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Abstract

Aim: Although ‘river color’ or water type is an important determinant of Amazonian
floodplain biodiversity, the relevance of mixing distinct water types at river conflu-
ences to the distribution of terrestrial floodplain fauna has been largely overlooked.
We investigated how the influx of a sediment-rich whitewater tributary affects the
floodplain forest avifauna along the world's largest blackwater river.

Location: Northwestern Brazilian Amazon.

Taxon: Birds.

Methods: We sampled floodplain avifauna and retrieved estimates of sediment con-
centration in the water (the main parameter in river-water classification) at 52 sites,
along the Negro (blackwater) and Branco (whitewater) rivers, above and below their
confluence. We compared species richness and composition using analyses of vari-
ance, ordinations, generalized linear models and indicator species analyses.

Results: Bird species composition on the lower Rio Negro (below the confluence)
was distinct from both the upper Negro (above the confluence) and the Branco, and
species richness on the Negro increased below the confluence. Typical whitewater
bird species occurring on the Branco were found exclusively or predominantly along
the left side of the lower Rio Negro, where the Branco's muddy waters seem to be
channelled. Overall avian compositional variation among sites was correlated with
sediment concentration in the water, a determinant of floodplain forest structure.
Main conclusions: The influx of the muddy waters of the Rio Branco into the Rio
Negro promotes the co-occurrence of bird species that are segregated by river type
upstream, increasing species richness at the landscape scale. Rather than just repre-
senting a potential blackwater barrier between whitewater systems, the lower Rio
Negro comprises a unique biogeographical transition zone, with a mixed avifauna oc-
curring in a mosaic of varied floodplain forest types. Our results suggest that conflu-
ences of large rivers of distinct water types represent a significant factor determining
species distributional boundaries and geographic patterns of Amazonian floodplain

biodiversity.
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1 | INTRODUCTION

Identifying key geographical features that shape biodiversity is
a major challenge in Amazonia (Tuomisto & Ruokolainen, 1997),
the world's largest and most diverse tropical forest and hydro-
graphic basin (Antonelli et al., 2018; Goulding et al., 2003) . For
the floodplain systems, which cover around 15% of the biome
(Hess et al., 2015), river ‘color’ or water type has offered a simple
but fundamental starting point. Draining different geological for-
mations and containing water with distinct attributes, Amazonian
‘white-’, ‘black-’, and 'clearwater' rivers create varied floodplain
landscapes. Floodplains along whitewater rivers with heavy sed-
iment loads, such as the Rio Madeira, are highly productive and
contain a diversity of vegetation types, including tall dense for-
ests, with rich and abundant fauna; conversely, floodplains along
sediment-depleted rivers, such as the Rio Negro (blackwater)
or the Rio Tapajos (clearwater), are less productive, with fewer
vegetation types, lower forests, and a relatively scarce fauna
(Goulding et al., 2003; Haugaasen & Peres, 2005; Junk et al., 2011;
Prance, 1979; Sioli, 1968).

Rivers of distinct water types, however, meet one another (see
Venticinque et al., 2016), and such river confluences could have im-
portant implications for floodplain systems. By affecting hydrogeo-
logical dynamics, including sediment distribution, confluences are
expected to promote habitat heterogeneity, enhancing species rich-
ness (Benda et al., 2004; Gascon & Smith, 2004; Rice et al., 2008).
This is the case for electric fishes, with higher diversity at tributary
mouths along the main channel of the Amazon river (Fernandes
et al., 2004). Nevertheless, no other study has evaluated confluence
effects in the basin, and the relevance of mixing distinct water types
for distributions of floodplain terrestrial fauna has been largely
overlooked.

Birds represent a conspicuous and relatively well-known com-
ponent of Amazonian floodplains’ biodiversity. More than 400
species have been reported to occur in river-created habitats, in-
cluding more than 100 specialized and many range-restricted spe-
cies (Cohn-Haft et al., 2007; Remsen & Parker, 1983; Stattersfield
et al., 2005; Stotz et al., 1996). Although river type is a strong
predictor of avian species composition, with numerous species
indicating distinct types (Laranjeiras et al., 2019), the effects of
river confluences on avian communities remain undescribed. This
is particularly surprising considering that most major Amazonian
rivers are, in fact, formed by tributaries of distinct water types
(see Ventincique et al., 2016).

The Rio Negro, the world's largest nutrient-poor blackwater
river, in the northwestern Brazilian Amazon, offers an iconic op-
portunity to study the effect of river confluences on the floodplain
avifauna. The Negro's largest tributary is the muddy nutrient-rich
whitewater Rio Branco (Goulding et al., 2003; Venticinque
et al., 2016). The avifauna of the lower section of the Rio Negro,
below the mouth of the Rio Branco, has been presented as if typ-
ical of blackwater floodplain forests (Borges et al., 2019; Cintra

et al., 2007), contrasting strongly with that of whitewater rivers,

such as the upper Amazon River (see Cohn-Haft et al., 2007;
Petermann, 1997). Our own observations, on the other hand, sug-
gest that the lower Negro avifauna is somewhat similar to that of
the Rio Branco, being similar to the Amazon, and distinct from
that found along upstream portions of the Negro (Laranjeiras
et al., 2014; Naka et al., 2007, 2020). This could reflect the in-
fluence of the Branco's sediment-rich muddy-waters, which are
visible for dozens or even hundreds of kilometres along the lower
Rio Negro's left (eastern) margin (Latrubesse & Franzinelli, 2005;
Latrubesse & Stevaux, 2015). However, few ornithological data
are available from the Rio Negro floodplains above the mouth of
the Rio Branco (Laranjeiras et al., 2017), and any possible differ-
ences between upper and lower stretches have never been tested.

Here we investigated if and how the entrance of the Rio Branco
affects species richness and composition of the floodplain forest
avifauna along the Rio Negro. Specifically, we ask the following
questions: (1) Are there changes in avifauna along the Rio Negro,
downstream from the mouth of the Rio Branco? (2) Are potential
changes more evident along the lower Negro's left margin, where
the muddy waters from the Rio Branco appear to be channelled?
(3) Are potential changes related to the sediment load in the water
(the main parameter in river-water classification)? (4) Do any changes
represent an admixture of black- and whitewater avifaunas? To ad-
dress these questions, we conducted standardized avian sampling
of floodplains of both riverbanks and on nearby islands, above and
below the confluence of the two rivers, and estimated sediment
concentration in the water using satellite imagery from throughout
the sampling area. Exploring variation in all detected resident bird
species and, specifically, in floodplain specialists and in species that
were previously identified as indicators of white- or blackwater trib-
utaries, we expected that: (1) the avifauna of the lower Rio Negro
would be distinct from that found on the upper section (above the
mouth of the Rio Branco); (2) avian communities on opposite sides
of the lower Rio Negro would differ from one another; (3) sediment
concentration would correlate with species composition and rich-
ness of white- or blackwater indicator species, and predict them
better than does a simple classification of water type; and (4) the
lower Negro would share species with both the upper Negro and
the Branco, including both black- and whitewater indicator species.
Finally, considering the distribution of distinct rivers and their con-
fluences throughout Amazonia, we discuss implications of this for
the distribution and conservation of floodplain birds and overall
biodiversity.

2 | MATERIALS AND METHODS

2.1 | Study region

This study was conducted in the north western Brazilian Amazon
(Figure 1), where we focused on the floodplains of the Rio Negro,

above and below the mouth of the Rio Branco. With most tributaries

draining sandy soil lowlands, the Rio Negro is a typical blackwater
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(nutrient-poor) river (Goulding et al., 2003; Junk et al., 2015). In con-
trast to most of the basin, the headwaters of the Rio Branco and
several of its tributaries are located in the Guianan Shield mountains,
draining areas of presumably more clayey soil (Ferreira et al., 2007;
Oliveira et al., 2001; Venticinque et al., 2016). Based on geomorphol-
ogy, the Rio Negro can be divided in lower, middle and upper sec-
tions, with the mouth of the Branco marking the boundary between
the middle and the lower sections (Franzinelli & Igreja, 2002). Here,
however, we refer to the section above the confluence (including
the middle section) as ‘upper Rio Negro'. These river stretches flow
through sedimentary deposits and are characterized by the pres-
ence of the world's two largest fluvial archipelagos: Mariua, above
the mouth of Rio Branco, and Anavilhanas below (Latrubesse &
Stevaux, 2015).

Human population densities are very low around the confluence
of the Negro and Branco rivers and anthropogenic impacts on river
floodplains are restricted to small areas (Junk et al., 2015). Selective
logging occurs along the Negro (Goulding et al., 2003), mostly near
Manaus, which is about 320 km downstream from the mouth of the
Rio Branco (Scabin et al., 2012), whereas fires are becoming more
prevalent throughout (Flores et al., 2012, 2016). Nevertheless, our
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sampling was restricted to sites without obvious anthropogenic im-
pacts (see below).

Climate throughout the study area is warm and wet, with a mean
annual temperature of 27°C and mean annual precipitation rang-
ing from 2,350 mm, in the lower Rio Negro around Novo Airéo, to
2,550 mm above the confluence with the Rio Branco, near Barcelos
(INMET, 2019). Rainfall concentrates from January to May and river
water level begins to fall in August or September, with the low-wa-
ter period extending from October to February; waters start to
rise in March, staying high until July (Goulding et al., 2003; Junk
etal.,, 2011).

2.2 | Avifauna sampling design

We sampled the avifauna at 40 sites along the Rio Negro (17 on the
upper and 23 on the lower section) and 12 sites on the Rio Branco
(Table S1, Figure 1). Sites were distributed both on riverbanks and on
nearby islands, from 5 to 200 km from the confluence. As many as
four sites were grouped at a given distance from the confluence: on

the left (northern or eastern) and right (southern or western) banks,

FIGURE 1 Study region (black square
in inset) at the confluence of the Negro
and Branco rivers (dark and medium grey
lines in inset, respectively), in the context
of the main channel of the Amazon river
(white line in inset) and Amazon biome
(pale grey in inset). We sampled the
avifauna at 40 sites along the Rio Negro,
at distinct distances from the mouth of
the Rio Branco, above (17 sites, black
dots) and below (12 sites on the right
bank, grey dots; 11 sites on the left,

0
beige dots). Twelve sites (orange dots) in

50
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and up to two islands (Figure 1). All sites within the same section
were at least 1 km apart.

Sampling was undertaken during six expeditions, between 2012
and 2017 (see Table S1). All expeditions were conducted between
May and October, during the dry season, in the high- or falling-water
periods (Goulding et al., 2003), optimizing access to sampling sites
and partially controlling for seasonal variation. Although we did not
evaluate potential variation in bird detection related to water level,
we sampled both rivers over similar hydrological periods (Table S1)
and so expect no biases in our results. We also expect no biases
regarding potential inter-annual variation in bird detection, because
some sites on both sections of the Rio Negro were sampled during
the same expeditions, mostly in 2016 and 2017.

At each of the 52 sampling sites, we conducted ten 15-min point-
counts (see archived data for exact coordinates), with an unlimited ra-
dius of detection. Point-counts were distributed every 500-1000 m
along the riverbanks or islands (see details of point-count protocols
in Laranjeiras et al., 2019). Within most sites, we surveyed all 10
points on the same day, during a single non-rainy morning, beginning
before sunrise at first light (5:30) and ending mid-morning (roughly
9:30), noting all bird species seen or heard (presence-absence in
each point; see archived data). For logistical reasons, we surveyed six
Rio Negro sites (two on the lower and four on the upper section) in
the late afternoon (16:00-18:30) of two not necessarily consecutive
days. For all analyses, we combined data from all ten point-counts at
a given site, providing a single list of birds for each site (see below).
All surveys were led by TOL (48 out of 52) or LNN (with other par-
ticipants; see Table S1), both of whom have more than 10 years of

experience in conducting Amazonian avian inventories.

2.3 | Estimates of sediment concentration

We retrieved estimates of surface suspended sediment concentra-
tion in river water (hereafter, sediment concentration) from satellite
imagery for each site. Estimates were based on an empirical corre-
lation between the red-light reflectance of rasterized satellite im-
agery (at a 250-m spatial resolution) and sediment concentration in
the water in gauge stations, provided by Fassoni-Andrade and Paiva
(2019). In each pixel, images provide the mean value for a 15-year
time series, covering the high-water period (from May to August).
For each of our sampling sites, we calculated the mean value for all
pixels within a 1.8-km radius buffer around the central coordinate
of the site. Because estimates are valid only for pixels in open water,
we found this buffer zone to be the minimum necessary to cover a
representative group of pixels (minimum of four, average of 38; see
Table S1) around the floodplain forests, avoiding overlap with the
buffer of other sites or waters on the opposite side of the river. We
only considered pixels that were identified as open water in more
than 30% of the time series images. We used mean values to reduce
the noise resultant from the correlation's low adjustment at low sedi-
ment concentration levels (see Fassoni-Andrade & Paiva, 2019). The

retrieved estimates (see Table S1) were congruent with recent field

measures on the lower Rio Negro (see Marinho et al., 2020) and the
standard deviation of the estimates for each site (Table S1) was not
dependent on the number of valid pixels within the buffer (p > 0.05).

2.4 | Data analyses

We analysed the variation in species richness and composition of
the avifauna considering all detected resident species (excluding
known migrants) and a subset of floodplain avian specialists (see
Table S2). Floodplain specialists are species that occur exclusively
or predominantly in this habitat, according to Remsen and Parker
(1983), Parker et al. (1996) and our own field experience in the re-
gion (see Laranjeiras et al., 2014, 2017; Naka et al., 2020). By an-
alysing floodplain specialists alone, we avoided the known role
of the Negro and Branco rivers as physical barriers for terra-firme
forest birds (Haffer, 1974; Naka, 2011; Naka et al., 2012; Naka &
Brumfield, 2018).

We also analysed the richness of species that are typical of black-
or whitewater floodplains (hereafter, black- or whitewater species,
respectively; see Table S2). These included previously identified in-
dicator species (which are significantly more frequent or exclusively
found in one of the two river types; see Laranjeiras et al., 2019) and
other floodplain specialists that were known, above the confluence,
only from the Rio Branco (see Naka et al., 2007, 2020).

We assessed sampling efficacy using randomized sample-based
rarefaction curves (Kindt & Coe, 2005). To compare species rich-
ness between sections of the Rio Negro (lower vs. upper) and the
Rio Branco, and between opposite sides of the lower Rio Negro, we
applied a nonparametric Wilcoxon-Mann-Whitney test, followed by
a pairwise test.

We visualized variation in species composition among sites by
reducing data dimensionality through non-metric multi-dimensional
scaling (two-axis NMDS ordination), using the Jaccard dissimilarity
index (for presence-absence data) and the Bray-Curtis index (for
abundance data). Abundance data for each species was represented
by the number of point-counts in a single site in which that species
was detected (0-10), and not the total number of individuals de-
tected. Total number of points per site with detections is a proxy
for actual abundance, offering advantages over using raw numbers
of individuals under this sampling design. First, because most de-
tections were auditory and point surveys lasted 15 min, it was diffi-
cult to avoid double counting individuals. Also, our sample unit was
the site and not the points; this assumes that 10 consecutive points
capture the normal variation within a site, and counting points with
presence instead of total individuals deemphasizes very local phe-
nomena, such as microhabitat differences among points, presence
of single fruiting trees filled with birds or a large flock at a particular
point. Overall, our impression is that large concentrations of individ-
uals of any species at any given site were rare and that most species
were represented by a single individual or a pair at any given point.

To assess the statistical significance of observed differences in

avian species composition in the comparisons, we ran a Permutational
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Analysis of Variance (Anderson, 2001; McArdle & Anderson, 2001),
followed by a pairwise test using a derived function (Arbizu, 2019).
This analysis uses pseudo-F values to compare within and among-
group similarity, assessing significance by permutation.

We used a model ranking approach (generalized linear models)
to verify if the sediment concentration in the water explains the
variation in avian species composition around the confluence. We
considered six response variables: four were the first axis scores of
each of two ordinations (Jaccard or Bray-Curtis index Gaussian dis-
tribution), for all species and for only floodplain specialists; the other
two variables were species richness of whitewater and blackwater
indicator species (Poisson distribution). For each of the six response
variables, we contrasted alternative simple models, including as pre-
dictor variable either: (1) sediment concentration; (2) water type;
(3) geographic distance of sampled sites from the confluence; or
(4) a constant (null model). In addition, we included an interaction
model, to verify if the effects of sediment concentration depend on
the water type (Table 2). Models for each dependent variable were
ranked using the Akaike information criterion, with adjustment for
small sample size (AICc; Burnham & Anderson, 2002). Most plau-
sible models were identified considering dAICc < 2 (Burnham &
Anderson, 2002).

To identify which species characterized avian dissimilarities be-
tween river sections, we performed an indicator species analysis.
This analysis generates a value between O and 1 for each species,
where O indicates no association with either group of sites, and 1
indicates both complete fidelity to one of the groups and repre-
sentation at every site in that group (Dufréne & Legendre, 1997).
Statistical significance of the indicator value was assessed through
10,000 permutations, and the analysis was performed allowing site
group combinations.

We carried out all data analyses using the R language platform
version 3.5 (R Core Team, 2016). We used the kruskall.test function
from the stats package (version 3.3.2) to run the Kruskal-Wallis
test. We used the package vegan (Oksanen et al., 2015) to construct
rarefaction curves (specaccum function), to build distance matrices
based on Bray-Curtis and Jaccard indexes (vegdist function), and to
run the NMDS (metaMDS function) and the permanova (adonis func-
tion). We ran the pairwise tests using the pairwise.adonis function
(Arbizu, 2019). We performed generalized linear models, using the
glm function (stats package) and model ranking using the AlCctab
function of bbmle package (Bolker, 2020). We ran Indicator Species
Analysis using the multipatt (IndVal.g) function of the indicspecies
package (De Caceres et al., 2015).

3 | RESULTS

During our surveys, we recorded 9,235 detections of 303 bird spe-
cies, including 94 floodplain forest specialists (Table S2, archived
data). Although we found no significant differences in species rich-
ness per site between river sections (Figure 2a), total avian species

richness was higher along both the Rio Branco and lower Rio Negro
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than on the upper Negro, independent of survey effort (Figure 3a).
Moreover, the species richness of both floodplain specialists and
of whitewater species was significantly higher on the Rio Branco
and on the left side of the lower Rio Negro than on the right side
or on the upper Negro (Figure 2b and c). The total species rich-
ness of blackwater bird species was similar between sections of
the Rio Negro (Figure 3b), but blackwater species richness per
site was higher on the upper Rio Negro than in any other section
(Figure 2d).

Avian species composition differed between sections of the Rio
Negro (Table 1), despite a wide overlap in the ordinations (Figure 4).
Some sites on the eastern side below the confluence, particularly
those on the islands, were the closest, in terms of avian species com-
position, to sites on the Rio Branco (Figure 4). Differences between
opposite sides of the lower Rio Negro were significant when consid-
ering the entire community (Table 1), but not for the subset of flood-
plain specialists (Table 1). Similar results (significant for the entire
community; non-significant for floodplain specialists) were found for
the differences between the right side of the lower Rio Negro and
the section above the confluence (Table 1).

Sediment concentration, better than water type or geographic
distance of sampled sites from the confluence, explained the varia-
tion in avian species composition (for both dissimilarity indexes and
species subsets) and in the species richness of white- and blackwater
bird species, given simple models (Table 2). The models with inter-
action of sediment concentration and water type were top-ranked
overall (Table 2, Figure 5), indicating the effects of sediment concen-
tration differed between rivers.

The indicator species analysis identified 23 species as indicators
of the left side of the lower Rio Negro, with 11 being shared with the
Rio Branco, including six whitewater species (Figure 6, Table S3). In
contrast, 16 species were identified as indicators of the upper Rio
Negro, with eight being shared with the right side of the lower sec-

tion, including six blackwater species (Figure 6, Table S3).

4 | DISCUSSION

Confluences of large rivers are striking hydrogeological phenomena,
with potential impacts on the ecology and biogeography of aquatic
and floodplain habitats (Benda et al., 2004; Park & Latrubesse, 2015;
Rice et al., 2008). Here our results demonstrate the implications
of such phenomena for the distribution of the floodplain for-
est avifauna in the northwestern Brazilian Amazon. The input of
the whitewater sediment-rich Rio Branco into the Rio Negro (the
world's largest blackwater river) promotes species diversity and a
distinct mixed avifauna. Regardless of the well-known role of the
Negro and Branco rivers as barriers for terra-firme bird species
distributions (Haffer, 1974; Naka, 2011; Naka et al., 2012; Naka &
Brumfield, 2018), bird species that are typical of whitewater flood-
plains occurred predominantly, or exclusively, on the left riverbank
or nearby islands of the lower Rio Negro, on the same side into

which the Rio Branco flows and where its muddy waters seem to be
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channelled. These results are similar to those found for Amazonian
fishes (Fernandes et al., 2004), indicating that confluences of larges
rivers not only affect aquatic species, but also the distribution of
floodplain terrestrial biodiversity.

A mixed avifauna in the lower Rio Negro and the tight correlation
between sediment concentration and species composition indicate
the importance of the dynamics and distribution of nutrient-rich sed-
iments. It has been suggested that the influx of sediments from the
Rio Branco contributed to the formation, and contributes to the main-
tenance, of river islands in the lower Rio Negro (Leenheer & Santos,
1980; Cunha & Sawakuchi, 2017; Latrubesse & Franzinelli, 2005;
Marinho, 2019). Likewise, it also seems to have influenced fertil-
ity, floristic composition and physiognomy of the landscape (Junk
et al., 2011; Montero & Latrubesse, 2013; Oliveira et al., 2001). This

influence likely created similar conditions (micro-habitats) to those

found along the Rio Branco itself, allowing a blackwater floodplain
to be colonized and occupied by species often associated with
sediment-rich rivers. Our findings for birds are consistent with the
distinct floristic compositions found between the lower and upper
Negro (Montero & Latrubesse, 2013; Montero et al., 2014; Scudeller
& Vegas-Vilarrabia, 2018).

The importance of absolute values of sediment concentration in
the water, on the other hand, should be interpreted with caution.
Current sediment load in the Negro and Branco rivers seems to be
much lower than it was in the mid-Holocene (~7,000 years ago; Cunha
& Sawakuchi, 2017; Latrubesse & Franzinelli, 2005; Marinho, 2019).
It is not clear if the current productivity, floodplain forest structure
and associated avifauna result from current water sediment loads
or reflect past increased rates of sediment deposition. Here we

used spatial variation in this parameter to predict differences in the
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FIGURE 3 Species accumulation curves with increased sampling for (a) all resident bird species and floodplain specialists and for
(b) whitewater and blackwater indicator species, along the Negro and Branco rivers (Brazilian Amazon)

TABLE 1 Statistics of permutational

N ; . o All species Floodpain specialists
analyses of variance in multiple pairwise
comparisons of bird species composition Pseudo-F r? Pseudo-F r?
among distinct sections of the Rio Negro Pairwise
and Rio Branco (Brazilian Amazon), comparison jac bc jac bc jac bc jac bc
considering abundance (bc; Bray-Curtis Lower Negrovs. 576 891  0.15°  0.21° 945 1217  0.22° 0.27°
index) and presence-absence (jac; Jaccard Branco

index) data for all detected species and
for floodplain specialists, including the
pseudo-F measure of differentiation level,
adjustment (r?) and significance level

(p adjusted). Comparisons are ordered

according to their pseudo-F values for all
species (Jaccard index) Lower Negro 4.52 6.80 0.18° 0.24° 6.03 8.79 0.22? 0.30°7
(left) vs.Branco

Lower Negro 3.45 4.70 0.12° 0.15% 4.04 5.31 0.13% 0.17*
(left) vs. Upper
N.

Lower Negro vs. 2.85 3.62 0.07°2 0.09? 3.53 4.27 0.09*? 0.10°7
Upper N.

Lower Negro 2.14 2.78 0.09¢ 0.12° 1.96 2.39 0.09¢ 0.10¢
(left) vs. L. N.
(right)

Lower Negro 1.97 2.33 0.07° 0.08° 2.03 2.38 0.07¢ 0.08¢
(right) vs. Upper
N.

Upper Negro vs. 5.73 8.93 0.18* 0.25° 10.24 10.79 0.27? 0.29°
Branco

Lower Negro 5.51 8.78 0.20* 0.29° 7.31 11.50 0.25% 0.34°
(right) vs.
Branco

2p adjusted: <0.01. °p adjusted: <0.05. “p adjusted <0.1. %p adjusted: >0.1.

avifauna between sites. Impacts of historical variation of sediment potential historical changes in those values, current spatial distribu-
load on the floodplain forest structure and productivity and on the tion of sediment concentrations remains a powerful predictor of

avifauna in a given site remain to be evaluated. Nevertheless, despite species diversity.
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4.1 | Biogeographical implications archipelago, located on the lower Rio Negro, may represent a dispersal
corridor or stepping-stone, allowing expanded ranges or connecting

The input of sediment-rich waters from the Rio Branco into the Rio populations of birds that are more prevalent in whitewater floodplains.
Negro affects the overall distribution of floodplain birds. Two flood- Such a dispersal corridor, however, may have been more im-
plain specialists, Ash-breasted Antbird (Myrmoborus lugubris) and portant in the past than today, because several whitewater species

Klages's Antwren (Myrmotherula klagesi), are distributed throughout appear to be isolated on the Rio Branco (Naka et al., 2007, 2020;
the lower Negro and lower Branco, but are absent from upstream of this study). These include four bird species that are specialized on

their confluence or from elsewhere in the Rio Negro basin (see BirdLife- early-successional stages of the floodplain forest: White-bellied
HBW, 2016). Other species, such as the Plain-crowned Spinetail Spinetail (Mazaria propinqua), Lesser Wagtail Tyrant (Stigmatura
(Synallaxis gujanensis) and the Gray-headed Tanager (Eucometis penicil- napensis), River Tyrannulet (Serpophaga hypoleuca), and Bicolored
lata), appeared more locally below the mouth of the Rio Branco, but Conebill (Conirostrum bicolor). These ephemeral habitats depend on
were recently discovered from other whitewater tributaries of the the deposition dynamics of sediments (Rosenberg, 1990), and are
Negro, such as the Rio Demeni (Laranjeiras et al., 2019). These distri- currently scarce or completely absent along the Rio Negro (pers.
bution patterns suggest that the floodplain forest in the Anavilhanas obs.). The formation of Anavilhanas islands in a geologically recent
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FIGURE 4 Ordinations (NMDS) of 52 sites, on islands and on riverbanks, along the Negro and Branco rivers (Brazilian Amazon), based
on presence-absence (a and b) and on abundance data (c and d) for all resident bird species (a and c) and for floodplain specialists (b and d)
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FIGURE 5 Relationships between floodplain avifauna and sediment concentration in the water that floods the forests along Negro and
Branco rivers (Brazilian Amazon), considering as response variables: (a) the ordination first-axis scores for all species (Jaccard index); (b) the
ordination first-axis scores for floodplain specialists (Jaccard index); (c) the ordination first-axis scores for all species (Bray-Curtis index);

(d) the ordination first-axis scores for floodplain specialists (Bray-Curtis index); (e) species richness of whitewater indicator species and (f)
species richness of blackwater indicator species. Predictor lines are shown for the top-ranked models (which included interaction with water

type; see Table 2)

past, when the sediment load was likely much higher (Cunha &
Sawakuchi, 2017; Latrubesse & Franzinelli, 2005; Marinho, 2019),
may have offered these habitats temporarily and contributed to the
establishment of these populations, from the main Amazon river

system. Ongoing population genetic analyses should shed light into

the probable origin of these populations (Leilton Luna and collabo-
rators, pers. comm.).

Overall, the avifauna of the lower Rio Negro seems to represent
a unique biogeographical transition zone. This avifauna is not more
similar to that of the Rio Branco than to that of the upper Negro,
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TABLE 2 Alternative models (generalized linear models) that were contrasted to explain variation in avian species composition along the
Negro and Branco rivers (Brazilian Amazon). Response variables were: the first-axis scores of each of two ordinations, using Jaccard (jac) and
Bray-Curtis (bc) indexes, for all species (NMDS1 all species) and only for floodplain specialists (NMDS1 flood. esp.), and the species richness

of whitewater and blackwater indicator species. Alternative predictor variables were the sediment concentration in river water, water type
(black vs. white), the distance of the sampled sites from the confluence, or a constant (null model). Models are ranked according the Akaike

Information Criteria (dAICc) for the NMDS first axis for all species (Jaccard index). Statistics include: degrees of freedom (df)

Response variable

NMDS1 all species

NMDS1 flood. esp.

Species richness

Jac bc jac bc whitewater blackwater
Model (predictors) dAlCc df dAICc df dAlCc df dAICc df dAlCc df dAICc df
Water type*sediments 0 5 0 5 0 5 0 5 0 4 0 4
Sediments 15.78 3 13.92 3 12.6 3 2.75 3 10.08 2 2.74 2
Water type 21.02 3 15.14 3 19.2 3 6 3 16.17 2 5.65 2
Null 79.09 2 68.37 2 72.19 2 47.95 2 91.99 1 71.39 1
Distance 81.33 3 70.62 3 74.37 3 49.55 3 93.95 2 67.38 2

contradicting our previous expectations (Laranjeiras et al., 2014;
Naka et al., 2007; Naka et al., 2016). Despite significant differences
between sections, many more floodplain specialists are shared be-
tween the two sections of the Rio Negro than either section shares
with the Branco, and several species occurred exclusively on the Rio
Branco (see Table S3). Nevertheless, the avifauna of the Rio Negro
as a whole should not be interpreted as typical of blackwater flood-
plains. More than 20 species that are indicators of whitewater trib-
utaries occurred widely along the river, including above the mouth
of the Rio Branco (see Table S2). Surprisingly, satellite imagery also
indicates differences in sediment concentrations on opposite sides
of the upper Rio Negro (see Figure 1, Table S1). This likely represents
the contribution of other whitewater tributaries upstream, such as
the Rio Demeni, reinforcing the importance of sediment distribution
(see above). Thus, rather than just representing a potential blackwa-
ter barrier between whitewater systems, the Rio Negro comprises a
mosaic of varied floodplain forests, connecting and holding import-

ant populations of both black- and whitewater bird species.

4.2 | Implications for conservation

Given the importance of sediments to define patterns of bird diver-
sity, the Rio Negro floodplains are extremely vulnerable. Although
most of the lower Rio Negro is already within protected areas
(Goulding et al., 2003), government plans to dam the Rio Branco
and some of its tributaries may have devastating impacts on the
floodplains downstream. Dams alter flooding regimes and retain
sediments, thus drastically altering floodplain ecosystems (Assahira
et al., 2017; Forsberg et al., 2017; Latrubesse et al., 2017; Lobo
etal., 2019; Marinho, 2019; Resende et al., 2019). As we have shown,
bird species composition above and below the confluence of the
Negro and Branco rivers are broadly correlated with sediment loads.
Bird species associated with higher sediment levels will likely suf-
fer considerable population impacts, including species with highly

restricted ranges, such as Klages's Antwren, an already threatened

Brazilian endemic species (BirdLife International, 2018; Laranjeiras
& Naka, 2018) . If the dam on the Rio Branco is built, in addition to
the impacts on populations of several whitewater birds within the
Rio Branco itself (Naka et al., 2020), no protected area on the lower
Rio Negro will likely sustain the micro-habitats used by these spe-
cies with subsequently reduced sediment loads. The connectivity
between whitewater systems, apparently fostered by current sedi-
ment inputs, will be drastically reduced and the islands themselves
could gradually erode away.

4.3 | Are major river confluences biogeographical
phenomena in Amazonia?

Our results suggest that other major confluences are likely to affect
the distribution of the floodplain avifauna throughout the Amazon
basin. The Rio Negro itself meets the Amazon river, creating not
only the much more famous and contrasting ‘meeting of the wa-
ters’ of two of the world's largest rivers (Goulding et al., 2003), but
also effectively forming a different, enormous river with distinctive
floodplain forests (Albernaz & Costa, 2007; Albernaz et al., 2012;
Dunne et al., 1998), inhabited by a unique avifauna (Cohn-Haft
et al., 2007). Numerous bird species occurring on the upper or
lower Amazon River, such as the Scarlet-crowned Barbet (Capito
aurovirens) and Varzea Piculet (Picumnus varzeae), respectively, also
meet their known range limits near the Negro-Amazon confluence
(BirdLife-HBW, 2016; Cohn-Haft et al., 2007). These mixing waters
coexist for hundreds of kilometres (Park & Latrubesse, 2015), and
seem to express past habitat discontinuities that were sufficient to
isolate populations and promote diversification in floodplain spe-
cialized birds (Thom et al., 2020). Although the Rio Negro is the
only major Amazonian blackwater river with whitewater tributar-
ies, several other confluences of contrasting large rivers occur
throughout the Amazon, such as that of the Mamoré and Guaporé
rivers and of the Tapajés with the Amazon river (see Venticinque

et al., 2016). Most such sites have not been studied carefully, and
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FIGURE 6 Birdindicator species of
specific sections of the Rio Negro or the
Rio Branco (Brazilian Amazon), ordered
according to their indicator value (from
highest to lowest), including only those
previously identified as indicators of
white- (in orange) or blackwater (in black)
tributaries or other floodplain specialists
(in green). Detailed data are presented in
the Table S3

Upper Rio Negro and
Rio Branco

Upper Rio Negro

4 indicator species, including:

Heliornis fulica
Polytmus theresiae

Upper Rio Negro

4 indicator species, including:

ournal 0 11
EMm e

Rio Branco
24 indicator species, including:

blackwater species
floodplain specialists

Rio Branco, Lower Negro (along
left margin) and Upper Negro
4 indicator species, including:

Paroaria gularis

Atticora fasciata

Rio Branco and Lower Negro
Hylophylax punctulatus (along left margin)
11 indicator species, including:

Cnemotriccus fuscatus

(along right margin)

8 indicator species, including:

Coereba flaveola

Myrmotherula cherriei

Inezia subflava

Nyctiprogne leucopyga leucopyga

Trogon curucui
Patagioenas speciosa
Eupsittula pertinax

these phenomena emerge as a key factor to explain boundaries of
species’ distributions and geographic patterns of Amazonian flood-
plain biodiversity.

ACKNOWLEDGEMENTS
We are grateful to the people and institutions involved in the field
expeditions, including field assistants, cooks and boatmen. Among
boatmen, TOL is particularly in indebted to Valmir, Benjamin and
Ovidio from Novo Airdo. Our field activities were possible due to
the logistical support provided by Mariana Leitdo, Priscila Santos,
Enrique Salazar, Dolvane Machado, Beatriz Ribeiro, Antonio Lisboa,
Renata Bocorny, Samuel Lima, Fabio Osolins and Angela Midori
from the Instituto Chico Mendes de Conservacao da Biodiversidade
(ICMBio); and Marco Oliveira, André Martinelli, and Manuelson from
the Servico Geoldgico do Brasil (CPRM). We thank Alice Plaskievicz,
Marcela Torres and Cassiano Gatto for joining us in some of our
field activities. Alice Fassoni-Andrade kindly provided the images
with the mean values of light reflectance and discussed their details.
Elisa Aramijos and Raul Espinoza also provided data and discussed
estimates of sediment concentration. Lisa Davenport made valuable
comments and grammatical corrections on an earlier version of the
manuscript.

Fieldwork along the Rio Negro was supported by Rufford
Foundation (TOL grant number 19908-1), and Programa Areas

Protegidas da Amazénia (ARPA). Data from the Rio Branco were

Upper Rio Negro and Lower Negro

Lower Rio Negro (along left
margin)

12 indicator species, including:
Myiodynastes maculatus

Sclateria naevia

Rio Negro (all sections)

12 indicator species, including:
Crotophaga major

Trogon viridis

Nyctiprogne leucopyga latifascia | ower Rio Negro

Attila cinnamomeus 2 indicator species, including:
Cairina moschata Th hilus ama. i

P

collected with the support of Diretoria de Pesquisa, Avaliacdo
e Monitoramento da Biodiversidade of ICMBio (TOL grant
number MPC-014.007), Fundacdo Boticario de Protecdo a
Natureza (LNN grant number 934-2012.1), Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq; LNN grant num-
bers 484219/2011-1 and 480496/2012-9), and Fundacio Estadual
do Meio Ambiente e dos Recursos Hidricos (FEMARH to LNN).
Surveys conducted within protected areas were authorized under
SISBIO (Sistema de Autorizacdo e Informacdo em Biodiversidade),
license 51951-1. TOL was funded by a doctoral fellowship from
Coordenacédo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES). This paper resulted from TOL's Ph.D. dissertation in
INPA's Graduate Program in Ecology and is contribution 55 in the
Amazonian Ornithology Technical Series of the INPA Biological
Collections Program.

DATA AVAILABILITY STATEMENT

We certify that we have provided an accurate representation of our
methods and raw data are available at ebird.org and Dryad Digital
Repository: https://doi.org/10.5061/dryad.bk3j9kd9d (Laranjeiras,
Naka, Leite, & Cohn-Haft, 2021).

ORCID
Thiago Orsi Laranjeiras https://orcid.org/0000-0002-6997-3113

Luciano Nicolas Naka https://orcid.org/0000-0002-7716-3401


https://www.ebird.org
https://doi.org/10.5061/dryad.bk3j9kd9d
https://orcid.org/0000-0002-6997-3113
https://orcid.org/0000-0002-6997-3113
https://orcid.org/0000-0002-7716-3401
https://orcid.org/0000-0002-7716-3401

LARANJEIRAS ET AL.

12

] I of
Lwicev-
REFERENCES

Albernaz, A. L., & Costa, L. R. (2007). As regides biogeograficas:
Introducdo e metodologia. In A.L. Albernaz (org.). Conservacio da
varzea: |dentificacdo e caraterizacdo de regides biogeograficas.
Pp.21-28. Provarzea. Manaus.Pp.21-28.

Albernaz, A. L., Pressey, R. L., Costa, L. R., Moreira, M. P., Ramos,
J. F., Assuncdo, P. A., & Franciscon, C. H. (2012). Tree species
compositional change and conservation implications in the
white-water flooded forests of the Brazilian Amazon. Journal of
Biogeography, 39(5), 869-883. https://doi.org/10.1111/j.1365-
2699.2011.02640.x

Anderson, M. J. (2001). A new method for non-parametric multivariate
analysis of variance. Austral Ecology, 26, 32-46.

Antonelli,A., Zizka, A.,Carvalho, F. A.,Scharn,R.,Bacon, C. D., Silvestro, D., &
Condamine, F. L. (2018). Amazonia is the primary source of Neotropical
biodiversity. Proceedings of the National Academy of Sciences, 115(23),
6034-6039. https://doi.org/10.1073/pnas.1713819115

Arbizu, P. M. (2019). pairwiseAdonis: Pairwise multilevel comparison
using adonis. R package version 0.3.

Assahira, C., Piedade, M. T. F,, Trumbore, S. E., Wittmann, F., Cintra, B. B.
L., Batista, E. S., Resende, A. F. D., & Schongart, J. (2017). Tree mor-
tality of a flood-adapted species in response of hydrographic changes
caused by an Amazonian river dam. Forest Ecology and Management,
396, 113-123. https://doi.org/10.1016/j.foreco.2017.04.016

Benda, L. E. E., Andras, K., Miller, D., & Bigelow, P. (2004). Confluence
effects in rivers: Interactions of basin scale, network geometry, and
disturbance regimes. Water Resources Research, 40(5), 1-15. https://
doi.org/10.1029/2003WR002583

BirdLife International (2018). IUCN Red List for birds. Retrieved from
www.birdlife.org on 09/05/2018.

BirdLife-HBW - BirdLife International and Handbook of the Birds of the
World (2016). Bird species distribution maps of the world. Version,
6.0. Available at http://datazone.birdlife.org/species/requestdis.

Borges, S. H., Baccaro, F., Moreira, M., & Choueri, E. L. (2019). Bird assem-
blages on Amazonian river islands: Patterns of species diversity and
composition. Biotropica, 51(6), 903-912. https://doi.org/10.1111/
btp.12716

Burnham, K. P., & Anderson, D. R. (2002). Model selection and Multimodel
inference (p. 63). Second: Springer-Verlag.

Cintra, R., Sanaiotti, T. M., & Cohn-Haft, M. (2007). Spatial distribu-
tion and habitat of the Anavilhanas Archipelago bird community in
the Brazilian Amazon. Biodiversity and Conservation, 16, 313-336.
https://doi.org/10.1007/s10531-005-0606-x

Cohn-Haft, M., Naka, L. N., & Fernandes, A. M. (2007). Padrdes de
distribuicdo da avifauna da varzea dos rios Solimées e Amazonas.
In A.L. Albernaz (org.). Conservacao da varzea: Identificacdo e
caraterizacdo de regides biogeograficas. pp.287-323. Provarzea.
Manaus.

Cunha, D. F. D., & Sawakuchi, A. O. (2017). Evolucdo sedimentar do
Arquipélago de Anavilhanas no baixo Rio Negro. Universidade de Sao
Paulo, Sdo Paulo.

De Caceres, M., & Jansen, F. (2015). Indicspecies: Relationship between
species and groups of sites. R package version 1.7.5.

Dufréne, M., & Legendre, P. (1997). Species assemblages and indicator
species: The need for a flexible asymmetrical approach. Ecological
Monographs, 67, 345-366. https://doi.org/10.2307/2963459

Dunne, T., Mertes, L. A., Meade, R. H., Richey, J. E., & Forsberg, B. R.
(1998). Exchanges of sediment between the flood plain and channel
of the Amazon River in Brazil. Geological Society of America Bulletin,
110(4), 450-467.

Fassoni-Andrade, A. C., & de Paiva, R. C. D. (2019). Mapping spatial-tem-
poral sediment dynamics of river-floodplains in the Amazon. Remote
Sensing of Environment, 221, 94-107. https://doi.org/10.1016/j.
rse.2018.10.038

Fernandes, C. C., Podos, P., & Lundberg, J. G. (2004). Amazonian ecol-
ogy: Tributaries enhance the diversity of electric fishes. Science, 305,
1960-1962. https://doi.org/10.1126/science. 1101240

Ferreira, E., Zuanon, J., Forsberg, B., Goulding, M., & Briglia-Ferreira, S.
R. (2007). Rio Branco: peixes, ecologia e conservagdo de Roraima.
Amazon Conservation Association. Manaus.

Flores, B. M., Fagoaga, R., Nelson, B. W., & Holmgren, M. (2016).
Repeated fires trap Amazonian blackwater floodplains in an open
vegetation state. Journal of Applied Ecology, 53, 1597-1603. https://
doi.org/10.1111/1365-2664.12687

Flores, B. M., Piedade, M. T. F., & Nelson, B. W. (2012). Fire disturbance
in Amazonian blackwater floodplain forests. Plant Ecology & Diversity,
7,319-327.

Forsberg, B. R., Melack, J. M., Dunne, T., Barthem, R. B., Goulding, M.,
Paiva, R. C., Sorribas, M. V,, Silva, U. L., & Weisser, S. (2017). The
potential impact of new Andean dams on Amazon fluvial ecosys-
tems. PLoS One, 12, e0182254. https://doi.org/10.1371/journ
al.pone.0182254

Franzinelli, E., & Igreja, H. (2002). Modern sedimentation in the lower
Negro river, Amazonas state. Brazil. Geomorphology, 44(3-4), 259-
271. https://doi.org/10.1016/50169-555X(01)00178-7

Goulding, M., Barthem, R., & Ferreira, E. (2003). The Smithsonian Atlas of
the Amazon. Smithsonian Institution.

Haffer, J. (1974). Avian speciation in tropical South America, with a system-
atic survey of the toucans (Ramphastidae) and jacamars (Galbulidae),
Vol. 14. Publications of the Nuttall Ornithological Club.

Haugaasen, T., & Peres, C. A. (2005). Mammal assemblage structure
in Amazonian flooded and unflooded forests. Journal of Tropical
Ecology, 21, 133-145. https://doi.org/10.1017/5026646740
400207X

Hess, L. L., Melack, J. M., Affonso, A. G., Barbosa, C., Gastil-Buhl, M., &
Novo, E. M. (2015). Wetlands of the lowland Amazon basin: Extent,
vegetative cover, and dual-season inundated area as mapped with
JERS-1 synthetic aperture radar. Wetlands, 35, 745-756. https://doi.
org/10.1007/s13157-015-0666-y

INMET - Instituto Nacional de Meteorologia, (2018). Banco de dados
meteoroldgicos para ensino e pesquisa. Retrieved from: www.inmet.
gov.br on 14/05/2018.

Junk, W. J., Piedade, M. T. F,, Schéngart, J., Cohn-Haft, M., Adeney, J. M.,
& Wittmann, F. (2011). A classification of major naturally-occurring
Amazonian lowland wetlands. Wetlands, 31, 623-640. https://doi.
org/10.1007/s13157-011-0190-7

Junk, W. J., Wittmann, F., Schéngart, J., & Piedade, M. T. (2015). A
classification of the major habitats of Amazonian black-water river
floodplains and a comparison with their white-water counterparts.
Wetlands Ecology and Management, 23(4), 677-693. https://doi.
org/10.1007/s11273-015-9412-8

Kindt, R., & Coe, R. (2005). Tree diversity analysis: A manual and soft-
ware for common statistical methods for ecological and biodiversity
studies. World Agroforestry Centre. Nairobi.

Laranjeiras, T. O., & Naka, L. N. (2018). Myrmotherula klagesi Todd,
1927. In ICMBio - Instituto Chico Mendes de Conservacido da
Biodiversidade. (Org.). Livro Vermelho da Fauna Brasileira Ameacada
de Extingdo: Volume Il - Aves. pp. 305-307. ICMBiIo, Brasilia.

Laranjeiras, T. O., Naka, L. N., Bechtoldt, C. L., da Costa, T. V. V.,
Andretti, C. B., Cerqueira, M. C., de Torres, M. F., Rodrigues, G.
L., Santos, M. P. D., Vargas, C. F., Pacheco, A. M. F., Sardelli, C.
H., Mazar-Barnett, J., & Cohn-Haft, M. (2014). The avifauna of
Virua National Park, Roraima, reveals megadiversity in northern
Amazonia. Revista Brasileira De Ornitologia, 22(2), 138-171. https://
doi.org/10.1007/BF03544242

Laranjeiras, T. O., Naka, L. N., & Cohn-Haft, M. (2019). Using river color
to predict Amazonian floodplain forest avifauna in the world's largest
blackwater river basin. Biotropica, 51(3), 330-341.


https://doi.org/10.1111/j.1365-2699.2011.02640.x
https://doi.org/10.1111/j.1365-2699.2011.02640.x
https://doi.org/10.1073/pnas.1713819115
https://doi.org/10.1016/j.foreco.2017.04.016
https://doi.org/10.1029/2003WR002583
https://doi.org/10.1029/2003WR002583
https://doi.org/10.1111/btp.12716
https://doi.org/10.1111/btp.12716
https://doi.org/10.1007/s10531-005-0606-x
https://doi.org/10.2307/2963459
https://doi.org/10.1016/j.rse.2018.10.038
https://doi.org/10.1016/j.rse.2018.10.038
https://doi.org/10.1126/science.1101240
https://doi.org/10.1111/1365-2664.12687
https://doi.org/10.1111/1365-2664.12687
https://doi.org/10.1371/journal.pone.0182254
https://doi.org/10.1371/journal.pone.0182254
https://doi.org/10.1016/S0169-555X(01)00178-7
https://doi.org/10.1017/S026646740400207X
https://doi.org/10.1017/S026646740400207X
https://doi.org/10.1007/s13157-015-0666-y
https://doi.org/10.1007/s13157-015-0666-y
https://doi.org/10.1007/s13157-011-0190-7
https://doi.org/10.1007/s13157-011-0190-7
https://doi.org/10.1007/s11273-015-9412-8
https://doi.org/10.1007/s11273-015-9412-8
https://doi.org/10.1007/BF03544242
https://doi.org/10.1007/BF03544242

LARANJEIRAS ET AL.

Laranjeiras, T. O., Pacheco, A. M. F,, & Sardelli, C. H. (2017). Aves. In M. L.
Oliveira (Ed.), Mariud: A flora, a fauna e o homem no maior arquipélago
fluvial do planeta (pp. 120-134). Editora INPA.

Laranjeiras, T. O., Naka, L. N., Leite, G. A., & Cohn-Haft, M. (2021). Data
from: Effects of a major Amazonian river confluence on the distri-
bution of floodplain forest avifauna. Dryad, Dataset, https://doi.
org/10.5061/dryad.bk3j9kd9d

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(7658),
363. https://doi.org/10.1038/nature22333

Latrubesse, E. M., & Franzinelli, E. (2005). The late Quaternary evo-
lution of the Negro River, Amazon, Brazil: Implications for island
and floodplain formation in large anabranching tropical systems.
Geomorphology, 70(3-4), 372-397. https://doi.org/10.1016/j.geomo
rph.2005.02.014

Latrubesse, E. M., & Stevaux, J. C. (2015). The Anavilhanas and Mariua
Archipelagos: Fluvial Wonders from the Negro River, Amazon Basin.
In B. Vieira, A. Salgado, & L. Santos (Eds.), Landscapes and Landforms
of Brazil. World Geomorphological Landscapes.

Leenheer, J. A, & Santos, U. D. M. (1980). Consideracdes sobre os
processos de sedimentacdo na agua preta acida do rio Negro
(Amazonia Central). Acta Amazonica, 10(2), 343-357. https://doi.
org/10.1590/1809-43921980102343

Lobo, G. S., Wittmann, F., & Piedade, M. T. F. (2019). Response of
black-water floodplain (igapo) forests to flood pulse regulation in a
dammed Amazonian river. Forest Ecology and Management, 434, 110-
118. https://doi.org/10.1016/j.foreco.2018.12.001

Marinho, R. R. (2019). Integracdo de dados de campo e sensoriamento
remoto no estudo do fluxo de dgua e matéria no Arquipélago de
Anavilhanas, Rio Negro-Amazonas, Brasil. Tese de Doutorado.
Instituto Nacional de Pesquisas da Amazo6nia. Manaus.

Marinho, R. R., Filizola, N. P., & Cremon, E. H. (2020). Analysis of sus-
pended sediment in the Anavilhanas archipelago, rio negro, Amazon
basin. Water, 12(4), 1073. https://doi.org/10.3390/w12041073

McArdle, B. H., & Anderson, M. J. (2001). Fitting multivariate mod-
els to community data: A comment on distance-based redun-
dancy analysis. Ecology, 82, 290-297. 10.1890/0012-9658(2001)
082[0290:FMMTCD]2.0.CO;2

Montero, J. C., & Latrubesse, E. M. (2013). The igap6 of the Negro
River in central Amazonia: Linking late-successional inun-
dation forest with fluvial geomorphology. Journal of South
American Earth Sciences, 46, 137-149. https://doi.org/10.1016/j.
jsames.2013.05.009

Montero, J. C., Piedade, M. T. F., & Wittmann, F. (2014). Floristic variation
across 600 km of inundation forests (Igapd) along the Negro River.
Central Amazonia. Hydrobiologia, 729(1), 229-246.

Naka, L. N. (2011). Avian distribution patterns in the Guiana Shield:
Implications for the delimitation of Amazonian areas of en-
demism. Journal of Biogeography, 38(4), 681-696. https://doi.
org/10.1111/j.1365-2699.2010.02443.x

Naka, L. N., Bechtoldt, C. L., Henriques, L. M. P., & Brumfield, R. T. (2012).
The role of physical barriers in the location of avian suture zones
in the Guiana Shield, northern Amazonia. The American Naturalist,
179(4), E115-E132. https://doi.org/10.1086/664627

Naka, L. N., & Brumfield, R. T. (2018). The dual role of Amazonian rivers in
the generation and maintenance of avian diversity. Science Advances,
4(8), eaar8575. https://doi.org/10.1126/sciadv.aar8575

Naka, L. N., Cohn-Haft, M., Whittaker, A., Barnett, J. M., & Torres, M.
D. F. (2007). Avian biogeography of Amazonian flooded forests in
the Rio Branco Basin, Brazil. The Wilson Journal of Ornithology, 119(3),
439-450. https://doi.org/10.1676/06-062.1

13
ENE e

Naka, L. N., Laranjeiras, T. O., Lima, G. R., Plaskievicz, A. C., Mariz, D.,
Costa, B. M., Menezes, H. S. G., Torres, M. F,, & Cohn-Haft, M.
(2020). The Avifauna of the Rio Branco, an Amazonian evolutionary
and ecological hotspot in peril. Bird Conservation International, 30(1),
21-39. https://doi.org/10.1017/50959270919000133

Oliveira, A. A., Daly, D. C., & Varella, D. (2001). Florestas do Rio Negro.
Companbhia das Letras.

Park, E., & Latrubesse, E. M. (2015). Surface water types and sediment
distribution patterns at the confluence of mega rivers: The Solimdes-
Amazon and Negro Rivers junction. Water Resources Research, 51(8),
6197-6213. https://doi.org/10.1002/2014WR016757

Parker, T. A. lll, Stotz, D. F., & Fitzpatrick, J. W. (1996). Ecological and dis-
tributional databases. In D. F. Stotz, J. W. Fitzpatrick, T. E. Parker, &
D. K. Moskovits (Eds.), Neotropical Birds (p. 536). University Chicago
Press, Chicago.

Petermann, P. (1997). The birds. The Central Amazon Floodplain (pp. 419-
452). Springer.

Prance, G. T. (1979). Notes on the vegetation of Amazonia lll. The termi-
nology of Amazonian forest types subject to inundation. Brittonia,
31, 26-38. https://doi.org/10.2307/2806669

R Core Team (2016). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.

Remsen, J. V. Jr, & Parker, T. A. Ill (1983). Contribution of river-cre-
ated habitats to bird species richness in Amazonia. Biotropica, 15,
223-231.

Resende, A. F., Schéngart, J., Streher, A. S., Ferreira-Ferreira, J.,
Piedade, M. T. F,, & Silva, T. S. F. (2019). Massive tree mortality
from flood pulse disturbances in Amazonian floodplain forests:
The collateral effects of hydropower production. Science of the
Total Environment, 659, 587-598. https://doi.org/10.1016/j.scito
tenv.2018.12.208

Rice, S. P, Kiffney, P., Greene, C., & Pess, G. R. (2008). The ecological im-
portance of tributaries and confluences. In S. P. Rice, A. G. Roy, & B.
L. Rhoads (Eds.), River confluences, tributaries and the fluvial network
(pp. 209-242). John Wiley & Sons.

Scabin, A. B., Costa, F. R. C., & Schoengart, J. (2012). The spatial distribution
of illegal logging in the Anavilhanas archipelago (Central Amazonia) and
logging impacts on species. Environmental Conservation, 39(2), 111-121.
https://doi.org/10.1017/S0376892911000610

Scudeller, V. V., & Vegas-Vilarrubia, T. (2018). Distribution and p-diver-
sity of tree species in igapd forests (Negro River basin, Brazilian
Amazon). Journal of Vegetation Science, 29(6), 1052-1064. https://doi.
org/10.1111/jvs.12680

Sioli, H. (1968). Hydrochemistry and geology in the Brazilian Amazon re-
gion. Amazoniana, 1, 267-277.

Stattersfield, A. J., Crosby, M. J,, Long, A. J., & Wege, D. C. (2005).
Endemic bird areas of the world: Priorities for biodiversity conservation.
BirdLife International.

Stotz, D. F,, Fitzpatrick, J. W., Parker, T. A. lll, & Moskovits, D. K. (1996).
Neotropical birds: Ecology and conservation. University of Chicago
Press.

Thom, G., Xue, A. T., Sawakuchi, A. O., Ribas, C. C., Hickerson, M. J.,
Aleixo, A., & Miyaki, C. (2020). Quaternary climate changes as spe-
ciation drivers in the Amazon floodplains. Science. Advances, 6(11),
eaax4718. https://doi.org/10.1126/sciadv.aax4718

Tuomisto, H., & Ruokolainen, K. (1997). The role of ecological knowledge
in explaining biogeography and biodiversity in Amazonia. Biodiversity
& Conservation, 6(3), 347-357.

Venticinque, E., Forsberg, B., Barthem, R., Petry, P., Hess, L., Mercado, A.,
Canas, C., Montoya, M., Durigan, C., & Goulding, M. (2016). An ex-
plicit GIS-based river basin framework for aquatic ecosystem conser-
vation in the Amazon. Earth System Science Data, 8(2), 651. https://
doi.org/10.5194/essd-8-651-2016


https://doi.org/10.5061/dryad.bk3j9kd9d
https://doi.org/10.5061/dryad.bk3j9kd9d
https://doi.org/10.1038/nature22333
https://doi.org/10.1016/j.geomorph.2005.02.014
https://doi.org/10.1016/j.geomorph.2005.02.014
https://doi.org/10.1590/1809-43921980102343
https://doi.org/10.1590/1809-43921980102343
https://doi.org/10.1016/j.foreco.2018.12.001
https://doi.org/10.3390/w12041073
https://doi.org/10.1016/j.jsames.2013.05.009
https://doi.org/10.1016/j.jsames.2013.05.009
https://doi.org/10.1111/j.1365-2699.2010.02443.x
https://doi.org/10.1111/j.1365-2699.2010.02443.x
https://doi.org/10.1086/664627
https://doi.org/10.1126/sciadv.aar8575
https://doi.org/10.1676/06-062.1
https://doi.org/10.1017/S0959270919000133
https://doi.org/10.1002/2014WR016757
https://doi.org/10.2307/2806669
https://doi.org/10.1016/j.scitotenv.2018.12.208
https://doi.org/10.1016/j.scitotenv.2018.12.208
https://doi.org/10.1017/S0376892911000610
https://doi.org/10.1111/jvs.12680
https://doi.org/10.1111/jvs.12680
https://doi.org/10.1126/sciadv.aax4718
https://doi.org/10.5194/essd-8-651-2016
https://doi.org/10.5194/essd-8-651-2016

LARANJEIRAS ET AL.

14 ournal o
Lwicev-

BIOSKETCH

Thiago Orsi Laranjeiras recently obtained his PhD in ecology
(INPA) and is an environmental analyst (ICMBio), managing and
conducting biodiversity research and monitoring within pro-
tected areas in northern Brazilian Amazonia. Distribution and
habitat associations of Neotropical birds are among his main re-
search interests, using field surveys and spatial analyses to ad-

dress questions with implications for conservation.

Author contributions: T.O.L., L.N.N. and M.C.H. conceived the
idea and designed the sampling; T.O.L., L.N.N. and G.L. collected
the data; T.O.L. analysed the data and led the writing; L.N.N. and
M.C.H. revised previous versions of the manuscript; all authors

contributed to the final version.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Laranjeiras TO, Naka LN, Leite GA,
Cohn-Haft M. Effects of a major Amazonian river confluence
on the distribution of floodplain forest avifauna. J Biogeogr.
2020;00:1-14. https://doi.org/10.1111/jbi.14042



https://doi.org/10.1111/jbi.14042

