 325 river km was
to test whether there was overlap in use of different
reaches of the river. In addition, because Itd Dam is a
migratory barrier with no appropriate spawning
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Fig. 1. Study area in the upper Uruguay River, Brazil. A: release site in the Turvo Forest Park, B: release site in the tailrace
(downstream) of the Itd Dam. Radio telemetry fixed stations: F1 to F7. Mobile tracking zones: M1 to M12
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Table 1. Salminus brasiliensis. Dorados radio-tagged from November 2001 to July 2003. M: male; F: female; nd: not
determined. Release sites: A, Turvo Forest Park; B, Itd Dam (see Fig. 1)

Fish Tagging date Sex Total Total Tagging  No. of Total time Comments

no. (mm/dd/yy) length (cm) weight (kg) site detections tracked (d)

1 11/28/01 nd 80 8.5 A 51 825

2 11/29/01 nd 64 2.5 A 38 837

3 11/29/01 nd 72 2.85 A 183 845

4 12/13/01 F 92 9.5 A 8 85

5 12/13/01 F 88 7.5 A 18 52

6 12/13/01 M 60.5 2.7 A 3 296

7 12/13/01 M 61 2.6 A 3 737

8 01/16/02 M 67 3.0 A 26 36

9 01/25/02 M 53 1.4 A 0 0

10 03/12/02 F 73 4.5 A 0 0

11 03/12/02 F 83 7.5 A 1 222

12 03/12/02 F 72 4.5 A 0 0

13 03/12/02 F 75 4.8 A 9 649

14 03/13/02 F 68 3.5 A 0 0

15 03/13/02 F 68 3.0 A 3 409

16 03/14/02 F 69 3.5 A 16113 48

17 03/14/02 F 62 2.8 A 0 0

18 11/29/01 nd 34 0.65 A 1 99 Captured. Location and time
were not reported by fisher

19 12/13/01 M 57 2.2 A 1 27

20 01/16/02 M 60 1.9 A 0 0 Captured in April 2004, 300 km
downstream of the release site

21 04/08/02 F 85 6.0 A 0 0

22 04/08/02 F 75 4.5 A 2 560

23 04/08/02 F 97 11.0 A 1 560

24 04/10/02 F 67 2.5 A 0 0

25 04/10/02 F 79.5 6.0 A 0 0

26 04/10/02 nd 74 4.1 A 1 216

27 04/10/02 F 85 7.5 A 0 0

28 04/10/02 F 90 8.0 A 7 714

29 04/11/02 F 83 7.0 A 2 237

30 04/11/02 F 64 3.5 A 0 0

31 04/11/02 F 97 11.0 A 3 382

32 04/11/02 F 85 9.0 A 130 704

33 04/11/02 F 70 3.5 A 0 0

34 04/11/02 F 79 6.5 A 0 0

35 04/11/02 F 81.5 6.0 A 5 675

36 04/30/02 nd 67 4.6 A 1 578

37 01/18/02 nd 34.5 0.3 A 4 769 Captured. Location and time
were not reported by fisher

38 01/25/02 M 49 1.0 A 0 0

39 12/13/01 F 59 2.2 A 0 0

40 11/26/01 M 65 3.5 A 1 138

41 11/29/01 nd 63 2.5 A 0 0

42 11/29/01 nd 62 2.0 A 0 0

43 12/11/01 F 78 6.0 B 6 828 Captured in February 2002,
50 km downstream of the
release site

44 12/11/01 F 65 4.3 B 8 270

45 01/09/02 F 70 5.0 B 8716 781

46 01/10/02 F 66 3.7 B 4831 66

47 01/10/02 F 80 9.0 B 5934 55 Captured in March 2002, 81 km
downstream of the release site

48 01/10/02 F 68 4.75 B 8586 764 Captured in October 2002 on a
tributary 1 km downstream
from the release site

49 01/11/02 F 64 3.9 B 4687 802

50 01/11/02 F 78 5.8 B 14359 239
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Table 1 (continued)

51 01/11/02 F 78 8.3 B
52 01/11/02 F 68 4.9 B
53 01/11/02 F 68 4.9 B
54 01/11/02 M 63 3.0 B
55 03/27/02 F 73 5.2 B
56 03/27/02 F 74 5.2 B
57 03/28/02 F 63 3.3 B
58 03/28/02 M 68 3.4 B
59 03/28/02 F 70 4.5 B
60 12/12/01 F 67 4.2 B
61 03/28/02 F 75 6.2 B
62 05/14/03 nd 67 4.0 B
63 05/13/03 F 68 3.8 B
64 05/13/03 F 70 4.8 B
65 12/19/02 M 76 7.5 B
66 12/19/02 F 78 8.0 B
67 12/19/02 F 73 6.5 B
68 05/13/03 F 74 5.8 B
69 05/13/03 F 70 4.6 B
70 05/13/03 F 62 3.3 B
71 05/13/03 F 73.5 5.9 B
72 07/17/03 F nd 4.4 B
73 12/12/01 F 62 3.2 B

4348 377
238 804
1756 239
10556 780
130365 715
1 189
1098 478 Captured in September 2002 at
the release site
15274 166 Captured. Location and time
were not reported by fisher
34946 726
363 832
1046 700 Captured. Location and time
were not reported by fisher
519 295 Captured in April 2004 at the
release site. Weight at capture:
7.5 kg
3 35
7153 312
260 437
3 436
1 11
193 268 Captured in May 2004, 128 km
downstream of the release site.
Weight at capture: 6.5 kg
2213 318
603 300
725 28
1302 123
6 86

habitat in the tailrace, it was also possible to deter-
mine the extent to which fish from both sites were
entrained in the tailrace and unable to pass this bar-
rier. Fish were collected with either cast nets or rod
and reel with artificial lures. Once captured, fish
were visually examined, and only those with no
apparent signs of disease, external parasites, or in-
jury were tagged.

Fish were individually anesthetized in an induction
bath of clove oil (eugenol) diluted in river water (1 ml
eugenol in 40 1 water) for a period of 1 to 3 min.
Because little is known about how tropical fish re-
spond to anesthesia, we determined this concen-
tration during preliminary trials. Before tagging, fish
were measured (total length to nearest cm), weighed
(to the nearest 10 g), and when possible, sex and
reproductive state were determined through exter-
nal morphological characters (i.e. males have spines
on the anal fin during the spawning season). Fish
were placed in a surgical holding tray in a supine
position such that the gills were continuously irri-
gated with a maintenance bath of anesthetic solution
(0.25 ml eugenol in 40 1 water) through a tube placed
under the operculum. The surgical equipment was

disinfected with germicide solution (quaternary
ammonium compounds) prepared freshly for each
tagging session. An incision of approximately 3 to
4 cm was made just anterior to the pelvic fin girdle.
The incision was deep enough to reach the coelomic
cavity. A catheter was inserted through the incision,
between the pelvic fin girdle and the viscera, and
directed 5 to 10 mm from the center of the ventral
line to serve as an exit site for the antenna. The tag
was then inserted through the main incision, gently
pulling the free end of the antenna and the catheter
and leaving the tag positioned in the coelom. The
incision was closed with 4 or 5 absorbable simple
interrupted sutures (Vicryl, J&J Ethicon). Surgeries
were conducted by the same trained individual, and
procedures were developed in consultation with vet-
erinarians. After surgery, fish were kept in the river
in rock holding pools and monitored until the oper-
cula and swimming movements were deemed nor-
mal, at which point fish were released.

All tagged dorados (34-97 cm total length, 300-
11000 g, see Table 1) recovered from surgical proce-
dures and showed normal opercula and swimming
movements when released, typically within 5 min
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after surgery. In this study, the majority (95%) of
tagged fish had tag to fish body mass ratios that were
1% or less. For 3 specimens, the tag weight to fish
weight ratios were greater (1.86, 2.6, and 8.67 %) but
only the individual with the largest tag burden
(8.67 %) was not tracked after release.

Telemetry equipment and tracking

Fish were tagged with 3 models of radio transmit-
ters: MCFT-3L (16 x 73 mm, 26 g in air, operational
life of 812 d at a 2.5 s burst rate), MCFT-3CM (11 x
36 mm, 6.7 g in air, operational life of 150 d at a 5 s
burst rate), and MCFT-3A (16 x 46 mm, 16 g in air,
operational life of 680 d at a 5 s burst rate; all tags
were from Lotek Wireless). The radio transmitters
operated at frequencies between 149.380 and
149.840 MHz, separated by at least 20 khz. The dif-
ferent tag sizes were used such that we could match
tag size to animal size and also reflected changes in
product availability during the study period.

Seven radio telemetry fixed stations monitored the
movement of tagged fish (F1 downstream to F7
upstream; Fig. 1). Stn F1 was installed after the
removal of Stn F5. Each station was equipped with an
SRX-400 W7 radio receiver (Lotek Wireless), 4-ele-
ment Yagi antenna (1 to 3 per station; AV Antronics),
cables, and connectors. To power the receiver, elec-
tricity from standard wall outlets, batteries, and/or
solar panels was used depending on site characteris-
tics. At Stns F6, F5, F4, and F3, antennas were
pointed upstream, downstream, and to tributaries.
The data stored by each receiver were downloaded
to a laptop using proprietary software provided by
the receiver manufacturer. Given that this study rep-
resented the first large-scale Neotropical riverine
telemetry study, several challenges were encoun-
tered with respect to tracking fish (see ‘Discussion’
for more details). For example, several stations suf-
fered interruptions in monitoring due to power fail-
ure or vandalism (details regarding fixed station per-
formance are presented in Table 2).

In addition to data obtained from fixed stations, 10
aerial surveys using a small airplane and each lasting
~4 h were conducted using a radio telemetry receiver
(SRX-400 W5) and 'H' antenna. Flights (9 in total)
were conducted at 200 to 400 m above water
between December 2001 and July 2003 and were
restricted to the 400 km study reach. When a signal
was picked up, the position of the fish was recorded
with a GPS. For this study, all tagging occurred
between November 2001 and July 2003, and the aer-

ial and fixed tracking occurred between November
2001 and April 2004. Mobile tracking by road was
not possible due to the vast size of the study area and
the lack of road access.

Data analysis

Data files were downloaded from the receivers and
imported into Telemetry Manager database software
(Version 3.0, LGL Environmental Research Associ-
ates). The software sorted all signals and created a
new operational database of all signals picked up
from the tagged fish, eliminating signals from back-
ground noise and erroneous records. The software
was used to generate the time of arrival and depar-
ture from every receiver zone as well as the number
of valid signals recorded for a given time period. For
the purpose of the analysis, the study area consisted
of 7 fixed tracking zones (F1 to F7) and 12 mobile
tracking zones (M1 to M12; Fig. 1). Although we had
large sample sizes, a number of problems with the
fixed stations reduced the resolution of the data. As
such, for the purpose of this study we present sum-
mary statistics and general movement trends but do
not conduct a rigorous statistical analysis. However,
we did examine the relationship between discharge
(m? s7!) from the Itda Dam between November 2001
and April 2004 and the abundance of tagged fish. In
some respects, this study represents a natural history
account of dorado movement, and this is part of a
growing trend in which new technologies are
enabling the collection of observational and descrip-
tive data that were previously unattainable (Sagarin
& Pauchard 2010).

RESULTS

Of the 42 dorados tagged and released at the most
downstream site (i.e. tagging Site A, Turvo Forest
Park), 17 (40.5 %) were never recorded. Of the 25 fish
detected at least once after release, 10 (40%) were
recorded at Stn F7 (325 km upstream) between 6 and
769 d after release. For example, Fishes 1, 2, and 3
were released on 28 November 2001 and were
recorded at the most upstream fixed station at Ita
Dam on 11 and 12 January 2002. Interestingly, the
last 2 were first detected at this station just 7 h apart,
emphasizing the synchronicity of movements (Fig. 2).
Upstream migration rates were high for some fish,
such as Fish 8, which moved upstream at an average
speed of 54.1 km d™..
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Table 2. Summary of fixed station characteristics and performance during the study period. Rkm: river kilometer

Station/ Position Rkm to study Description Station Comments
name area/distance operation
from mouth (km) period
F1/Porto 27.30°S, 378/1072 250 m wide, up to 71 m deep, March 2003 Functioned throughout
Soberbo 54.19°W 2 aerial antennas (pointed to July 2004 the entire study period
upstream and downstream)
F2/ 27.22°S, 325/1125 350 m, up to 18 m deep, 2 November 2001 Problems mainly related
Turvo 54.01°W aerial antennas (pointed to July 2002 to energy supply; removed
upstream and downstream) in December 2002
F3/ 27.17°S, 286/1164 600 m, up to 5 m deep, December 2001 Energy supply problems
Itapiranga 53.83°W 3 aerial antennas (pointed to July 2002; from August to December
upstream, downstream, and  January to 2002; receiver stolen in
to tributary) March 2003 April 2003
F4/ 27.09°S, 212/1238 590 m, up to 40 m deep, November 2001 Receiver damaged by
Mondai 53.38°W 3 aerial antennas (pointed to September lightning in September
upstream, downstream, 2003; March 2004 2003
and to tributary) to July 2004
F5/Foz do 27.10°S, 132/1318 570 m, up to 18 m deep, November 2001 Energy supply and
Chapeco 53.01°W 3 aerial antennas (pointed to December vandalism problems;
upstream, downstream, and 2002 removed in
to tributary) December 2002
Fo/ 27.29°8S, 55/1395 250 m width, up to 8 m deep, November 2001 73 d off to send receiver
Goio-En 52.69°W 3 aerial antennas (pointed to December to Canada to replace
upstream, downstream, and  2002; March 2003 internal battery and
to tributary) to March 2004 vandalism problems
F7/1ta 27.28°8S, 0/1450 190 m width, up to 16 m November 2001 Functioned throughout
tailrace 52.39°W deep, 1 aerial antenna to March 2004 the entire study period

pointed downstream

Of the 31 dorados tagged and released at the most
upstream site in the tailwaters of Ita Dam (i.e. tag-
ging Site B), 6 resided in the tailwater area through-
out the study period. The remaining 25 individuals
stayed within 20 km of the tagging site for between
26 and 781 d (average 157 d). During the course of
the study, 8 of those fish moved downstream up to
331 km and then eventually returned to It4 Dam from
300 to 832 d after release. An additional 17 fish
moved downstream from the It tagging site and did
not return during the study period. The distance of
downstream displacements varied between 10 and
400 km (average of 196 km), with downstream dis-
placement speeds ranging between 0.06 and 5.91 km
d™! (average of 1.67 km d}).

Only 2 dorados (1 male and 1 female) caught and
tagged at Itd Dam (tagging Site B) on 28 March 2002
were in advanced gonadal maturity stage (ripe
gonads; see Table 1). The male (Fish 58), which was
releasing sperm during the tagging, stayed on site for
124 d, and was detected later (166 d after release),
70 km downstream. The female (Fish 61) moved
downstream 230 km after release but was then
detected again at the release site 272 d later, where it
remained for 155 d (Fig. 2).

There was a general seasonal tendency of fish re-
leased at the downstream Turvo Forest Park (tagging

Site A) to move upstream in November, whereas fish
released at the upstream limit of the study site (i.e. Ita
Dam, tagging Site B) tended to move downstream be-
ginning in February. Of the fish released at Site A, 17
(68 %) that migrated at least 100 km upstream did so
between October and March, although upstream
movements by fewer fish were also noted between
April and September. Of the 10 fish tagged and re-
leased at Site A that migrated upstream all the way to
It4 Dam (Site B), 2 exhibited repeat migrations in sub-
sequent years, although one of the fish did so after
failing to migrate upstream in one year (i.e. migrated
in 2001 and 2003 but not in 2002).

The mean abundance of tagged fish in the tailrace
of Itd Dam was inversely related to water discharge
of the power plant (Fig. 3). However, under low flow
conditions (monthly average <370 m® s!), there was
high variability in the presence of fish. On the other
hand, in very high water discharges (>1400 m? s7}),
only a few individuals remained in the area (1-3,
+1.71).

Eleven radio transmitters (15% of the total im-
planted) were returned to the project by recreational
and artisanal fishers both within and downstream of
the study site, including 1 fish (Fish 20) that was re-
captured 300 km downstream of the most downstream
extent of the study site, 27 mo after tagging.
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Fig. 2. Salminus brasiliensis. Movements of dorados re-
leased (a-f) in the Turvo Forest Park (Site A, 1125 km
from the mouth) and (g—j) in the tailrace of Itda Dam (Site B,
1450 km from the mouth. Lines indicate the first and last
dates that a fish was detected at a fixed-station receiver
prior to detection at another receiver. The fish could have
migrated substantial distances away from the receiver site
during this interval without being detected). Rkm: distance
of the river in km from the mouth
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Fig. 3. Salminus brasiliensis. Water discharge from It4d power
plant and number of dorado individuals recorded at the
tailrace between November 2001 and April 2004

DISCUSSION
Migratory biology of dorados

The migratory behavior of dorados is conspicuous
and has been described by many authors (Bonetto &
Pignalberi 1964, Bonetto et al. 1971, Petrere 1985,
Sverlij & Espinach-Ros 1986). However, previous
studies have relied solely on data generated from
mark-recapture studies and thus lack the temporal
or spatial resolution presented here. In the current
study, we recorded displacements up to 400 km. In
an earlier mark-recapture study, Sverlij & Espinach-
Ros (1986) documented maximal movements up to
1440 km between the La Plara River estuary and
Posadas, Argentina. Two factors likely contributed to
our failure to detect larger movements. First, the Ita
Dam served as an upstream impassable barrier
where many fish accumulated. Second, due to bud-
getary constraints, our telemetry array and aerial
tracking was limited to a 400 km study reach. Many

fish were only detected on a few occasions and were
last detected at the most downstream fixed station
(Table 1), supporting the idea that some fish were
using larger reaches of the river. The maximum
speed detected in this study was 63.3 km d', the
largest recorded for the species to date. For compar-
ative purposes, upriver migration speeds of between
20 to 30 km d! are typically observed for adult
Pacific salmon in large rivers in the Pacific Northwest
of the USA (e.g. Hanson et al. 2008). Studies carried
out in the Parana River using mark-recapture
revealed downstream movements for dorados of up
to 1000 km and upstream up to 250 km and velocities
between 0.4 and 21.5 km d~! (Bonetto & Pignalberi
1964, Bonetto et al. 1971, Petrere 1985). On the other
hand, in the lower Uruguay River, the distance trav-
eled was up to 850 km to upstream sites and the
velocities varied from 3.4 to 21.1 km d™' (Delfino &
Baigun 1985). The velocity of migration is associated
with direction, flow characteristics, river hydrology,
and the anatomical characteristics and physiological
capacity of the species. Nonetheless, the velocities
recorded for upstream migration during the spawn-
ing period are higher than the downstream migration
for feeding, despite fish having to swim against the
flow.

Most of the fish released at Turvo Forest Park
(68%) moved upstream between October and
March. The initiation of the spawning season in the
upper Uruguay River is strongly related to the rain
periods and increases in water temperature, which
usually start in September. In the Parana River Basin,
reproduction occurs for dorados between November
and January (Barbieri et al. 2001). Reproductive and
spawning movements are regulated by rain. If rain
and flooding are delayed, migratory species may
delay or forego reproduction (Agostinho et al. 2003).

The fish tagged in this study presented different
degrees of residency in the study reach. The 17 dora-
dos released at Turvo Forest Park that were never
recorded may have moved out of the study area, as
corroborated by the capture of a fish downstream of
the park, whose tag was returned by fishers. The
movement to downstream areas after tagging could
be a result of stress caused by handling and tagging
(Maékinen et al. 2000, Thorstad et al. 2001) or it may
simply be that these fish inhabit a large home range
that extends downstream from the tagging site. The
fact that these fish were not detected by any
receivers or tracking sessions could be due to 3 pri-
mary reasons: (1) problems in the fixed stations or in
mobile tracking, (2) fish were captured by fishers and
not reported, or (3) transmitter failure. According to
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Winter (2000), the losses from harvesting by humans
are often much higher than 30 %, and the transmitter
failure rate can approach 10 %.

Of the dorados released in Turvo Forest Park, 40 %
moved upstream to Itd, where they remained for dif-
ferent lengths of time in the tailrace area. The pres-
ence of fish for long periods in the Itd Dam tailrace
may indicate that the spawning area of this
population was previously located upstream of the
dam. Further, the water discharge may serve as an at-
tractant for these rheotactic fish; this may be due to
the flow itself or to the presence of forage species that
reside in the tailrace because of plankton entrainment
from the reservoir. However, despite the long-term
residency, the relation between water discharge from
the Itd power plant and fish concentration at the tail-
race was inversely proportional, and may be related
to low tolerance of fish to elevated discharges that re-
quire fish to make longitudinal or lateral movements
to find adequate flow refuge (Lucas & Baras 2001).

The dam has several large lights which may attract
insects or fish, as has been previously proposed as a
mechanism for the concentration of fish in the tail-
race (Agostinho et al. 1993, 2007). It is most likely
that a number of factors influence long-term resi-
dency in the tailrace by some of the tagged dorados,
such as the lack of suitable spawning habitat in the
tributaries downstream of the Ita Dam. The return of
2 dorados released at Turvo Forest Park to Itd on 2
occasions may suggest fidelity to spawning grounds,
which were probably historically located upstream of
the dam. These fish returned to Ita after taking a
year's break, suggesting that they may not attempt
reproduction annually or that some individuals do
not need to migrate to reproduce; however this is still
poorly understood. In the upper Parana River, parts
of the tagged schools of Salminus brasiliensis and
Prochilodus lineatus remained at the release site
for long periods, which suggests that these species
may complete their life cycles without migrating
(Agostinho et al. 2003).

Comments on the use of biotelemetry in
Neotropical rivers

Radio telemetry is an appropriate technology to col-
lect qualitative and quantitative information about fish
movements and habitat utilization, especially in
remote places and turbid waters (Eiler et al. 1991,
Thorstad et al. 2001). However, collection and analysis
of data in this study were especially challenging for
several reasons. For example, many areas of the study

reach were >3 m deep with widths exceeding 400 m,
making it difficult to detect and decode radio signals.
Indeed, many tagged fish passed by more than 2 fixed
stations without being detected, which emphasizes
our poor detection efficiency. In addition, there was
extensive but inconsistent background noise which
may have further reduced the ability of the receiver to
record valid signals. The receiver stations also became
infested with insects and affected by moisture. It is
thus important to design fixed stations that keep ani-
mals and moisture out, as these can both influence
receiver performance. Finally, aerial surveys were
largely ineffective due to the fact that the plane had to
fly at between 200 and 400 m above the water, a height
that was higher than most previous aerial tracking
studies (Holder & Eiler 2000). The lack of roads along
vast reaches of the study site made manual tracking by
truck difficult, and treacherous rapids in some areas
made tracking by boat quite dangerous. Several fixed
stations were vandalized during the study period, and
one was stolen, which was not only expensive but also
meant a loss of data. In addition, when the receivers
required technical service, they had to be sent to
Canada, and with customs and shipping challenges,
this sometimes took several months. In other words,
there is simply no capacity for technical support for
telemetry equipment in Neotropical regions. From a
biological perspective, it was necessary to develop
tagging protocols for a species that had previously not
been anesthetized or implanted with electronic tags.
In the case of this study, there was not even an appro-
priate surrogate species that had previously been
studied in the literature (see Ebner et al. 2009), so we
had to rely on accounts from researchers tagging large
riverine fish in other areas (e.g. salmonids in North
America). Although not ideal, this approach seemed to
work for our study but should not become standard
practice for future studies in Neotropical regions.

To overcome the challenges that we faced here, we
provide a number of recommendations for those
interested in pursuing telemetry studies in Neotropi-
cal systems in the future. First and foremost, it is
important to consider what type of technology should
be used, given that fixed acoustic telemetry stations
are also becoming popular in large-river research
(e.g. Mathes et al. 2010). At the time of this study,
radio telemetry was certainly the best option, but
today there are a number of options that should be
considered (e.g. acoustic telemetry). It is also impor-
tant to conduct range tests to optimize receiver per-
formance and identify problems with detection effi-
ciency that could be addressed using amplifiers,
different antennas, or alternate antenna configura-
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tions. Ideally, such tests would be done at the project
planning phase to determine the number of systems
required, their location, and their specifications. To
avoid vandalism and theft, it is important to be cryp-
tic with receiver placement or place gear in areas
where it is secure (e.g. private land with landowner
permission). Furthermore, if telemetry companies
are to serve Neotropical and other regions outside of
North America and Europe more effectively, it is nec-
essary to have local technical support to service
telemetry gear. In terms of tag attachment and
implantation, there is certainly a need for studies of
tagging effects, development of anesthesia protocols,
and testing of surgical procedures on a range of
Neotropical fish species. Collectively, these recom-
mendations should be useful for researchers that are
considering the use of biotelemetry techniques for
the study of fish in Neotropical rivers.

Management and conservation implications

The study revealed important information about
the timing and speed of dorado movements. Given
that there appears to be a large concentration of fish
in the tailrace region of Ita Dam during the spawning
period, there are several management and conserva-
tion implications. One option may be to install a fish
passage device to enable fish to bypass the dam. This
option assumes that if dorados had access to
upstream areas, there would indeed be suitable
spawning habitat despite the presence of the reser-
voir and other dams. As such, a fishway could create
an ‘ecological trap,’ a phenomenon documented for
other large migratory fish in Brazil (Pelicice &
Agostinho 2008). In addition, little is known about
the behavior of dorados in or near fishways or their
swimming abilities, so biological design criteria are
lacking. Clearly, there is a need to transplant some
fish above the Itd Dam and use telemetry to identify
potential spawning areas. Another option is to create
spawning habitat downstream of the dam to increase
production of dorados. Between Itd and Machadinho
Dams there is a tributary (Ligeiro River) which may
provide suitable spawning habitats for migratory
species, although future biotelemetry studies are
needed to determine whether this is the case. Finer-
scale habitat use studies with a greater emphasis on
manual tracking may be useful for identifying critical
habitats. In this study, we focused on documenting
large-scale movements.

In summary, our data suggest that large segments
of the population of dorados in the 400 km reach of

the Uruguay River downstream from Ita Dam make
upstream spawning migrations that terminate in the
vicinity of Itd Dam where there is limited or poten-
tially no spawning habitat. Without efforts to improve
the productive capacity of the system and provide
fish with access to suitable spawning sites, the popu-
lation of dorados in the Uruguay River may face fur-
ther declines and eventual extirpation. This should
also serve as a lesson for future dam developments
on other Neotropical rivers where dorados occur.
However, it is also likely that this scenario is relevant
to many other Neotropical migratory fish that have
not been studied. As noted above, this is one of the
first radio telemetry studies on fish in Neotropical
rivers. Telemetry data are essential for providing
information to inform both threat assessments and to
identify potential conservation and management
actions (Cooke 2008), and additional efforts are
needed to build the capacity for such studies in
Neotropical regions and other areas where
biotelemetry has yet to be fully embraced but has
much to offer conservation biologists (Hocutt et al.
1994).
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