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Abstract: The dolphins Inia geoffrensis—boto and Sotalia fluviatilis—tucuxi are threatened cetaceans
inhabiting river ecosystems in South America; population numbers are still lacking for many areas.
This paper provides density and abundance estimations of boto and tucuxi in 15 rivers sampled dur-
ing the past nine years as part of a multinational research alliance. Visual boat-survey data collection
protocols and analyses have been developed since 2012 (based on Distance Sampling methods) and
recently reviewed (2019) to improve robustness and comparability. Differences across the sampled
rivers and the analyzed river basins (Amazon and Orinoco) pointed to a density/population size
gradient with lower densities and abundances observed in the Orinoco basin (0.9–1.5 ind./km2),
passing through the eastern Amazon basin (2–5 ind./km2), and the largest numbers found at the
central Brazilian Amazon (lower Purus River—2012 (14.5 boto/km2, N = 7672; 17.1 tucuxi/km2,
N = 9238)). However, in other parts of the central Amazon, the density of dolphins was smaller than
expected for high productive whitewater rivers (1–1.7 ind./km2 in the Japurá and Solimões rivers).
We attributed these differences to specific features of the basin (e.g., hydro-geomorphology) as well
as to the cumulative effects of anthropogenic activities.
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1. Introduction

The Inia geoffrensis, commonly known as boto, and the tucuxi Sotalia fluviatilis are
freshwater cetaceans inhabiting complex ecosystems throughout their range: the major
neotropical rivers of the Amazon, Orinoco, and Tocantins-Araguaia basins in six countries
(Brazil, Bolivia, Colombia, Ecuador, Peru, and Venezuela) [1–6]. These rivers have broad
heterogeneity across a continuum of spatial scales that range from microhabitats to land-
scapes [7]. At the local level, small forest and savanna streams often show longitudinal
sequences of pool and riffle habitats with a variety of substrates, depths (i.e., 11–15 m at
the vertical level and hundreds of kilometers in the horizontal plane of a river), and flow
speeds [8]. In the lowlands of the Amazon and Orinoco basins, floodplains typically have a
patchwork of densely vegetated and open water habitats creating very dynamic micro- and
macro-habitats [9,10]. Additionally, variations in the water level influence the availability
of aquatic habitats and the levels of dissolved oxygen, resulting in important seasonal
changes in productivity and biodiversity [11]. This heterogeneity results in constantly
changing distribution patterns of prey and, consequently, of river dolphins across this
complex mosaic of aquatic habitats [12–14].

Rivers are drivers of biodiversity and play a key role in the distributional patterns
of aquatic and terrestrial fauna [15,16]. Hydrology is a predominant driver of ecological
structure and function of aquatic ecosystems [17]. Therefore, providing adequate flows to
support aquatic life or environmental flow is a top management priority in stream systems.
Sampling for information on the richness and abundance of species that inhabit these ever-
changing complex ecosystems requires careful consideration of the unique characteristics
of these environments and the multiple factors that affect animal distribution, habitat use,
and population parameters [17,18]. Establishing a flow–ecology relationship is complicated
by several sources of correlated bias: flow regime, environmental features, ecological
assemblages, and human interference.

Local or regional trends in the distribution and abundance of a species are expected
to occur in highly variable ecosystems, and they can be better understood if sampling
methods consider the stratification of the study site to properly address environmental vari-
ability [19]. In the case of river dolphins, methods for estimating density and population
size have stratified the river into habitat types, where perceived gradients in dense-specific
habitats exist [20,21]. However, seasonal variations of habitats along river courses due
to the natural hydro-geomorphological evolution of a river basin [22,23] or due to hu-
man interference (e.g., dams for irrigation or hydroelectric power production, mining
processes, intense fishing exploitation, cattle raising, and climate change) can change river
landscapes [24–28] and cause shifts in patterns of dolphin distribution.

River dolphins as small cetaceans that inhabit ecosystems impacted by several human
activities are considered to be at a high level of threat. The IUCN Red List of Threatened
Species currently classifies all river dolphin species as either Endangered (EN) or Critically
Endangered (CR) [29–35]. The baiji (Lipotes vexillifer) is thought to be probably Extinct (EX)
in the wild due to the same conditions that still-living river dolphins face. Bycatch, direct,
and intentional catches, contamination by mercury, habitat and population fragmentation
by water infrastructure projects (mainly dams), water chemical pollution, acoustic pollution,
intense boat traffic, poorly managed tourism, and decline of prey diversity and abundances
result in substantial short-term effects with limited knowledge of impact scales at the
population level [5,25,27,28,36,37].

The importance of population parameters such as the density and population size of
boto and tucuxi have already been addressed by several authors as crucial information
to understand their ecology, as well as the effect of anthropogenic activities on their
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survival [1–5,12,13,20,21,25,27,28,30,31]. The aggregation of boto and tucuxi in specific
habitats in the river system, their seasonal movements following water level variability and
prey migration, and also a preliminary investigation of population size differences across
river basins were examined by such studies. However, these studies are not broad-scaled,
except for those in which survey methods for abundance estimations were standardized,
covering regions in the Amazon and Orinoco basins [21].

Given the complex dynamics of the ecosystems inhabited by river dolphins (boto and
tucuxi) and their vulnerability to widespread threats, it is desirable to expand comprehen-
sive estimates that take into account the specificities of each river, considering them as
sample units. Information about the density and distribution of these species is necessary
for guiding management and identifying opportunities for determining the ecological
needs of the species and human uses of dolphin distribution range [38]. This study aimed
to provide new population estimates for boto and tucuxi in 15 different rivers in the Ama-
zon and Orinoco basins under the Program of Abundance Estimation of River Dolphins
in South America (PAERDSA). The PAERDSA has been surveying rivers throughout the
ranges of boto and tucuxi since 2006, compiling cross-border efforts on river dolphin studies
in the six countries in which they occur. In addition to the new abundance estimations, we
also provide a discussion on the distribution of the population size diversity in the Amazon
and Orinoco basins, in light of the differences in the geomorphology and hydrology of the
study areas.

2. Materials and Methods
2.1. Study Area

The Amazon is the largest river in the world in terms of discharge, and the Orinoco
is considered the third largest [8,39,40]. Both river systems have similar unit discharges
(discharge/drainage area) and comparable sediment loads [41]. High run-offs occur from
the Guyana Shield region that dominate the flow in the Orinoco River and from the Negro
River in the Amazon basin [42]. The Amazon receives high discharges from Andean
rivers such as the Madeira, Napo, Purus, Putumayo-Içá, and Caquetá-Japurá. The Andean
mountains contribute up to 90% of the sediment load of both river systems [41,43,44].
The remaining discharge and sediment load in the Amazon basin originate from clear
water rivers draining the Brazilian Shield. Both the Amazon and Orinoco rivers have
extensive floodplains [45,46], but in terms of drainage areas, the Amazonian floodplains
are more extensive.

2.2. Data Collection

Sampling for abundance estimates of boto and tucuxi was conducted over 8668 km of
rivers across the Amazon and Orinoco basins covering 15 rivers (Figure 1). The total area
sampled corresponds to more than 11,000 km2 of water surface (Table 1). Visual boat-based
surveys took place during the rising and receding water seasons. These seasons were
chosen to standardize the water transition periods, when most parts of the habitat types
are available for the dolphins’ use [21]. The sampling protocol followed a methodology
used by Gómez-Salazar et al. [21], using a combination of transects running parallel (200 m
strip-width transect) and cross-channel (line transect) in a zigzag pattern at an average
speed of 10 km/h (see [21] for more details).
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Figure 1. Rivers and stretches of rivers sampled for density and abundance estimates of South American river dolphins 
(boto and tucuxi) through the lowlands of the Amazon and Orinoco basins. Published studies are in red, and the present 
data analyzed are in blue. 

Table 1. Sampling effort and study areas of South American river dolphins (boto and tucuxi) abundance estimates in the 
Amazon and Orinoco basins, following chronological order of sampling effort from 2012 to 2018. 
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Length 

(km) 
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Effort 
(km) 

Area 
(km²) 

Purus 2012 Rising White Amazon 
3°40′55.75” S/ 

61°28′25.42” W 
5°16′34.79” S/ 

62°55′20.59” W 3211 Brazil 512.05 538.72 

Meta 2012 Rising White Orinoco 
6°12′12.05” N/ 
67°28′4.98” W 

4°21′30.86” N/ 
72°5′2.86” W 

804 
Colombia/Vene-

zuela 
584.84 969 

** Orinoco/Cas-
siquiare 

2013 Receding White Orinoco 
2°39′41.18” N/ 
67°28′53.48” W 

4°3′43.63” N/ 
67°42′10.87” W 

326 
Colombia/Vene-

zuela 
454 482.06 

Japurá (Caquetá) + 
tributaries (Apa-
poris, Cahuinari, 

Miriti) 

2014 Rising 
White (Japurá 
River), black 
(tributaries) 

Amazon 
3°9′46.89” S/ 

64°47′37.13” W 
1°26′11.28” S/ 

70°51′33.17” W 
2100 Brazil/Colombia 1027.53 1767.67 

Auati-Paranã 
channel 

2014 Rising Mixed Amazon 
2°32′43.04” S/ 

67°22′30.14” W 
1°51′4.89” S/ 

65°42′37.48” W 
432.8 Brazil 432.8 55.74 

Solimões 2014 Rising White Amazon 
3°9′27.35” S/ 

67°57′54.33” W 
3°21′47.71” S/ 

64°39′49.92” W 
1700 Brazil 581.39 1745.39 

*** Juami and Ja-
purá rivers 

2015 Rising 
Black (Juami 
River), White 
(Japurá River) 

Amazon 
1°46′49.90” S/ 
67°35′39.4” W 

2°27′54.28” S/ 
68°27′57.7” W 

 Brazil 386.95 254 

Figure 1. Rivers and stretches of rivers sampled for density and abundance estimates of South American river dolphins
(boto and tucuxi) through the lowlands of the Amazon and Orinoco basins. Published studies are in red, and the present
data analyzed are in blue.

Double-decker boats (on average 7 m high and 12 m long) were used as observation
platforms in all surveys. A team of (at least) nine people were involved in the search
for river dolphins, three at the bow (Platform 1) looking forward, three at the stern (Plat-
form 2) looking backwards, and three off-effort at-rest observers. On each platform, the
team alternated across three positions: portboard, data recorder, and starboard rotating
every hour between platforms by replacing an active observer by an observer who had
rested (see [28] for more details). The observations at each platform were assumed to
be independent, considering a “one-way” configuration (i.e., the observers at the stern
platform were unaware of detections made by those at the bow) to enable corrections
of missed sightings and calculation of detection probability on the trackline (g(0)) using
capture–recapture methods [21,47]. A sighting event from the stern platform was classified
as either a resighting or a new sighting, relative to detections made by the bow platform,
based on species identifications and similarities in group sizes, radial angles, and distances
at first detection.

Efforts were conducted under good visibility and calm conditions (river state relative
to Beaufort scale 0–2, low glare and no rain). For each sighting, the observers reported
species, group size, presence of calves, radial distances between the sighting and the vessel
(measured by the naked eye), the radial angle using an angle board for the bearings, and
the distances from the dolphin groups to the margin of the open river, habitat type (main
river, tributary, confluence, lake, channel, and island—as described in [21]), associated
margin (when in strip transects), and overall sightability (low, moderate, good, or optimal).
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Table 1. Sampling effort and study areas of South American river dolphins (boto and tucuxi) abundance estimates in the Amazon and Orinoco basins, following chronological order of
sampling effort from 2012 to 2018.

River Year Season Water Type Basin Coordinates
Beginning

Coordinates
End

* River Length
(km) Country Sampling

Effort (km) Area (km2)

Purus 2012 Rising White Amazon 3◦40′55.75′′ S/
61◦28′25.42′′ W

5◦16′34.79′′ S/
62◦55′20.59′′ W 3211 Brazil 512.05 538.72

Meta 2012 Rising White Orinoco 6◦12′12.05′′ N/
67◦28′4.98′′ W

4◦21′30.86′′ N/
72◦5′2.86′′ W 804 Colombia/Venezuela 584.84 969

** Orinoco/Cassiquiare 2013 Receding White Orinoco 2◦39′41.18′′ N/
67◦28′53.48′′ W

4◦3′43.63′′ N/
67◦42′10.87′′ W 326 Colombia/Venezuela 454 482.06

Japurá (Caquetá) +
tributaries (Apaporis,

Cahuinari, Miriti)
2014 Rising White (Japurá River),

black (tributaries) Amazon 3◦9′46.89′′ S/
64◦47′37.13′′ W

1◦26′11.28′′ S/
70◦51′33.17′′ W 2100 Brazil/Colombia 1027.53 1767.67

Auati-Paranã channel 2014 Rising Mixed Amazon 2◦32′43.04′′ S/
67◦22′30.14′′ W

1◦51′4.89′′ S/
65◦42′37.48′′ W 432.8 Brazil 432.8 55.74

Solimões 2014 Rising White Amazon 3◦9′27.35′′ S/
67◦57′54.33′′ W

3◦21′47.71′′ S/
64◦39′49.92′′ W 1700 Brazil 581.39 1745.39

*** Juami and Japurá
rivers 2015 Rising Black (Juami River),

White (Japurá River) Amazon 1◦46′49.90′′ S/
67◦35′39.4′′ W

2◦27′54.28′′ S/
68◦27′57.7′′ W Brazil 386.95 254

Guaviare 2016 Receding White Orinoco 2◦36′58.61′′ N/
72◦38′8.65” W

3◦52′23.56” N/
67◦56′5.03′′ W 1497 Colombia 968 593.75

**** RDSM 2016 Receding
Predominantly White
with mixed water in

confluences
Amazon 3◦9′35′′ S/

64◦47′37′′ W
2◦32′50′′ S/
67◦22′8′′ W 1422.81 Brazil 1422.81 2652

Putumayo 2017 Receding White Amazon 0◦6′46.97′′ N/
75◦52′10.97′′ W

2◦53′39.76′′ S/
69◦44′2.22′′ W 1610

Cross-border:
Ecuador,

Colombia, Peru,
Brazil

1186 1108.66

Iténez (Guaporé) 2017 Rising Clear Amazon 13◦32′21.44′′ S/
61◦51′13.28′′ W

4◦3′43.63′′ S/
67◦42′10.87′′ W 1260 Bolivia/Brazil 481 40.18

Meta 2018 Rising White Orinoco 6◦12′12.05′′ N/
67◦28′4.98′′ W

4◦21′30.86′′ N/
72◦5′2.86′′ W 804 Colombia/Venezuela 630.44 969

* River length: data gathered from environmental agency websites and water resource departmental files in each country. ** Sampling during 2013 in the Orinoco and Cassiquiare channel conducted efforts in both
watercourses; for this reason, sampling effort exceeds information of river length. *** The Juami river extension: no data available from environmental agency sources. **** RDSM: Reserva de Desenvolvimento
Sustentável Mamirauá, bordered by Solimões and Japurá rivers.
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2.3. Analysis

Densities and abundances of boto and tucuxi were estimated for all rivers separately
following a stratified design (habitat types as proposed by [21]). Data analyses were
performed using the open-source statistical software R (version 3.4.3, [48]).

Cross-channel (line transects) were analyzed using the packages Distance [49] and
mrds [50] following distance sampling (DS) methods [51] to fit the detection functions, esti-
mate detection probabilities, and densities and abundances for the center of the rivers. This
analysis enabled the survey-specific detection function for those rivers (main rivers) where
line transects were performed instead of using the general detection function provided
in [21] when the number of sightings was greater than 30 groups [52]. Exploratory analyses
were performed to assess appropriate truncation distances and to evaluate whether binning
the data into pre-specified distance intervals would improve the fit of detection probability
models for each river. Conventional distance sampling (CDS) [51] was used to test for
half-normal and hazard rate models as key functions. Multiple covariate distance sampling
(MCDS) [53] was used to account for the effect of covariates using the best fitted model.
Proposed covariates included group size (gs), platform (pt), species (sp), and sightability
(sg), and were each considered one at a time. Model selection was performed using the
Akaike’s information criterion (AIC) [51].

Density in line transect data was estimated based in the Horvitz–Thompson estima-
tor [54] for each species as follows:

D̂ =
E(s)

2wiLi

n

∑
j=1

1
g(x, z)

(1)

where E(s) is the expected group size, w is the maximum width by stratum, L is the transect
length by stratum, and n is the number of detected groups. In MCDS, the detection function
is expressed by g(x, z) and represents the probability of detecting an object given its distance
x from the line with covariates z [53,55].

Parallel (strip) transects (200 m strip-width) were used to survey narrow channels and
regions where typical distance sampling survey designs could not be implemented. Data
from parallel transects were also analyzed considering the habitat stratification (main river,
tributary, channel, confluence, lake, and island) for each river, following methods by [21].
Density in these sampling lines was estimated as follows:

Di =
Ei

[
n0−50

P2
+ n50−100

P1
+ n100−150

P1
+ n150−200

P2

]
WLig(0)

, for i = 1, . . . , n (2)

where Di is the estimated density in the habitat type i, Ei is the estimated group size for
the population in habitat type i, Li is the total length of the parallel transects conducted
in habitat i, W is the strip width (200 m), and g(0) is estimated in line transect analysis as
g(0) =

(
1− q2) where q is the equal probability of missing a group of dolphins in the bow

and stern platform assuming independent sightings, P1 and P2 are the correction factors
for undetected clusters of dolphins at every 50 m band of the strip width regarding distance
from the trackline (investigated by [21] and recently improved by [52]) (Pk parameters for I.
geoffrensis as P1 = 0.960 and P2 = 0.630 (shape = 0.37 [SE = 0.12], scale = −2.61 [SE = 0.42])
and for S. fluviatilis as P1 = 0.998 and P2 = 0.893 (shape = 0.99 [SE = 0.15], scale = −2.24
[SE = 0.41])), and n is the number of habitats surveyed.

The overall density (D) of both species in the entire study area of each river was
calculated as the weighted mean obtained by dividing the estimated abundance (sum of
the abundance for each habitat type) by the area in square kilometers. Variances were
obtained following [21] methods, and the overall CV was calculated as follows:

CV =

√
∑ (SEi

2)

∑ Di
(3)
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where SEi is the standard error of the density at habitat i.
Overall abundances in each river for each species were obtained by the sum of the

estimated abundances (Di × Ai) in each habitat type (i) through:

N = ∑n
i=1 Di Ai, for i = 1, . . . , n (4)

where n is the number of habitats surveyed and Ai corresponds to the study area in km2 in
the habitat type i, which was calculated using satellite images obtained as close as possible
to the time of survey implementation using the open access imagery repository from the
Sentinel Program of the European Space Agency (ESA).

Data reported in this paper focused on overall densities and abundances for each river
instead of habitat-specific densities, because the objective here was to observe variability at
a basin scale. Nevertheless, to assess the importance of habitat-specific density (already
described in [21]) and to support additional discussion, we present the survey-specific
parameters (density and abundance) by habitat for each of the rivers sampled in the Supple-
mentary Material Table S1. The detection probability curves and models selected for those
rivers where line transects were performed (Purus, Guaviare, Putumayo, Japurá-Caquetá-
Solimões, RDSM, and Meta) are available in Figures S1–S6 and in Table S2 respectively,
also in the Supplementary Material.

3. Results

The highest densities and abundances for both species of river dolphins were found
in the lower Purus River (Central Brazilian Amazon), 14.5 boto/km2 N = 7672 (CV = 0.37),
and 17.14 tucuxi/km2 N = 9238 (CV = 0.49) (Table 2). Densities in the Auati-Paranã channel
(Central Brazilian Amazon) were the second highest with 5–6 ind./km2 accounting for both
species. Similar densities were estimated for boto in the Iténez River (Brazilian/Bolivian
border) with the lower abundances estimated (less than 210 animals in more than 400 km
of river), where no tucuxis are found. In the Putumayo (upper Amazon basin), Guaviare
(ecotone between Amazon rainforest and Orinoco savannas), Japurá River, and RDSM
(Central Brazilian Amazon), densities varied from 2 to 3.5 ind./km2 for both species, except
for the Putumayo River where densities of tucuxi were lower (0.49 ind./km2, CV = 0.95),
as well as abundances (N = 546). The Orinoco River and its tributary Meta had the lowest
densities of boto (Table 2) among all of the rivers surveyed.

Table 2. Boto (Inia geoffrensis) and tucuxi (Sotalia fluviatilis) estimates of density and abundance across Amazon and Orinoco
river basins.

River
Inia geoffrensis Sotalia fluviatilis

D N CV D N CV

Purus 14.5 7672 0.37 17.14 9238 0.49
Meta 1.04 972 0.56 - - -

Orinoco—Cassiquiare channel 0.9 435 1.36 - - -
Japurá (Caquetá) + tributaries 2.19 3871 0.94 1.79 3164 0.98

Auati-Paranã channel 5.5 307 0.51 5.8 324 0.55
Solimões 1.01 1763 1.34 1.34 2339 1.03

Juami-Japurá rivers 1.77 440 1.38 2.4 599 1.79
Guaviare 3.28 1138 0.32 - - -

RDSM 3.17 8407 0.74 3.35 8876 0.65
Putumayo 3.49 3897 0.61 0.49 546 0.95

Iténez (Guaporé) 5.07 204 0.88 - - -
Meta 1.49 1397 0.95 - - -

D = overall density; N = overall abundance; CV = coefficient of variation, (-) species does not occur.

Relatively high CVs (e.g., CVs ranged from 1.34 to 1.38) were estimated for some
regions in the Cassiquiare channel (Orinoco River), Solimões River, and Juami-Japurá rivers,
suggesting some of these estimates are not as reliable as those with CVs less than 0.4.
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Figure 2 shows the tendency of finding the largest populations of river dolphins
from the Eastern Amazon to the Central Amazon basin and at a river scale from upriver
(headwaters) to the middle parts of the river’s mouth, taking into account the distribution
of sightings and the calculated population parameters (density and abundance).
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Survey-specific detection probabilities at zero distance from the trackline (g(0)) varied
by species and across rivers (Table 3). The tucuxi had higher g(0) values than the boto in all
rivers where estimates for both species were computed. The Japurá (Caquetá) river and its
tributaries, the Auati-Paranã channel and Solimões River, were sampled during the same
survey; thus, a single g(0) was calculated. For rivers where the numbers of sightings in
line transects were insufficient for the proper calculation of g(0) (n < 30) or when only strip
transects were conducted, a global g(0) was applied considering all data available from the
other rivers sampled [21,52]: boto g(0) = 0.81 (CV = 0.05) and tucuxi g(0) = 0.98 (CV = 0.02).
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Table 3. Estimated survey-specific detection probability of seeing a group of dolphins at zero distance from the trackline
(g(0)).

River Water Type River Basin

g(0)

Inia
geoffrensis

Sotalia
fluviatilis

Purus White Amazon 0.86 (0.09) 0.99 (0.008)
Meta—2012 White Orinoco 0.95 (0.04)

Orinoco—Cassiquiare channel White Orinoco 0.81 (0.05) *
Japurá (Caquetá) + tributaries
(Apaporis, Cahuinari, Miriti)

White (Japurá River), Black
(tributaries) Amazon

0.69 (0.04) 0.83 (0.02)Auati-Paranã channel Mixed (Black and White) Amazon
Solimões White Amazon

Juami and Japurá rivers Black (Juami River), White
(Japurá River) Amazon 0.81 (0.05) * 0.98 (0.006) *

Guaviare White Orinoco 0.71 (0.53)

RDSM Predominantly White with
mixed water in confluences Amazon 0.79 (0.08) 0.98 (0.01)

Putumayo White Amazon 0.56 (0.08) 0.59 (0.13)
Iténez (Guaporé) Clear Amazon 0.81 (0.05) *

Meta—2018 White Orinoco 0.85 (0.11)

* global g(0) values [52].

4. Discussion
4.1. Density and Population Size

In this research, we pointed to differences in density and abundance across rivers and
basins sampled throughout the range of Amazonian river dolphins. These differences are
believed to be linked to unique features of each basin and the hydro-geomorphological
characteristics of each river. They are also likely related to human threats such as the level
of human-induced habitat modification, overfishing, pollution, direct catches that might
affect prey availability and, consequently, dolphin distribution and, possibly, abundance.
In this study, there was a perceived population size gradient associated with (1) river basin
and water type, (2) drainage position in the river basin, and (3) level and range of human
activities directly affecting river dolphin populations.

4.1.1. River Basin and Water Type

Regarding river basin and water type, the Amazon River basin has been reported
as the basin with the highest density of Amazonian river dolphins [5,21,56–60]. In these
previous studies, the density of river dolphins ranged from 2 to 6 ind./km2, which is
consistent with the data analyzed and presented in our results. Most parts of the rivers
forming the Amazon basin are the whitewater type, which is rich in suspended sediments
with high primary production including fish production and aquatic biodiversity [10,61].
The discharge of black water tributaries and marginal lakes also increases the input of
organic and chemical components/nutrients, creating highly productive zones known
as confluences. The confluences are hotspots for river dolphins that aggregate in these
zones to access lakes and narrow channels, feed, and follow fishing migrating movements,
which also affect group sizes [13]. Densities of boto and tucuxi are higher in confluences
than in other habitats, usually up to 28 ind./km2 [21,27,62,63], which is consistent with the
findings of our results for almost all the rivers sampled, where densities in confluences for
boto was on average 23 ind./km2 (±9.18) and 16 ind./km2 (±11.81) for tucuxi, with the
highest values of 64 ind./km2 of boto in the confluences of the Mamirauá Reserve—RDSM
(Table S1).

The Orinoco basin, despite being whitewater, has lower boto densities and abundances
when compared to the Amazon. Estimates in this basin (0.9 to 1.49 ind./km2) provide
further strength for the hypothesis that the overall densities and abundances of boto in the
Orinoco River basin are lower than in the Amazon basin [21]. These differences are thought
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to be associated mainly with watershed features and productivity [5,8,64] in addition to
evolutionary aspects of river dolphin occupancy in freshwater ecosystems [65]. The Orinoco
basin has low nutrient availability, low sediment load, and coarse substrate [41,66,67].
During river rising and high water, there is a drastic reduction of phytoplankton biomass,
which is possibly due to the high concentration of suspended solids transported during
these periods [68]. The aquatic fauna, mainly fishes, are distributed from the middle toward
the lower river course, where aquatic habitat is more suitable [69]. The clearwater river
basins such as the Tocantins-Araguaia and Tapajós, characteristically deprived of nutrients,
ions, and sediments [42,70], have the lowest densities of boto (Tocantins D = 0.75 ind./km2,
Tapajós D = 0.40 ind./km2) [28,59]. For the Tocantins River, it is important to mention that
it is dammed and the ecosystem is heavily transformed, and this may also have resulted in
changes in dolphin habitat use, movements, and density [28]. Clearwater rivers commonly
flow from shield formations, and they have rapids and falls in their upper and middle
reaches, representing not highly suitable areas for river dolphins; however, this does not
restrict their presence. The exception seems to be the Iténez River on the Bolivian/Brazilian
border, where bufeo—the Bolivian river dolphin—density was 5.07 ind./km2. The Itenéz
River has a relatively extensive floodplain, with various dead river arms that seem to create
a very suitable hydroscape for Bolivian river dolphins Inia boliviensis (under consideration
as a separate species from Inia geoffrensis) [71]. These bays or “dead river arms” seem to
create a very specific habitat in the middle of the Iténez River, favoring an aggregation
of river dolphins in that zone, currently under investigation (Adriana Salinas et al. in
preparation, and Paul André Van Damme personal comment).

4.1.2. Drainage Position in the River Basin

A second factor that may affect dolphin abundance is the drainage position of the river
basins. The flow–ecology relationship predicts nonlinear biological responses (population
numbers, population dynamics and structure, movements, survival, community structure)
to the physical attributes of watersheds along their course such as temperature, dissolved
oxygen, available habitat, depth, altitude, and sinuosity [72]. As one moves from the
central Brazilian Amazon, where the core discharge flow of the Amazon River basin occurs
(receiving hundreds of tributary rivers from Bolivia, Peru, Ecuador, and Colombia), to
the middle-upper reaches of the river, in Eastern Amazonia, the population sizes of river
dolphins decrease. This seems to be also true when looking at a single river as a unit of
biodiversity. Rivers are unique units that play a key role in the estimation of population
size given their unique intra-specific features and the preference of dolphins in specific
habitats. We can see this “tendency” when looking at the data presented in Table 2 and
translated in Figure 2.

In the Guaviare River, a river full of meanders and with rapids in its middle course,
river dolphins were distributed in greater density from the middle third to the river mouth
at the confluence with its tributary Inírida. In the upper Japurá River, where it is known as
the Caquetá River, sightings of river dolphins became more sparsed as rocks and rapids
started to appear, and the density of both species of dolphins (in relation to population
size) decreased. This variability can be also compared to the study conducted by Mosquera-
Guerra et al. [62] where the density of river dolphins in the middle Caquetá River was
smaller than in the entire Japurá River. The presence of rocky margins and rapids is not
a restriction for boto movements, as already discussed by Gravena et al. [73], but it is for
tucuxi. Botos manage to cross these barriers, although upstream habitats might not be as
suitable as those downstream.

Density estimates for the Purus River are the highest reported (14.5 boto/km2 and
17.1 tucuxi/km2) so far for these species in the literature [5,21]. A small-scale study (50 km
effort) in the Mamirauá reserve, Central Brazilian Amazon, between the rivers Japurá and
Solimões estimated 18 boto/km2 and population sizes around 13,000 individuals [20] for
the entire reserve. However, the study adopted an extrapolation approach using a small
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area within the Mamirauá reserve to compute abundance for the entire protected area,
hindering comparisons, given that river dolphins are not homogeneously distributed.

The Purus River is located in the most central portion of the Amazon Basin and is
characterized by a high density of meanders and muddy water [10]. Surrounded by the
Amazon rainforest, it also has large-scale hydrologic characteristics and hydrodynamics
that stimulate the flow and renewal of nutrients, fertilizing the ecosystem with each water-
level variation [74]). In the Purus, we might expect that river margins and confluences have
similar conditions (e.g., high productivity) that could explain the relatively homogenous
distributions of dolphins along the margins (clearly perceived in the field). In addition, in
this region, prey migration occurs near the river margins [1,5,70].

4.2. Level and Range of Human Activities

The level and range of human activities may also influence dolphin densities and
population sizes. Despite being located in the central Brazilian Amazon, the Solimões
River and the stretch of Japurá River plus its tributary, the Juami River, had lower densities
of both river dolphin species (1–1.77 ind./km2) compared to the other Amazonian rivers
sampled. In these areas, there are historical reports of dolphin–fishermen conflicts of
indirect catches or bycatch, and also piracatinga fishery (active fishing practice that uses
dolphin flesh and blubber as bait to catch the catfish species Calophysus macropterus).
A recent analysis, looking at specific sub-areas in the Mamirauá Reserve has shown a
substantial record of fishing gear (n = 234), where monofilament nets (gillnets) were the
most frequently used (n = 124) [63]. This type of fishing gear is recognized worldwide as
the major cause of cetacean incidental catches, and still today, this is not fully quantified in
the Amazon region.

The piracatinga fishery is considered a great threat to the boto in the Central
Amazon [5,75–77]. Declines in dolphin populations are attributed to this practice, mainly in
the lower Solimões and Japurá rivers [30]. In the Purus River, a survey conducted in 2017 in
the same area covered by this study estimated densities of 9 boto/km2 and 16 tucuxi/km2

(Centro de Estudos e Pesquisas da Amazônia—CEPAM unpublished data). The estimates
here and those computed by CEPAM are five years apart, and the surveys reported here
were conducted in 2012 during a period of intensive fishing for the piracatinga. Since the
survey conducted by CEPAM in 2017 followed the same sampling and analytical methods,
estimates produced by the two studies are comparable and suggest a decline in the density
of boto (from 14.5 ind./km2 in 2012 to 9 ind./km2 in 2017) and tucuxi (17 ind./km2 in 2012
to 16 ind./km2 in 2017). However, CVs of the estimates are not provided in the CEPAM
analysis; therefore, no conclusions can be made. Nevertheless, these findings suggest
that a longer time series is needed to assess population trends reliably, and new surveys
in the lower Purus River are recommended as well. The inclusion of the Purus River
in a monitoring program to estimate impacts of the piracatinga moratorium—a Brazilian
regulation that prohibits fishing of Calophysus since 2015—and the effect of overfishing in
the area are recommended because unmanaged fishing practices are major threats to river
dolphins [37].

The low densities and population sizes found in the Orinoco (already noticed by [21])
may also be a result of cumulative effects of human exploitation in this river basin, which
is heavily pressured by oil and mining companies, the Orinoco Mining Arc [78]. According
to [27], summing the different types of human stressors in the Orinoco River basin reaches
an overall score index of human impact of about 4.25 on a scale of low = index < 3,
medium ≥ 3 and <4, and high ≥ 4. In this analysis, four main categories of human
stressors were considered: water quality, habitat modification, exploitation of species, and
human settlements, including cities.

In Bolivia, the infrastructure for water diversion in agriculture irrigation has been
altered for the entire upper course of the Grande River, resulting in shifts of river dolphin
distributions and habitat in this river (Mariana Escobar-WW personal comment). The
stranding of Bolivian river dolphins is reported by [79], and it is attributed to habitat
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degradation. In addition to the cited threats, the Bolivian river dolphin is affected by the
hydroelectric dams placed on the Madeira River in Brazil that caused population frag-
mentation, habitat degradation, and loss of river connectivity. Furthermore, currently, the
Bolivian river dolphin faces the presence of an invasive fish, the Arapaima gigas (pirarucu),
which is known as a competitor, and the trophic effects of competition for space or resources
are unknown (Mariana Escobar-WW personal comment).

Population size estimates in this study can be used for conservation, fostering dis-
cussions about the need for an ecosystem approach to conserve a species. Based on
flow–ecology, it is important to emphasize that although dolphins tend to aggregate in
habitats with higher productivity, generating higher population densities, the entire river
ecosystem is essential to ensure the supply of nutrients necessary for such an aggregation.
Thus, the conservation of river dolphin populations depends on the connectivity of the
entire river ecosystem. Increased knowledge about the potential impacts of anthropogenic
activities on Amazonian river dolphin populations will be essential to guide the devel-
opment of public policies for the conservation of the species. Important threats warrant
further research, such as bycatch levels [80], mercury and other contaminants [26], and
habitat modification and degradation (e.g., hydroelectric dams [25,28,59], Caldas et al. in
review process). Studies focusing on identifying and quantifying the direct and indirect
threats to river dolphins in South America are the way to understand how, where, and for
how long we must act to ensure the conservation of dolphins and their habitats.

4.3. Survey-Specific g(0) and Variances in Estimates of Density

The survey-specific g(0) estimates computed in this study represent an improvement
on attempts to estimate densities of river dolphins in the Amazon. In the past, a single
estimate was used to correct for estimates of density and abundance [21] throughout the
dolphins´ range. However, because conditions change for different surveys (i.e., type
of vessel used, observer team, environmental conditions, the behavior of the local river
dolphins, as well as river features), survey-specific estimates of g(0) are desirable to improve
the accuracy of abundance estimates.

A survey-specific g(0) embodies perception bias using the double platform sighting
for a single abundance estimation, since it is more precise regarding error accounting. Al-
though not accounted for, availability bias is likely to occur. Boto and tucuxi diving patterns
are poorly known and may vary during different behaviors (e.g., foraging, displacement,
socializing) and in different habitat types. To account for availability bias, specifically
designed experiments should be formulated in order to assess the effect of such an error in
the final estimates. When assessed, the availability bias could be used as a correction factor
to be applied for previous data.

The CVs associated with density/abundance estimates (ranging from 0.32 to 1.38)
were high; however, they resulted from a high variation in encounter rates due to dolphin
distribution in specific habitats (Table S1) and river sub-regions [47]. Acceptable CV values
to be taken under consideration for population management purposes should be less than
0.4. However, abundance estimations for most of the marine and freshwater cetaceans are
difficult and provide high CVs that often do not meet management objectives [81]. If CVs
can be reduced, this might lead to an improved assessment of the population. The post-
stratification of survey efforts produced more robust and precise estimates of abundance
for a region with high variation in density. The Tocantins River [28] is affected by the
Tucuruí dam in its lower course, which likely affects dolphins with substantial alteration of
habitat and river connectivity. In this study, the overall CV was reduced by as much as 70%.
However, the post-stratification of the Solimões and Japurá rivers and the Auati-Paranã
channel (surveyed during the same expedition and analyzed as separate units), did not
show such improvement in CV reduction, emphasizing the intra-river variability perceived
in the encounter rates (Table S1). Nevertheless, it is difficult to reduce CVs, and therefore,
threatened, endangered, or depleted populations may be managed poorly or even not be
considered for management [81]. Although our results showed high CVs for most parts of
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the data analyzed, we consider that these CVs can be used as primary information until a
more robust method is developed (e.g., passive acoustic monitoring—PAM).

5. Conclusions

Estimating the densities and abundances of river dolphins in South America is chal-
lenging. Computing the overall abundances of these species for the entire area of Amazonia
and Orinoquia is unfeasible due to their extensive distribution. The limited or scarce in-
formation available on animal movements and population structure, logistical limitations,
and the unique and complex environmental features of the Amazon require a high financial
investment and long periods of data collection. Despite these difficulties, the extensive
effort across many river basins in South America to estimate the densities and abundances
of river dolphins has substantially improved with the PAERDSA (Program of Abundance
Estimation of River Dolphins in South America).

The data presented in this paper contribute to a better understanding of the dolphin
population size distribution and their concentrations throughout different river basins,
sub-basins, and intra-river variations. The discussion raised here provides insights into the
correlations between environmental characteristics and the human-induced impacts on
dolphin densities and abundances in rivers from the Amazon and Orinoco basins. This is
essential for identifying rivers as unique units so as to develop specific conservation actions.
Nevertheless, the surveys from this study did not cover the total area of occurrence of
Amazon river dolphins, and therefore, they do not represent overall population estimates
of the species regarding total area. We highlight that additional and continued studies
are necessary for refining our knowledge of population dynamics, addressing population
structure and population trends.

Density estimates at fine scales might be good indicators of ecosystem transformation
or degradation. Changes in density over time may reflect the effect of anthropogenic
activities such as overfishing, deforestation, and water development projects, as well as
climate change. Large-scale changes in the Amazonian ecosystem are fast approaching, and
shifts in population parameters (e.g., trends) may not be detected before populations are
at dangerously low levels. We strongly recommend the continuity of studies at large and
small scales and consideration of new methods that could improve estimates of abundance
and trends for river dolphins in the Amazon in order to provide sufficient information to
stimulate and establish structured management programs and policy actions.
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