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Abstract

Identifying fish spawning areas is of great ecological and conservation importance as fishes are
suffering increasing threats levels from anthropogenic activities. However, to date very few
studies have done so in the Amazon basin. In the Beni River located in the upper Madeira basin,
fishers reported that a particular ecotone near Rurrenabaque city was a fish reproduction area. To
test the importance of this zone as a spawning site, we conducted an ichthyoplankton survey
during the month when reproduction is most likely to occur. The specific identification of larvae
and eggs was made with a metabarcoding analysis. With this approach 13 different fish species of
high importance for regional and local fisheries were identified, including the long-distance
migratory gilded catfish (Brachyplatystoma rousseauxii), considered as endangered in the upper
Madeira. Combining the development time of morula-gastrula egg stages with the integrated
current velocity of the river, we identified a spawning area that ranges between the last gravel
beaches close to Altamarani community and the San Miguel del Bala community on top of Suse
strait, the last foothill of the Andes. This spawning area further extends upstream in the Madidi
and Pilon Lajas protected areas and Tacana and Tsimane indigenous communities, when
considering eggs in final embryo stage. This portion of the Beni River, at the Andean foothills, is
heavily impacted by anthropogenic activities, ranging from unmanaged fisheries to contamination
coming from the extraction of fluvial aggregates, upstream gold mining, deforestation associated

with a sugar cane mill, an existing downstream dam, and projected upstream dam projects. Some



urgent solutions for the conservation of this already impacted area are proposed. Confirming fish
spawning zones, although difficult, is crucial to inform the definition of priority areas for

conservation and management measures, in particular when these sites host endangered species.
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1. INTRODUCTION

The Amazon basin, which hosts the largest freshwater fish diversity on earth, is facing
increasing threats from anthropogenic activities such as overexploitation, habitat degradation,
deforestation, hydropower dam construction, invasive species and pollution (Castello et al., 2013;
Castello & Macedo, 2016; Hurd et al., 2016). Climate-induced modifications of Amazonian
ecosystems are expected to further exacerbate these threats (Xenopoulos et al., 2005; Freitas et
al., 2013; Frederico et al., 2016). Beside their exceptional diversity, fish play a major role in the
life of Amazonian people (Barthem & Goulding, 2007) with some of the world’s highest fish
consumption rates per capita: 30-40 kg.year™! for urban populations and 70-120 kg.year™! for rural
populations (Isaac & Almeida, 2011), with maximum of ~200 kg.year! (Batista et al., 1998).

In the Amazon basin, the life cycles of many fishes, including most commercial species,
involve a broad range of migrations for feeding and/or reproductive purposes, from a few
kilometers to several thousand kilometers (Barthem & Goulding, 1997; Lucas & Baras, 2001;
Carolsfeld ef al., 2003). As these larger migrations can span over several international
boundaries, managing fisheries and conserving migratory species require a good knowledge of

their movements and life history strategies. One of the most important issues is to understand



precisely where and when they spawn, so as to take appropriate measures to avoid habitat
degradation and overfishing. As reproduction is key to species survival, conserving spawning
sites is a priority. Identifying reproductive zones and determining which species use them allows
the definition of precise conservation actions based on the specific characteristics of the zone
(Castello et al., 2013). Unfortunately, such knowledge is seldom available for Amazonian
species.

Many studies have investigated fish reproduction in the Amazon basin using different
methodologies, such as the monitoring of reproductive adults (Goulding, 1980, 1981; Vazzoler &
Menezes, 1992; Ruffino & Isaac, 1995; Duponchelle et al. 2007; Garcia-Vasquez et al., 2009,
Agudelo et al., 2013; Bonilla-Castillo et al., 2018), the morphological (Canas & Pine, 2011;
Barthem et al., 2014, 2017; Cella-Ribeiro et al., 2015) or molecular identification of larvae in
ichthyoplankton samples (Garcia-Davila et al., 2015; Maggia et al., 2017), and, more recently,
approaches based on citizen science (www.ictio.org). Yet, there is very little information on
spawning areas and existing data does not go further than the family level (Oliveira & Ferreira,
2008; Cafias & Pine, 2011).

Recent conservation scenarii have evaluated the vulnerability of the main river basins of
the Amazon and their evolution until 2050 under current and planned threats (Jézéquel et al.,
2020a). The Beni River basin is currently ranked within the second most vulnerable watershed
category in the Amazon, and is predicted to negatively evolve into the most vulnerable category
by 2050. Another recent study highlighted the knowledge gap in fish diversity for the upper Beni
watershed (Jézéquel et al., 2020b).

In spite of this lack of information about ichthyofauna, two of the most important national

protected areas of the tropical Andes are located in this part of the Beni watershed, just above



Rurrenabaque: the Madidi National Park and Natural Area of Integrated Management and the
Pilon Lajas Biosphere Reserve and Indigenous Territory (Figure 1). This area also hosts Tacana,
T’simane-Mosetene and Uchupiamonas indigenous territories. These protected areas and
indigenous territories play a critical role in the conservation of ichthyofauna and Bolivian
biodiversity in general (SERNAP & CRTM 2009; SERNAP & Uchupiamonas 2009; CIPTA &
CIMTA 2014; Identidad Madidi & SERNAP 2018). The natural boundary between the Madidi
and Pilon Lajas protected areas is the Beni River, which crosses the core of the conservation area
that these national parks represent. This portion of the Beni River is the main aquatic corridor
linking both protected areas to the rest of the watershed, and hence the main migration route for
the fish, but also for the indigenous communities that inhabit them, such as Asuncion del
Quiquibey (Pilon Lajas) and San Jose de Uchupiamonas (Madidi). This route also crosses a series
of marked ecological transitions including the Chepete, Beu, Bala and Suse mountain ranges
(200-300 m a.s.l.) and the valleys in between (Figure 1). Another important transition is
downstream of Rurrenabaque at Altamarani, a Tacana indigenous community, where a marked
ecotone between the Andean foothills and the Amazonian alluvial plain is characterized by a
change from a stone and gravel substrate upstream towards fine sand downstream (Figures 1 &
2). Local fishermen have identified this transition zone as a breeding site for many species of
fish. Currently, this zone is highly impacted by several anthropogenic activities, including arid
extraction, overfishing, and contamination by human and industrial waste, and could be impacted
by dam projects in the near future.

The aim of this research was to confirm if this threatened ecotone is important for fish
reproduction. A metabarcoding approach was implemented for taxonomic identification of fish

species and resulting frequency estimation in plankton samples (Mariac ef al., 2018).



2. MATERIAL AND METHODS

2.1 Study area

The specific study site is located in the Beni basin, near the Altamarani village (67.555
W, 14.333 S, altitude 185 m a.s.l.), between the last Andean foothills and the beginning of the
Beni floodplain, and 22.8 km downstream from the nearest town: Rurrenabaque (Figure 1). The
Beni River is one of the largest rivers in Bolivia, at nearly 1000 km in length with a mean
discharge of 2050 m®s’! at the Bala strait (Gautier et al., 2006, 2010). At the sampling site, the
Beni River has a mean width of 269 m. The average depth is 7 m, reaching 45 m at the Suse strait
(Figure 1). Sampling was conducted at the lowest point of this sand-gravel ecotone, thereby
ensuring that egg and larvae drift from the majority of the watershed upstream was included in
the sample (Lechner ef al., 2016). The hydrological regime registered at this location shows high
amplitude variations related to rainfall (Molina et al., 2020). Owing to ongoing human activities
that threaten its integrity, this site was prioritized for the collection of ichthyoplankton (eggs and
larvae). It was then sampled in February 2017, during the breeding season of most fish species in
the upper Madeira (Cafias & Pine, 2011; Van Damme et al., 2011; Barthem et al., 2014; Cella

Ribeiro et al., 2015).

2.2 Sampling

Ichthyoplankton samples were collected (eggs and larvae) using ichthyoplankton nets,
with a length of 2.5 m x 0.5 m in diameter and 250 um mesh. Three nets were used
simultaneously, tied to a string to sample at 1, 2 and 3 m depths. The nets were horizontally

towed seven times for 15 minutes each during daylight. The bottom of the three nets were



weighted down and were held against the current from a boat running approximately at the same
speed as the water flow (Barthem et al., 2014).The larvae and eggs collected were
macroscopically separated from the organic matter retained in the nets (by adding alcohol in the
water to turn them a whitish color easier to identify) directly in the field, preserved in ethanol
95% and stored at 4°C for later determination of developmental stages and metabarcoding

analysis.

2.3 Estimation of the upstream limit of the spawning area

The upstream limit for spawning was estimated using the relation between the current
velocity and the timing of specific embryonic stages. Water flow was estimated using 2015 and
2016 hydrological data from the HYBAM project station at Rurrenabaque. Owing to the
construction of the Rurrenabaque — San Buenventura bridge (Figure 1), the historical HYBAM
sampling station had to be moved to another location, which explains the unavailability of data
for 2017 (Timouk, 2017). Hence, the average current velocity was calculated from the 11 days
preceding the collection date (25/02/2017) taken over the years 2015 and 2016. From the average
of these 22 velocity measurements (1.74 m/sec), the range of values at 95% CI (i.e. average speed
+1.96 SE) was calculated: 1.21 to 2.28 ms™!. These two range values were then used to define the
lower and upper distance of a first part of the spawning area using the age, in hours, of the
morula-gastrula developmental times. The second part of the spawning area corresponds to the
ranges calculated from the development time of the final embryo stage (15h).

For that, it was assumed that eggs can be assimilated to inactive particles, that they drift
downstream as soon as they are spawned, and that they do so at the same speed as the water flow

in the river (Barros & Rosman, 2018). Eggs, but not larval development stages, were used for this



calculation because the length of egg developmental stages is more constant between species
(Nakatani et al., 2001; Andrade et al., 2016). As several species were involved, we used the
approximate mean development times provided in the literature for some of these taxa (at the
genus level at least) and some close relatives (Table 1). Water temperature is generally warmer in
controlled conditions (Table 1) than in the river (in our case ~24°C), which might also delay the
development time, albeit more for developed embryo and larvae than for cleavage stages (morula
and gastrula). For this reason, the development time selected has been rounded up to 2 hours for
the morula stage, 4 hours for the gastrula stage and 15 hours for the final embryonic stage (means
provided in Table 1).

In order to delimit a spawning area as conservatively (extensively) as possible, the lower
limit of the spawning area was approximated using the shortest development time for the morula-
gastrula stages (2h) and the slowest current velocity (1.21 m/s). We then defined two upper
limits, the first using the longest development time (4h) of the morula-gastrula stages and the
second using the development time of the final embryo stage (15h), both with the fastest current

velocity (2.28 m/s).

2.4 Sequencing and taxonomic assignation
2.4.1 DNA extractions and NGS libraries preparation

Two DNA bulk extractions were performed, one each for the larvae and egg samples,
following the rapid isolation of mammalian DNA procedures (Sambrook et al., 1989). The single
COI (cytochrome c oxidase subunit I) probe production, as well as all steps and conditions for
enriched libraries by capture preparations (DNA shearing, DNA end repair, adapters ligation, Bst

Polymerase treatment, hybridizations and real time PCR) followed published protocols (Mariac et



al., 2018). One negative (blank) and two positive controls (mock community samples with
known species composition) were included during NGS (Next Generation Sequencing) libraries
preparation. Indexed libraries were pooled at an equimolar ratio for the capture enrichment step,
followed by paired-end sequencing using MiSeq v2 reagents and 2 x 150 bp. Sequencing was

carried out at the CIRAD facilities (Montpellier, France).

2.4.2 Data cleaning and taxonomic assignation

Demultiplexing based on the 6-bp internal index was performed using the PYTHON
script DEMULADAPT (https://github.com/Maillol/demultadapt). Adapters were removed using
CUTADAPT 1.2.1 (Martin, 2011). The NGS sequences have been aligned to a COI database
(command lines in S1) with the MALT version 0.3.8 program (Herbig, 2016) to generate a file in
blast format. The reference database used contains 160,387 Actinopterygii COI sequences
extracted from Genebank and Bold (Ratnasingham & Hebert, 2007) on 215 February 2017
(reference database S2). Among the 16,270 species or subspecies it contains, at least 445 are
species described in the Amazon region.

Taxonomic assignation of the blast results was performed with MEGAN software version
6.12.3 (Huson et al., 2016) using the paired reads option and the weighted LCA method. Reads
mapping COI were assigned to a species if a minimum alignment score value of 150 and 98%
identity was reached with a reference sequence in the database. If a read mapped with the same
score to more than one species it was assigned to their lowest common ancestor. Additional files
containing synonymous and disabled taxa (S3) were included for assignment under MEGAN
software. These files were used in order to control mis-assignments related to typographical

errors and taxonomic revisions. The percentage of reads assigned, not assigned (reads with a hit



but failing to meet the score and identity requirements) and reads with no hits to the COI database
are reported (S4). A minimum frequency threshold was defined using the MaxSSS method
(Manel et al., 2001; Liu et al., 2013) with the two mock control samples. The value of this
threshold, set at the maximum sum of specificity and sensitivity, was determined by comparing
the frequencies estimated by NGS in mock samples to their known frequencies (established by an
individual Sanger sequencing). As previously described in Mariac et al. (2018), species identified

in egg and larvae samples whose frequencies were below this threshold were discarded.

3. RESULTS

The number of larvae and eggs collected at the sampling point in February 2017 was 404
and 49, respectively. Among the eggs, 8.7% were in the morula stage (~ 2 h post-fertilization),
87% in the gastrula stage (~ 4 h post-fertilization), and 4.3% in the final embryo stage (~ 15 h
post fertilization) (Table 2), which implies that the corresponding species spawned very close to
the sampling point. Among the larvae, the highest proportion of individuals were found in early
stages of development with 60% in the early flexion stage, 37.5%, in the pre-flexion stage and
2.4% were yolk-sac larva (newly hatched individuals); or equivalent to ~ 62 h, 26 h and 14 h of
total life, respectively. The larvae of more advanced stages were found in a lower proportion:

most of them were more than 48 h old, with a variation depending on the species.

3.1 Sequencing results and taxonomic assignation
The total number of raw reads was 1,230,896 from which 1,089,701 (88.5%) were
successfully paired and then processed for the taxonomic identification of eggs and larvae. The

number of reads per library ranged between 86,040 and 227,368 (see S3 for details) with a mean
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percentage of reads assigned against the COI reference database of 66.6% (SE=4.7). Only 176
reads were retrieved in the negative control and none of them were assigned. Taxa with a
frequency of less than 0.6% were discarded. This minimum frequency threshold was determined
by the maxSSS method using mock control samples (supplementary data S5 and S6). Overall
fifteen different taxa were identified, 13 at the species level and 2 at the genus level. These taxa
belong to eight genera and two orders (Table 3). Eleven and five fish species were identified in
eggs and larvae samples, respectively. The percentage of assigned reads was highest for the
genus Prochilodus, with 33.1% in the egg sample and 62.35 % in the larva sample. Prochilodus
nigricans is the most represented species in both eggs and larvae with 18.15 and 26.1%
respectively (Table 3). Brachyplatystoma rousseauxii and Zungaro zungaro were identified only
in the egg samples and represent 17% and 8% of the assigned reads, respectively. The remaining
reads were assigned to the genus Pseudopimelodus and to ten other species, including five
species of Prochilodus in both eggs and larvae stages (Table 3). Of the 15 taxa recorded, 8 were
observed only in egg samples (Brachyplatystoma rousseauxii, Zungaro zungaro, Potamorhina
altamazonica, Psectogaster rutiloides, Pimelodus blochii, Mylossoma albiscopum, Prochilodus
aff. argenteus, Rhinodoras boehlkei), 3 by both eggs and larvae (P. nigricans, P. aff. lineatus, P.
aff. rubrotaeniatus) and 2 only in larvae samples (P. aff. costatus, Pseudopimelodus sp.
LBP2397) (Table 3). It can therefore be assumed that at least the 11 species whose eggs were

sampled reproduce in the spawning area closest to the sampling point (red stretch in Figure 1).

3.2 Estimation of the spawning area
Linking the development time for the most abundant gastrula-morula stages (2h-4h) with

the range of current velocity of the Beni river during the sampling period (1.21 to 2.28 m/sec:
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Table 1), we estimate that the collected eggs were drifting from a zone located between 8.71 km
(2h * 1.21 m/s * 3.6) and 32.83 km (4h * 2.28m/s * 3.6) upstream from the sampling point,
illustrated as a red stretch in Figure 1. The final embryo stages (15h) would be drifting from a
zone between 65.3 to 123.1 km above the sampling point through the Chepete and Beu Straits,
illustrated as an orange stretch in Figure 1. These two stretches delimit the whole spawning area
(SPA) based on egg samples collected in the present study. This SPA integrates parts of the
Madidi and Pilon Lajas protected areas and indigenous territories of the Tacana, T simane
Mosetene and Uchupiamonas people. Regarding the larvae, most were more than 48 h old, which
also suggests spawning areas further upstream inside the Madidi and Pilon Lajas protected areas

and indigenous territories.

4. DISCUSSION

Our study is based on a single sampling date and locality, which constrains the extent of
its conclusions. It is impossible, for instance, to state how many species exactly spawn in the
identified spawning area, or to precisely determine the extent of the spawning area. We cannot
assess either the relative importance of this spawning area for the different species, as they were
sampled in very different proportions, probably because of the sampling scheme. Answering
these questions would require a broader temporal and spatial sampling coverage. But in spite of
these inherent limitations, our study nevertheless provides clear evidence that our sampling area
is used by several fish species, including species of major commercial and cultural importance, as
a spawning ground, and that it is under immediate threat by anthropogenic activities. Our results

also allow, for the first time in the Bolivian Amazon, and one of the first in the Amazon basin,
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the delimitation of a spawning area for at least 15 taxa around Rurrenabaque in the Beni River,
including 13 species, with 11 sampled at the egg stage. It is likely indeed, that further sampling at
different times of the hydrological cycle would increase the number of species using the
identified spawning area. Contrary to the few studies that have identified reproduction areas in
the Amazon basin (e.g. Oliveira & Ferreira, 2008; Cafias & Pine, 2011), the delimitation of the
spawning area in the present study was based on the specific molecular identification of eggs in
early development stages and not of larvae, which allows for a more precise estimation of the
spawning area. Approximations relative to current velocity and water temperature have to be
made in both cases, as eggs and even more so larvae that can have swimming abilities, are not
homogenously distributed in the water column or in the width of the rivers (Oliveira & Araujo-
Lima, 1998; Barthem et al., 2014; Cella-Ribeiro et al., 2015), and current velocity strongly varies
in the river section. Current velocity can also vary among stretches of the river, especially when
the slope or the width of the riverbed varies. However, early egg developments are counted in a
few hours, which limits potential approximation errors to a few kilometers, as opposed to tens of
km with larvae that develop over a few days (Nakatani et al., 2001; Nogueira et al., 2012;
Andrade et al., 2016; Nakauth et al., 2016; Souza et al., 2016).

The identified spawning area extends between Altamarani below Rurrenabaque and well
over 100 km upstream. Previous studies had suggested spawning area for migratory catfishes
between 200 and 400 masl (Van Damme et al., 2011; Barthem et al., 2017). Although the
spawning area identified in the present study is extensive, our results also indicate that at least 11
species reproduce in an area close to Rurrenabaque, between the Altamarani and San Miguel
indigenous Tacana communities (~ 40 km) (the red stretch in Figure 1). This relatively restricted

portion of the spawning area is exposed to high anthropogenic threats. Indeed, the portion of the
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Beni River just downstream from Rurrenabaque is used intensively to extract gravel and stone for
local infrastructure like roads and bridges (Figure 1). This activity was already identified as a
threat to the migration of the small and culturally important 7richomycterus barbouri catfishes,
which migrate along the water edge (Miranda-Chumacero ef al., 2015). It is also likely to alter
the nature of the substrate, as well as physico-chemical conditions, in this particular ecotone,
threatening its suitability as a spawning ground for fishes. Additionally, waste from a sugar mill 2
km from the sampling site, gold mining extractions and deforestation upstream of the spawning
area, represent supplementary water pollution risks.

Another major threat is the accelerated construction of hydroelectric dams in the Amazon
basin (Finer & Jenkins 2012; Lees et al., 2016; Winemiller et al., 2016; Latrubesse et al., 2017,
Anderson et al., 2018). The dams planned between the protected areas of the Madidi and Pilon
Lajas at the Bala, Chepete and Beu straits, would result in important alterations in the volume and
flow of sediments, homogenizing downstream habitats (Forsberg et al., 2017), including the
newly identified spawning area. There are also plans to build other dams in Bolivian territory,
such as that on the border with Brazil in Nova Mamoré-Guayaramirim. Downstream, two large
hydroelectric dams, Santo Antonio and Jirau, were recently (2011-2012) completed on the
Brazilian portion of the river, between Porto Velho and the Bolivian border (Fearnside, 2014).
Although located well downstream from the spawning area, these two major hydroelectric dams
strongly disrupt the migration patterns of fish species, in particular upstream movements towards
reproduction zones, including for several Pimelodidae like goliath catfishes (Brachyplatystoma
spp.: Duponchelle et al., 2016; Hauser, 2018; Hauser et al., 2019).

One particularly interesting fact about the newly identified spawning area it that it also

hosts the reproduction of Brachyplatystoma rousseauxii, one of the most emblematic and
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commercially important fishes for the food security and economic sustainability of riverine
human populations in the Amazon basin (Barthem & Goulding, 2007), and the Madeira in
particular (Doria et al., 2018; Santos et al., 2018; Lima et al., 2020). As a migratory top predator
(Barthem & Goulding, 1997), B. rousseauxii plays a crucial role for the stability of food webs
(Angelini et al., 2006; Estes et al., 2011; Bauer et al., 2014). This species also performs the
longest migration known in fresh waters: a round trip of up to 12,000 km (7,500 km for this
specific spawning area) between its breeding areas in the Andean foothills and its nursery in the
Amazon estuary (Barthem & Goulding 1997, 2017; Duponchelle et al., 2016). Moreover, this
exceptional migration involves a natal homing behavior (Batista & Alves-Gomes, 2006), in
which most fish return to spawn in the specific geographic area where they were hatched in the
upper Amazon (Hauser et al., 2020), including the upper Madeira (Duponchelle et al., 2016).
Recent analyzes of otolith microchemistry have shown that the construction of Santo Antdnio and
Jirau dams on the Brazilian portion of the Madeira have profoundly altered its migration pattern,
preventing pre-adults to home back to their breeding areas in the upper Madeira and reducing the
downstream drift of larvae to the estuary (Hauser, 2018; Hauser ef al. 2018). The populations of
B. rousseauxii are now totally isolated in the upper Madeira basin: all the individuals caught in
the upper Madeira after dam construction were hatched and bred within the Upper Madeira,
without ever reaching their nursery area in the lower Amazon-estuary, a behavior rarely observed
before the dams (Duponchelle et al., 2016; Hauser, 2018). This situation has already led to a
drastic post-dam reduction in the catches of B. rousseauxii in Puerto Villarroel, located in another
major river basin of the Bolivian Amazon (Van Damme et al., 2019). This species is the most

vulnerable Brachyplatystoma species, classified as Vulnerable (VU) (Van Damme et al., 2009),
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and with a proposal to categorize it as Critically Endangered (CR) in the Madeira basin (Van
Damme, in prep).

Interestingly, we identified 6 different genetic entities of Prochilodus in the geographic
area, with a genetic differentiation at a specific level according to the identification criterion in
our methodology: P. nigricans already known in the Madeira basin (Castro & Vari, 2004), but
also P. aff. rubrotaeniatus, P. aff. argenteus, P. aff. costatus and P. aff. lineatus, as well as a
sixth entity Prochilodus (without valide assignation at the species level). Only P. nigricans and
P. rubrotaeniatus are supposed to be present in the Amazon basin (Castro & Vari, 2004; Melo et
al., 2016, 2018). These results suggest cryptic diversity in the Upper Madeira with more naturally
occurring species. Although these cryptic taxa are most likely not P. argenteus, P. lineatus and P.
costatus, which belong to other river basin of South America (Castro & Vari, 2004; Melo et al.,
2016, 2018), these newly identified taxa are nevertheless genetically close to these species, hence
our use of affinis in their names (Table 3). This genetic proximity is not surprising given the very
low divergence in the COI barcode among lineages of the genus Prochilodus (Melo et al., 2018).
The existence of several putative species of Prochilodus in Bolivia was reported by Loubens et
al. (1991), in a review in which 6 species of Prochilodus were identified in Bolivia, including a
new species: P. labeo. However, this diversity was neglected by a posterior revision of the
Prochilodontidae in which only one fish from Bolivia was analyzed (Castro & Vari, 2004).
Nevertheless, the existence of greater species diversity in the genus Prochilodus, including
possible endemism in the Beni watershed, is also supported by the local knowledge of the
T’simane indigenous people (Daillant, 1999, Sarmiento J., pers. comm.). These results emphasize
the need for molecular studies on Prochilodus in the upper Madeira to shed light on these

taxonomic issues.
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Among the identified species, many are of major importance for local and regional
fisheries (Van Damme et al., 2011; Doria et al., 2018), e.g. Brachyplatystoma rousseauxii,
Prochilodus nigricans and Zungaro zungaro. These species are also critical for the livelihoods of
the indigenous Tacana communities, whose catches are dominated (85%) by migratory catfishes
(CIPTA & WCS, 2010). These species also constitute a large part of the annual income of Tacana
communities. In these communities ~ 65% of the fish are sold whereas the other 35% are for
communal consumption (Miranda-Chumacero et al., 2011). Alterations in the reproductive cycles
of these species could affect the food security and sovereignty of hundreds of indigenous families
living in this spawning area. Furthermore, a large part of the fish traded in the principal Bolivian
cities come from the Beni watershed, and therefore underpin the livelihoods of hundreds of
commercial fisher people in Rurrenabaque and San Buenaventura (Carvajal-Vallejos ef al.,
2011).

Preserving the integrity and function of the endangered spawning area around
Rurrenabaque is paramount for several reasons: it is used by many important species for local and
regional fisheries; it is used as a corridor by migratory species, including the culturally important
T. barbouri (Miranda-Chumacero et al., 2015); it is located within two regional protected areas
and indigenous territories; and it is the first precisely identified spawning area of B. rousseauxii
in the Amazon basin, and likely one of the last remaining spawning areas for the already strongly
diminished and isolated population of B. rousseauxii in the upper Madeira (Van Damme ef al.,
2019). Indeed, the breeding areas above Puerto Maldonado in the Peruvian portion of the Madre
de Dios (Cafias & Pine, 2011) are now severely compromised by the illegal mining activities that
have drastically altered the river’s geomorphological and chemical properties (Diringer et al.,

2015; Martinez et al., 2018).
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Fish life cycles face several natural and anthropogenic threats (dams, pollution, fishing)
and the destruction of their spawning sites magnifies their vulnerability. To guarantee the
permanence of the species that use this spawning area, it will be important to: 1) maintain the
connectivity within and between the still free-flowing Beni, Madre de Dios and Mamoré sub-
basins, avoiding the construction of dams with large reservoirs in the lowlands, such as the
binational dam planned at Nova Mamore-Guayaramerim, or the Bala, Chepete, Beu dams
projected upstream of Rurrenabaque (Anderson et al., 2018), 2) declare a general fishing ban in
the upper Madeira for the most threatened fish species, e.g. the goliath catfishes (Ruffino et al.,
2018), to allow the remaining individuals to recruit (Hauser ef al., 2020), and accompany this
with a fishing monitoring program in the Rurrenabaque area, 3) regulate and zone the extraction
of gravel and stone excluding it from the breeding area to avoid alterations to the hydro-
geomorphological characteristics that migratory species seek for their reproduction, 4) conduct
studies to determine the impact of agro-industrial waste and gold extraction on the Beni River, 5)
initiate a system for monitoring the density of larvae and their identification using NGS
metabarcoding, 6) establish information campaigns with a citizen science approach, like the
Ciencia Ciudadana para la Amazonia project (https://www.amazoniacienciaciudadana.org) for
local residents and fishermen to raise awareness of the importance of this spawning area for local
fisheries and, finally, 7) strengthen territorial management in both protected areas and indigenous
lands by increasing their role in fish and aquatic biodiversity protection, highlighting the

importance of rivers and their connectivity for conservation.

5. ACKNOWLEDGEMENTS

18



We thank Gabriel Tarifa, Camila Ramallo, Debora Alvestegui and Eddy Ocampo for their help
with field and laboratory work. This study was financed by IRD, the Gordon and Betty Moore
Foundation and the Wildlife Conservation Society. We are extremely grateful to CIPTA and the
Altamarani community for allowing the research to be carried out within their ancestral lands.
The authors acknowledge the IRD itrop HPC (South Green Platform) at IRD Montpellier for
providing HPC resources that contributed to the research results reported within this paper (URL:

https://bioinfo.ird.fr/- http://www.southgreen.{r).

6. REFERENCES

Anderson, E.P., Jenkins, C.N., Heilpern, S., Maldonado-Ocampo, J.A., Carvajal-Vallejos, F.M.,
Encalada, A.C., Rivadeneira, J.F., Hidalgo, M., Caiias, C.M., Ortega, H., Salcedo, N.,
Maldonado, M. & Tedesco, P.A., 2018. (2018). Fragmentation of Andes-to-Amazon connectivity
by hydropower dams. Sci. Adv. 4, eaaol642.

Andrade F.F., Lima A. F., Assump¢ao L., Makrakis, S., Kasai R. I. D. & Makrakis, M. C. (2016).
Characterization of the early development of Pseudoplatystoma reticulatum Eigenmann &
Eigenmann, 1889 (Siluriformes: Pimelodidae) from the Paraguay River Basin. Neotrop.

Ichthyol. 14, €150032.

Angelini, R., Fabré, N. N. & Lopes da Silva-Jr., U. (2006). Trophic analysis and fishing simulation of the
biggest Amazonian catfish. Afr. J. Agric. Res. 1, 151-158.

Barthem, R. & Goulding, M. (1997). The catfish connection: ecology, migration, and

conservation of Amazon predators. Columbia University Press. 155 p.

19



Barthem, R., da Costa, M. C., Cassemiro, F., Leite, R.G. & da Silva Jr. (2014). Diversity and Abundance
of Fish Larvae Drifting in the Madeira River, Amazon Basin: Sampling Methods Comparison. In
O. Grillo (Ed.), Biodiversity - The Dynamic Balance of the Planet (pp. 137-158): InTech,

Available from: http://www.intechopen.com/books/biodiversity-the-dynamic-balance-of-the-

planet/diversity-and-abundance-of-fish-larvae-drifting-in-the-madeira-river-amazon-basin-

sampling-methods-c.

Barthem, R. & Goulding, M. (2007). Un ecosistema inesperado. la Amazonia revelada por la pesca.
Lima, Peru: Museu Paraense Emilio Goeldi, Amazon Conservation Association (ACA).

Barthem, R.B., Goulding, M., Leite, R.G., Cafias, C., Forsberg, B., Venticinque, E., Petry, P.,
Ribeiro, M., Chuctaya, J. & Mercado, A. (2017). Goliath catfish spawning in the far
western Amazon confirmed by the distribution of mature adults, drifting larvae and
migrating juveniles. Sci. Rep. 7, 41784.

Batista, J.S. & Alves-Gomes, J.A. 2006. Phylogeography of Brachyplatystoma rousseauxii
(Siluriformes - Pimelodidae) in the Amazon Basin offers preliminary evidence for the first
case of “homing” for an Amazonian migratory catfish. Genet. Mol. Res. 5, 723-740

Batista, V. S., Inhamuns, A. J., Freitas, C. E. C. & Freire-Brasil, D. (1998). Characterization of the
fishery in river communities in the low-Solimdes/high-Amazon region. Fish. Manag. Ecol. 5,
419-435.

Bauer, S. & Hoye, B.J. (2014). Migratory animals couple biodiversity and ecosystem functioning
worldwide. Science 344, 1242552.

Bonilla-Castillo, C. A., Agudelo, E. C., Gémez, G. & Duponchelle, F. (2018). Population dynamics of
Prochilodus nigricans (Characiformes: Prochilodontidae) in the Putumayo River. Neotrop.

Ichthyol. 16, e170139.

20



Cafias, C. M. & Pine, W. E. (2011). Documentation of the temporal and spatial patterns of Pimelodidae
catfish spawning and larvae dispersion in the Madre de Dios River (Peru): insights for
conservation in the Andean-Amazon headwaters. River Res. Appl. 27, 602-611.

Carolsfeld, J., Harvey, B., Ross, C. & Baer, A. (Eds.). (2003). Migratory fishes of South America:
Biology, Fisheries and Conservation Status. Washington, USA: IDRC, World Bank.

Carvajal-Vallejos. F, Van Damme, P. A. & Mufioz, H. (2011). Composicion de las capturas comerciales
y de subsistencia en la amazonia boliviana. In Los peces y delfines de la amazonia boliviana.
Edited by Van Damme P. & Carvajal-Vallejos, F., 209-234 pp, Cochabamba, Bolivia: Editorial
INIA.

Castello, L. & Macedo, M. N. (2016). Large-scale degradation of Amazonian freshwater ecosystems.
Glob. Chang. Biol., 22, 990-1007.

Castello, L., McGrath, D.G., Hess, L.L., Coe, M.T., Lefebvre, P.A., Petry, P., Macedo, M.N., Rend, V.F.
& Arantes, C.C. (2013). The vulnerability of Amazon freshwater ecosystems. Conserv. Lett. 6,
217-229.

Castro, R. M. C. & Vari, R. P. (2004). Detritivores of the South American fish family Prochilodontidae
(Teleostei: Ostariophysi: Characiformes): a phylogenetic and revisionary study. Washington DC.
Smithsonian Contributions to Zoology No. 622, Smithsonian Institute.

Cella-Ribeiro, A., Assakawa, L.F., Torrente-Vilara, G., Zuanon, J., Leite, R.G., Doria, C. &
Duponchelle, F. (2015). Temporal and spatial distribution of young Brachyplatystoma spp.
(Siluriformes: Pimelodidae) along the rapids stretch of the Madeira River (Brazil) before the
construction of two hydroelectric dams. J. Fish Biol. 86, 1429-1437.

CIPTA & CIMTA. 2014. Plan de Gestion Territorial Indigena del Pueblo Tacana. Kema Ejudhes’a

Jakuastas iati S aidha Enime 2015-2025. Consejo Indigena del Pueblo Tacana (CIPTA), Consejo

21



Indigena de Mujeres Tacanas (CIMTA) y Wildlife Conservation Society (WCS). La Paz, Bolivia.

Daillant, 1. (1999). Bajar y arribar: etno-ictiologia de las migraciones de peces. Rev. Bol. Ecol y Cons.
Amb. 6, 87-94.

Diringer, S. E., Feingold, B. J., Ortiz, E. J., Gallis, J. A., Araujo-Flores, J. M., Berky, A., Pan, W. K. Y.
& Hsu-Kim, H. (2015). River transport of mercury from artisanal and small-scale gold mining
and risks for dietary mercury exposure in Madre de Dios, Peru. Environ. Sci. Process Impacts 17,
478-487.

Doria, C. R. C., Duponchelle, F., Lima, M.A.L., Garcia, A., Carvajal-Vallejos, F.M., Méndez, C.C.,
Catarino, M.F., de Carvalho Freitas, C.E., Vega, B., Miranda-Chumacero, G., Van Damme, P.A.
(2018). Review of fisheries resource use and status in the Madeira River basin (Brazil, Bolivia,
and Peru) before hydroelectric dam completion. Rev. Fish. Sci. Aquac. 26, 494-514.

Duponchelle, F., Lino, F., Hubert, N., Panfili, J., Renno, J-F., Baras, E., Torrico, J., Dugue, R., Nuiiez, J.
(2007). Environment-related life history trait variations of the red-bellied piranha, Pygocentrus
nattereri, in two river basins of the Bolivian Amazon. J. Fish Biol. 71, 1113-1134.

Duponchelle, F., Pouilly, M., Pécheyran, C., Hauser, M., Renno, J-F., Panfili, J., Darnaude, A.

M., Garcia-Vasquez, A., Carvajal-Vallejos, F., Garcia-Davila, C., Doria, C., Bérail, S.,
Donard, A., Sondag, F., Santos, R.V., Nufez, J., Point, D., Labonne, M. & Baras, E.
(2016). Trans-Amazonian natal homing in giant catfish. J. Appl. Ecol. 53, 1511-1520.

Estes, J.A., Terborgh, J., Brashares, J.S., Power, M.E., Berger, J., Bond, W.J. & Wardle, D.A. (2011).
Trophic downgrading of planet Earth. Science 333, 301-306.

Fearnside, P. M. (2014). Impacts of Brazil’s Madeira River dams: Unlearned lessons for hydroelectric
development in Amazonia. Environ. Sci. Policy 38, 164-172.

Finer, M. & Jenkins, C. N. (2012). Proliferation of hydroelectric dams in the Andean Amazon and

22



implications for Andes-Amazon connectivity. PLoS One 7, €35126.

Forsberg, B. R., Melack, J. M., Dunne, T., Barthem, R. B., Goulding, M., Paiva, R. C. D., Weisser, S.
(2017). The potential impact of new Andean dams on Amazon fluvial ecosystems. PLoS One, 12,
e0182254.

Frederico, R. G., Olden, J. D. & Zuanon, J. (2016). Climate change sensitivity of threatened, and largely
unprotected, Amazonian fishes. Aquat. Conserv., 26, 91-102.

Freitas, C. E. C., Siqueira-Souza, F. K., Humston, R. & Hurd, L. E. (2013). An initial assessment of
drought sensitivity in Amazonian fish communities. Hydrobiologia 705, 159-171.

Garcia-Davila, C., Castro-Ruiz, D., Renno, J.F., Chota-Macuyama, W., Carvajal-Vallejos, F.M.,
Sanchez, H., Angulo, C., Nolorbe, C., Alvarado, J., Estivals, G., Nufiez-Rodriguez, J. &
Duponchelle, F. (2015). Using barcoding of larvae for investigating the breeding seasons of
pimelodid catfishes from the Marafion, Napo and Ucayali rivers in the Peruvian Amazon. J.
Appl. Ichthyol. 31, 40-51.

Gautier, E., Brunstein, D., Vauchel, P., Roulet, M., Fuertes, O., Guyot, J., Darozzes, J. & Bourrel,

L. (2006). Temporal relations between meander deformation, water discharge and
sediment fluxes in the floodplain of the Rio Beni (Bolivian Amazonia). Earth Surf.
Process Landf. 32, 230-248.

Gautier, E., Brunstein, D., Vauchel, P., Jouanneau, J.-M., Roulet, M., Garcia, C., Guyot, J.L. &
Castro, M. (2010). Channel and floodplain sediment dynamics in a reach of the tropical
meandering Rio Beni (Bolivian Amazonia). Earth Surf. Process Landf. 35, 1838—1853.

Goulding, M. (1980). The fishes and the forest, explorations in Amazonian natural history.

Berkeley: University of California Press.

23



Goulding, M. (1981). Man and fisheries on an Amazon frontier. Boston - London: Junk
Plublishers.

Hahn, L., Eduardo, G., Nunes, L., Machado, L., Killp, J., Camargo, W., Souza, G., Garrone Neto,

D., da Camara, L. & Lopes, T. (2017). Movements of large catfish upstream and
downstream of four big dams, before and after impoundment, in the Brazilian Amazon.
Conference Paper. 47th Annual Meeting of the American Fisheries Society.

Hauser, M. (2018) Migracao dos grandes bagres Amazonicos pela perspectiva dos isotopos de
Estroncio em otdlitos. PhD Thesis. Programa de Pos Graduagao da rede de Biodiversidade
e Biotechnologia da Amazdnia legal Porto Velho, Brazil: Universidade Federal do
Rondonia (UNIR). 159 p.

Hauser, M., Doria, C.R.C., Melo, L.R.C., Santos, A.R., Ayala, D.M., Nogueira, L.D., Amadio, S.,
Fabré, N., Torrente-Vilara, G., Garcia Vasquez, A., Renno, JF., Carvajal-Vallejos, F.M.,
Alonso, J.C., Nufiez, J. & Duponchelle, F. 2018. Age and growth of the Amazonian
migratory catfish Brachyplatystoma rousseauxii in the Madeira River basin before the
construction of dams. Neotrop. Ichthyol. 16, e170130.

Hauser, M., Doria, C.R.C., Santos, R.V., Garcia Vasquez, A., Pouilly, M., Pécheyran, C., Ponzevera, E.,
Torrente-Vilara, G., Bérail, S., Panfili, J., Darnaude, A., Renno, J.-F., Garcia-Davila, C., Nuiez,
J., Ferraton, F., Vargas, G. & Duponchelle, F. (2019). Shedding light on the migratory patterns of
the Amazonian goliath catfish, Brachyplatystoma platynemum, using otolith 87Sr:86Sr analyses.
Aquat. Conserv. 29, 397-408.

Hauser, M., Duponchelle, F., Hermann, T.W., Limburg, K.E., Castello, L., Stewart, D.J., Torrente-
Vilara, G., Garcia Vasquez, A., Garcia-Davila, C., Pouilly, M., Pécheyran, C., Ponzevera, E.,

Renno, J.-F., Moret, A.S. & Doria, C.R.C. (2020). Unmasking continental natal homing in goliath

24



catfish from the upper Amazon. Freshw. Biol., 65, 325-336.

Herbig, A., Maixner, F., Bos, K.I., Zink, A., Krause, J. & Huson, D.H. (2016). MALT: Fast
alignment and analysis of metagenomic DNA sequence data applied to the Tyrolean
Iceman 2089, 73.

Hurd, L.E., Sousa, R.G.C., Siqueira-Souza, F.K., Cooper, G.J., Kahn, J.R., Freitas, C.E.C. (2016).
Amazon floodplain fish communities: Habitat connectivity and conservation in a rapidly
deteriorating environment. Biol. Conserv. 195, 118-127.

Huson, D.H., Beier, S., Flade, 1., Gorska, A., El-Hadidi, M., Mitra, S., Ruscheweyh, H.-J., Tappu,

R., (2016). MEGAN Community Edition - Interactive Exploration and Analysis of Large-
Scale Microbiome Sequencing Data. PLoS Comput. Biol. 12, €1004957.

Identidad Madidi & SERNAP (2018). Informe de la expedicion cientifica Identidad Madidi 2017,
relevamientos de biodiversidad en el Parque Nacional y Area Natural de Manejo Integrado
Madidi. La Paz, Bolivia. 227 pp.

Isaac, V. J. & Almeida, M. C. (2011). El consumo de pescado en la Amazonia brasileiia. COPESCAALC
Documento Ocasional. No. 13. FAO, Kingdom, WWF, IUCN and the Earth Institute at Columbia
University. Retrieved from Rome.

Jézéquel, C., Tedesco, P.A., Bigorne, R., Maldonado-Ocampo, J.A., Ortega, H., Hidalgo, M., Martens,
K., Torrente-Vilara, G., Zuanon, J., Acosta, A., Agudelo, E., Barrera Maure, S., Bastos, D.A.,
Bogotéa Gregory, J., Cabeceira, F.G., Canto, A.L.C., Carvajal-Vallejos, F.M., Carvalho, L.N.,
Cella-Ribeiro, A., Covain, R., Donascimiento, C., Doria, C.R.C., Duarte, C., Ferreira, E.J.G.,
Galuch, A.V., Giarrizzo, T., Leitdo, R.P., Lundberg, J.G., Maldonado, M., Mojica, J.I., Montag,
L.F.A., Ohara, W.M., Pires, T.H.S., Pouilly, M., Prada-Pedreros, S., de Queiroz, L.J., Rapp Py-

Daniel, L., Ribeiro, F.R.V., Rios Herrera, R., Sarmiento, J., Sousa, L.M., Stegmann, L.F.,

25



Valdiviezo-Rivera, J., Villa, F., Yunoki, T., Oberdorff, T., (2020). A database of freshwater fish
species of the Amazon Basin. Sci. Data 7, 96.

Jézéquel, C., Tedesco, P.A., Darwall, W., Dias, M.S., Frederico, R.G., Hidalgo, M., Hugueny, B.,
Maldonado-Ocampo, J., Martens, K., Ortega, H., Torrente-Vilara, G., Zuanon, J., Oberdorff, T.,
(2020). Freshwater fish diversity hotspots for conservation priorities in the Amazon Basin.
Conserv. Biol. doi:10.1111/cobi.13466.

Latrubesse, E.M., Arima, E.Y., Dunne, T., Park, E., Baker, V.R., d’Horta, F.M., Wight, C., Wittmann,
F., Zuanon, J., Baker, P.A., Ribas, C.C., Norgaard, R.B., Filizola, N., Ansar, A., Flyvbjerg, B.,
Stevaux, J.C., (2017). Damming the rivers of the Amazon basin. Nature, 546, 363-369.

Lechner, A., Keckeis, H. & Humphries, P. (2016). Patterns and processes in the drift of early
developmental stages of fish in rivers: a review. Rev. Fish Biol. Fisheries 26, 471-489.

Lees, A. C., Peres, C. A., Fearnside, P. M., Schneider, M. & Zuanon, J. A. S. (2016). Hydropower and
the future of Amazonian biodiversity. Biodivers. Conserv. 25, 451-466.

Lima, M. A. L., Carvalho, A. R., Nunes, M. A., Angelini, R. & Doria, C. R. d. C. (2020). Declining
fisheries and increasing prices: The economic cost of tropical rivers impoundment. Fish. Res.
221, 105399-9.

Liu, C., White, M. & Newell, G. (2013). Selecting thresholds for the prediction of species
occurrence with presence-only data. J. Biogeogr. 40, 778—789.

Loubens, G., Lauzanne, L. & Géry, J. (1991). Contribution a la systématique des Prochilodus
boliviens (Pisces, Characiformes, Prochilodidae). Revue d'Hydrobiologie Tropicale 24,
217-239.

Lucas, M. C. & Baras, E. (2001). Migration of Freshwater Fishes. Oxford: Blackwell Science Ltd. .

26



Maggia, M.E., Vigouroux, Y., Renno, J.F., Duponchelle, F., Desmarais, E., Nufiez, J., Garcia-

Davila, C., Carvajal-Vallejos, F.M., Paradis, E., Martin, J.F. & Mariac, C. (2017). DNA
metabarcoding of Amazonian ichthyoplankton swarms. PLoS ONE 12, e0170009-14.

Manel, S., Williams, H.C. & Ormerod, S.J. (2001). Evaluating presence—absence models in
ecology: the need to account for prevalence. J. Appl. Ecol. 38, 921-931.

Mariac, C., Vigouroux, Y., Duponchelle, F., Garcia-Davila, C., Nunez, J., Desmarais, E. &

Renno, J.F. (2018). Metabarcoding by capture using a single COI probe (MCSP) to
identify and quantify fish species in ichthyoplankton swarms. PLoS ONE 13, €¢0202976.

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.journal 17, 10-12.

Martinez, G., McCord, S., Driscoll, C., Todorova, S., Wu, S., Araujo, J., Vega, C., Fernandez, L. (2018).
Mercury Contamination in Riverine Sediments and Fish Associated with Artisanal and Small-
Scale Gold Mining in Madre de Dios, Peru. Int. J. Environ. Res. Public Health 15, 1584.

Melo, B. F., Dorini, B. F., Foresti, F. & Oliveira, C. (2018). Little Divergence Among Mitochondrial
Lineages of Prochilodus (Teleostei, Characiformes). Front. Genet. 9, 107.

Melo, B. F., Sidlauskas, B. L., Hoekzema, K., Frable, B. W., Vari, R. P. & Oliveira, C. (2016).
Molecular phylogenetics of the Neotropical fish family Prochilodontidae (Teleostei:
Characiformes). Mol. Phylogenet. Evol. 102, 189-201.

Miranda-Chumacero, G., Alvarez, G., Luna, V., Wallace, R. B. & Painter, L. (2015). First observations
on annual massive upstream migration of juvenile catfish Trichomycterus in an Amazonian
River. Environ. Biol. Fishes 98, 1913-1926.

Miranda-Chumacero, Guido, Aizar Terrazas, and Robert Wallace (2011). Importancia economica de la

ictiofauna para comunidades indigenas takanas del rio Beni. In Los peces y delfines de la

27



amazonia boliviana, Edited by Paul Van Damme and Fernando Cavajala-Vallejos, 1st ed., 235—
45, Cochabamba, Bolivia: Editorial INIA.

Nakatani, K., A. A. Agostinho, G. Baumgartner, A. Bialestzki, P. V. Sanches, M. C. Makrakis &

C. S. Pavanelli. (2001). Ovos e Larvas De Agua Doce: Desenvolvimento e Manual de
Identificagdo. [Freshwater Eggs and Larvae: Development and Identification Manual].
Maringé: EDUEM., 378p.

Nakauth, A. C. S. S., Villacorta-Correa, M. A., Figueiredo, M. R., Bernardino, G. & Franga, J. M.
(2016). Embryonic and larval development of Brycon amazonicus (Spix & Agassiz, 1829). Braz.
J. Biol. 76, 109-116.

Nogueira, L. B., Azevedo, P. G., Canelhas, M. R., Bedore, A. G., Lopes, J. M. & Godinho, H. P. (2012).
Induced spawning and early ontogeny in hatchery-reared catfish Zungaro jahu (Siluriformes:
Pimelodidae). Neotrop. Ichthyol. 10, 89-98.

Oliveira, E. C. d. & Ferreira, E. J. G. (2008). Spawning areas, dispersion and microhabitats of
fish larvae in the Anavilhanas Ecological Station, rio Negro, Amazonas State, Brazil.

Neotrop. Ichthyol. 6, 559-566.

Ratnasingham, S. & Hebert, P.D.N. (2007). BOLD: The Barcode of Life Data System
(http://www.barcodinglife.org). Mol. Ecol. Notes 7, 355-364.

Ruffino, M. & Isaac, V. (1995). Life cycle and biological parameters of several Brazilian
Amazon fish species. NAGA. The ICLARM Quaterly 18, 41-45.

Ruffino, L.M., Baigtn, C., Vitule, J., Cafias, C., Miranda, G., MacNaughton, A., Doria, C.,

Hauser, M., Cordova, L., Echeverria, A., Hahn, L., Hallwas, G., Ortuilo, O. & Van

Damme, P. (2018). Acciones urgentes para la conservacion del dorado

28



(Brachyplatystoma rousseauxii) en la cuenca del rio Madera. Policy Brief. 7 pp.
Cochabamba.
Sambrook, J., Fritsch, E.F. & Maniatis, T. (1989). Molecular cloning: a laboratory manual.

https://www.cabdirect.org/cabdirect/abstract/19901616061.

Santos, R. E., Pinto-Coelho, R. M., Fonseca, R., Simoes, N. R. & Zanchi, F. B. (2018). The decline of
fisheries on the Madeira River, Brazil: The high cost of the hydroelectric dams in the Amazon
Basin. Fish. Manag. Ecol. 25, 380-391.

SERNAP & CRTM (2009). Plan de manejo y plan de vida de la Reserva de la Biosfera y Tierra
Comunitaria de Origen Pilon Lajas 2007 — 2017.

SERNAP & Uchupiamonas (2009). Plan de Desarrollo y Gestion Territorial Indigena de San José de
Uchupiamonas. La Paz, Bolivia

Souza, G., Melo, E. J. T., Caramaschi, E. P., Andrade, D. R. & Monteiro, L. R. (2016). Early
development and allometric growth patterns of the grumata (Prochilodus vimboides Kner, 1859).
Zygote 24, 428-441.

Timouk F (2017). Compte rendu des tournées hydrométriques du SNO HYBAM en Bolivie. De Mars
2013 a Avril 2017. HYBAM, IRD, SENAMHI, p 22.

Van Damme, P., Carvajal-Vallejos, F., Sarmiento, J., Barrera, S., Osinaga, K. & Miranda-Chumacero,
G., (2009). Peces, in: MMAY A (Ed.), Libro Rojo de Vertebrados de Bolivia. MMAYA, La Paz,
pp. 29-42.

Van Damme, P. A., Carvajal-Vallejos, F., Camacho, J., Mufioz , H. & Coronel, J. S. (2011). Peces
migratorios de la Amazonia Boliviana. In P. A. Van Damme, F. Carvajal-Vallejos & J. Molina
Carpio (Eds.) Los peces y delfines de la Amazonia Boliviana - Habitats, potencialidades y

amenazas (pp. 149-200). Cochabamba, Bolivia: Editorial INIA.

29



Van Damme, P., Carvajal-Vallejos, F., Sarmiento, J., Barrera, S., Miranda, G., Cordova, L. &
Echeverria, A. (2018). Actualizacion del Estado de Conservacion del Dorado
(Brachyplatystoma rousseauxii) en Bolivia. In press. 14 pp.

Van Damme, P. A., Cérdova-Clavijo, L., Baigtin, C., Hauser, M., Doria, C. R. d. C. & Duponchelle, F.
(2019). Upstream dam impacts on gilded catfish Brachyplatystoma rousseauxii (Siluriformes:
Pimelodidae) in the Bolivian Amazon. Neotrop. Ichthyol. 17, 1119-9.

Vazzoler, A. E. d. M. & Menezes, N. A. (1992). Sintese de conhecimentos sobre o
comportamento reproductivo dos Characiformes da America do Sul (Teleostei,

Ostariophysi). Braz. J. Biol. 52, 627-640.

Winemiller, K. O., Mclntyre, P. B., Castello, L., Fluet-Chouinard, E., Giarrizzo, T., Nam, S. Saenz, L.
(2016). Balancing hydropower and biodiversity in the Amazon, Congo, and Mekong. Science,
351, 128-129.

Xenopoulos, M. A., Lodge, D. M., Alcamo, J., Mérker, M., Schulze, K. & Van Vuuren, D. P. (2005).
Scenarios of freshwater fish extinctions from climate change and water withdrawal. Glob. Chang.

Biol. 11, 1557-1564.

30



TABLES

Table 1. Development times of ontogenetic stages in some Amazonian taxa. Reference 1:

Nogueira et al. (2012); 2: Souza et al. (2016); 3: Nakauth et al. (2016); 4: Andrade et al. (2016).

Developmental time

Taxa Temperature Morula  Gastrula (G)  Final embryo  Ref
M) (FE)

Zungaro 26.7 2h10 4h40 13h30 1

Prochilodus 26 (FE)-28 (M-G) lh 4h 22h 2

Brycon 30 1h10 1h50 9h30 3

Pseudoplatystoma 28.2 2h 4h 12h 4
Mean (h) 1.6 3.6 14.25

Table 2. Stages and reference sizes of all eggs registered at the spawning area in February 2017.

Stage Life Stage (h)? N (%) Diameter (mm)
Morula 2 5 (8.7%) 1.24
Gastrula 4 41 (87.0%) 1.75
Final embryo 15 3 (4.3%) 2.16

Total 49 100 1.73

2adapted from Andrade ef al., 2016



Table 3. Taxa identified in egg and larvae samples at the spawning area, and their percentage.

Only the taxa with a percentage above the threshold value of 0.6% are reported.

Order Family Genus Species Eggs Larvae
Characiformes Curimatidae Potamorhina altamazonica 6.39 0.00
Psectrogaster rutiloides 6.02 0.00
Prochilodontidae Prochilodus 33.15  62.35
Prochilodus aff. argenteus 1.16 0.00
Prochilodus aff. costatus 0.00 0.88
Prochilodus aff. lineatus 0.92 2.95
Prochilodus aff. rubrotaeniatus 0.62 0.76
Prochilodus nigricans 18.15  26.10
Serrasalmidae Mylossoma albiscopum 1.39 0.00
Siluriformes Doradidae Rhinodoras boehlkei 0.68 0.00
Pimelodidae Brachyplatystoma rousseauxii 17.61 0.00
Pimelodus blochii 2.94 0.00
Zungaro zungaro 8.81 0.00
Pseudopimelodidae  Pseudopimelodus 0.00 4.41
Pseudopimelodus sp. LBP2397 0.00 0.70
Taxa below 2.16 1.86
threshold
Total (%) 100 100
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Figure 1. Upstream delimitation of the spawning area from the sampling point (yellow point),

estimated from eggs at the morula-gastrula stages (red line), and from eggs at the final embryo

stage (orange line). The map also indicates existing and potential threats in the area, as well as the

Madidi and Pilon Lajas protected area limits and the location of indigenous territories.




Figure 2. Ecological transition close to the sampling point (67.5555 W, 14.3329 S) between sand
beaches (a), and stone beaches (b). Extraction activity 10 km upstream from the sampling point,
at the spawning area, showing the machinery (c) used for extracting gravel for construction

materials. Photos by Pascal Arditi.






APPENDICES

Data accessibility

DNA sequences in.fastq file format and MEGAN project file (rma) used in this study are
available from NCBIs Sequence Read Archive (SRA). Bioproject number PRINAS507878.

Biosample accession numbers SAMN10511183-SAMN10511185.

Supporting information

S1 Text. Command lines and software used.

S2 Text. COI reference database used in this study for taxonomic assignation.
S3 Text. Synonym-and-disable-taxa.txt

S4 Table. Number of reads and assignment rates in libraries.

S5 Table. Species frequencies calculated for each library.

S6 Table. maxSSS value calculated from mock control samples.





