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Abstract We inventoried 10 ha of late-successional

and seasonally inundated black-water floodplain (igapó)

forest along four river sections of the Negro River,

Central Amazonia, Brazil. The aim of the study was to

test if tree species composition and diversity changes

along the river course, and whether these changes reflect

the different geological formations of the Negro River.

On a continental-wide scale, we assessed alpha-diver-

sity patterns of black-water flooded forests across the

Amazon and Orinoco basins. Phytosociological analy-

ses include family and species importance, species

similarity, and Fisher’s alpha-diversity, as well as

Detrended Correspondence Analysis. A total of 6.126

individuals were recorded, belonging to 243 tree

species. Only few tree species occurred in more than

one river section, and floristic composition changed

abruptly from one section to the other. Tree species

richness ranged from 57 to 79 species ha-1, and alpha-

diversity was highest (27.24) in the lower river section

upon sediments of Pliocene–Pleistocene origin. We

found a gradual decrease in species diversity with

increasing age of the geological formations. The igapó

forest is relatively species-poor, which we interpret to be

the result of general low nutrient availability in alluvial

substrates of the Negro River.

Keywords Black-water � Central Amazonia �
Diversity gradients � Geological formation �
Late-successional forest � Tree species composition

Introduction

The Negro River flows 2,500 km from its headwaters

in Colombia before discharging into the Solimões

River near the city of Manaus (Goulding et al., 2003).

It incorporates the two largest fluvial archipelagos in

the world, Mariuá and Anavilhanas located in the

middle and lower reaches of the river, respectively.

Inundation forests (igapó) occur throughout the main

river channel and most of its tributaries. These are

considered the largest nutrient-poor black-water for-

ests of the Amazon basin (Montero, 2011).
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The waters of the Negro River carry low levels of

suspended matter, but contain a high concentration of

humic acids that characterize the distinctive dark

brownish color (Sioli, 1956). The water pH values

range from 3.8 to 5, depending on the site and time of

the year (Furch, 1997; Junk et al., 2011). The

floodplains of the black-water rivers are characterized

by impoverished substrates and low primary produc-

tivity (Furch, 1997). Due to seasonal variation in

rainfall and generally flat topography of the majority

of the catchment area, the Negro River is governed by

a predictable, monomodal flood-pulse (Junk et al.,

2011).

Flood amplitudes range from 3.6 m at the upper

reaches to 9.3 m near the lower reaches of the river

(Agência Nacional de Águas—ANA) and subject the

floodplain vegetation to seasonal flooding, lasting

from 50 to 230 days per year (Junk, 1989). The

variable flooding regime and differences in water and

sediment chemistry determine tree species composi-

tion and diversity patterns along the river channel and

are considered important factors influencing the

spatial distribution of tree communities (Junk et al.,

1989; Rosales et al., 1999; Wittmann et al., 2010; Junk

et al., 2011).

To document and understand floristic patterns of

forests across landscape scales, inventories usually

consist of either long transects (Duque et al., 2003;

Tuomisto et al., 2003) or on series of scattered

plots (ter Steege et al., 2006; Pitman et al., 2008;

Toledo et al., 2010) and record either just location

(i.e., longitude, latitude) or environmental variables

(i.e., precipitation, nutrients). This approach allows

researchers to determine if changes in floristic com-

ponents (i.e., species composition and richness) or in

evolutionary traits (e.g., seed dispersal mechanisms,

growth rates, etc.) are related to environmental

gradients and niche characteristics at each site. Using

this approach, several studies along riverine systems

along temperate forests (e.g., Sabo et al., 2005) and

Amazonian floodplain forest have described high

spatial heterogeneity across riverbanks (Rosales et al.,

1999; Wittmann et al., 2006; Albernaz et al., 2012).

The assemblages of biological communities along

river-floodplain systems may be explained by the flood

pulse concept (Junk et al., 1989). These authors argued

that the major driving force affecting the biota and

biogeochemical processes within a floodplain is the

pulsing of rivers, which result in defined wet and dry

periods. Thus, the flood pulse determines species

composition and diversity patterns along floodplains

and is a decisive factor influencing the spatial

distribution of tree communities (Rosales et al.,

1999; Wittmann et al., 2010). Most studies in season-

ally flooded Amazonian forests have been carried out

along white-water rivers (várzea forests sensu Prance,

1979) and have focused on changes in species

composition and diversity patterns along vertical

gradients (Worbes, 1997; Ferreira, 2000; Rosales

et al., 2001; Wittmann et al., 2002; Piedade et al.,

2005) rather than spatial gradients along river corri-

dors. Wittmann et al. (2006) provided an extensive

dataset showing gradients of species diversity across

multiple sites in Amazonian várzea forests. The few

studies emphasizing spatial gradients of floristic

variation across river corridors found abrupt changes

in species composition (Rodrigues, 2007; Rosales

et al., 2001; Albernaz et al., 2012).

Despite the considerable extent of the Negro River,

only few quantitative floristic inventories have been

carried out in igapó forests (Keel & Prance, 1979;

Revilla, 1981; Worbes, 1986; Parolin et al., 2003;

Parolin et al., 2004; Ferreira & Almeida, 2005a, b;

Piedade et al., 2005 and Scudeller & de Souza, 2009).

Most of these studies concentrated on the lower Negro

River, and inventoried small plots (\0.5 ha). Excep-

tions are the forest inventories at the National Park Jaú

located approximately 200 km NW of Manaus con-

ducted by Ferreira (1997, 2000) and Ferreira &

Stohlgren (1999), who analyzed the effect of flooding

on igapó forest of different habitats using three 1-ha

plots. Overall, less than 10 ha of floristic inventories

are available for igapó forests along the Negro River.

Hence, there are still important gaps in the floristic

data coverage, especially with regard to the middle

and remote upper sections of the Negro River.

In the following, we present a quantitative floristic

inventory of a total area of 10 ha in late-successional

igapó forest distributed across a 600-km long corridor

of the Negro River in Brazil. The aim of this study is to

describe the tree species composition, species rich-

ness, and diversity at each site and to investigate how

these parameters vary along the river course. In

addition, supported by available literature, we assess

continental-wide scale alpha-diversity patterns of

black-water seasonally flooded forests across the

Amazon and Orinoco basins. Specifically, we address

the following questions: (a) How do tree species
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composition, species richness, and diversity vary

within and between sites? (b) Are there alpha-diversity

gradients of igapó forests across geographical loca-

tions and geological formations?

Methods

Study area

We focused our study on four areas along a 600-km

stretch of the Negro River in the Brazilian Amazon,

running from the city of Santa Isabel to the Anavilh-

anas: (1) Santa Isabel (ST, upper section, 008270S,

648460W), (2) Barcelos (BA, middle section 00�380S,

63�150W), (3) the northern tributary lower Jufaris

River (JU, middle section, 00�460S, 62�290W), and (4)

Anavilhanas (AN, lower section, 02�460S, 60�450W,

lower section) (Fig. 1).

Annual rainfall in the Brazilian part of the Negro

River basin averages 2000–2,200 mm, with a max-

imum rainfall of over 3,000 mm in the upper

section. Mean monthly temperatures vary little over

the year and range between 25 and 28�C (Somb-

roek, 2000). Due to the general high rainfall along

the upper Negro River and in its large catchment

with an area of approximately 700,000 km2 (Latru-

besse, 2008), the water levels of the Negro River

undergo seasonal variations, with flood amplitudes

ranging from 3.6 m (upper Negro) to 9.2 m (lower

Negro) (Fig. 2). While the flood pulse in the lower

section is strongly monomodal, with highest water

levels occurring from May–August, it is slightly

bimodal in the upper section, where a second,

smaller high-water period frequently occurs from

February–April (Fig. 2).

The substrates in ST, BA, and also along the lower

tributary JU consist mostly of nutrient-poor sand

Fig. 1 Location of inventory sites indicated by squares in each

river section (indicated with circles). Inset shows the location of

the Negro River in the Amazon hydrographic system. The

satellite image is derived from the SRTM elevation model,

global land cover facility (USGS, 2004)
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which originates from the western extension of the

Guyana Shield, and the alluvial landscape is charac-

terized by rocky islands and the presence of granite

inselbergs close to the river channel (Goulding et al.,

1996; Latrubesse & Franzinelli, 2005). The alluvial

substrate in the lower section is influenced by the

Branco River with its source located in the northern

Roraima massif, transporting silt and clayish sedi-

ments to the Negro. Below the confluence of the

Branco and Negro Rivers, the Anavilhanas archipel-

ago has been formed from substrates characterized by

intermediate fertility (Junk et al., 2011). This complex

and dynamic network of islands acts as a fine sediment

trap and is interpreted as the result of relatively recent,

Holocene deposition (Irion et al., 2010).

Floristic inventories

Field work was carried out between September 2008

and March 2010 during the low-water periods. In the

four study areas, we established 160 quadratic

25 9 25 m (625 m2) plots in late-successional igapó

forest totaling an area of 10 ha: (1) Santa Isabel (ST,

48 plots), (2) Barcelos (BA, 36 plots), (3) Jufaris (JU,

28 plots) and Anavilhanas (AN, 48 plots). Due to

varying accessibility, the number of plots at each study

area differed.

In ST, BA, and AN, we distributed the plots among

three sites (e.g., ST1, ST2, and ST3), while in JU plots

were distributed to two sites (Fig. 1). There were a

maximum of 16 plots established per site, corre-

sponding to an area of 1 ha. The upper and lower areas

are separated by approximately 600 km, whereas

within areas, the sites are separated by a distance of

between 5 and 50 km.

All trees C10 cm diameter at breast height (dbh)

were labeled, numbered and their dbh measured.

Species were identified in the field, and when this

was not possible, identified provisionally as morpho-

species with voucher specimens collected for later

identification at the herbarium of the National Institute

for Amazon Research—INPA, Manaus.

Data analysis

To summarize the spatial heterogeneity of community

composition, we performed a Detrended Correspon-

dence Analysis (DCA) on tree species abundance

(Jongman et al., 1995). The DCA permits evaluation of

beta diversity in terms of standard deviation (length of

the gradient) (Duivenvoorden & Lips, 1998; Svenning

et al., 2004) and is recommended in the absence of

abiotic parameters (Jongman et al., 1995). Analyses

were performed using (1) the entire dataset, (2)

separately in each of the four sites, and (3) excluding

the JU plots to assess the influence of the Jufaris

River’s species pool on the whole tree community. The
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Fig. 2 Patterns of seasonal

fluctuations at the lower and

upper Negro River. The

arrows at the upper section

indicate the bimodal pattern

of the flood pulse. Data

source: Agência Nacional de

Águas (ANA)
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log-transformed number of individuals per plot was

used as a measure of abundance. In order to avoid the

over-proportional influence of rare species, only

species that occurred in at least two plots were

included in the DCA.

The floristic composition was evaluated by exam-

ining species and family importance using the Impor-

tance Value Index (IVI, Curtis & McIntosh, 1951) and

the Family Importance Value (FIV, Mori et al., 1983),

which summarizes relative species (or family) density,

dominance, and frequency. Importance values are not

influenced either by large numbers of small trees and

unequal individual and species numbers per plot

(McCune & Grace, 2002; Wittmann et al., 2006).

Species richness and Fisher’s alpha-diversity coef-

ficient (Fisher et al., 1943) were calculated for each

plot and river section. Fisher’s index is widely used

and is relatively insensitive to sample size thus

performing well on tropical forest plots (ter Steege

et al., 2000; Chave, 2008). Differences of mean values

were compared using the Welch F-test and a post-hoc

pair-wise comparison using Tukey test. The spatial

variation of richness along the river course was

investigated by performing a species-area curve. The

curve expresses the number of new species in each plot

from the lower to the upper river section against the

cumulative area of those plots. Total species richness

was estimated using the Bootstrap incidence-based

and Chao 1 abundance-based richness estimators

(Magurran, 2004; Chao et al., 2005).

The degree of floristic similarity and shared species

between river sections and plots was examined by

calculating the Chao-Sørensen index for raw data

(Chao et al., 2005). This index is based on abundance

information and it is appropriate and recommended for

data from rapid inventories because it is able more

precisely to assess compositional similarity between

sites that were under-sampled and/or contain many

rare species (Chao et al., 2005).

The diversity gradients along geographical regions

and geological zones were assessed by plotting

Fisher’s alpha coefficient against plot location. Thus,

in addition to our results, we compiled available

literature on black-water inundation forest across the

Amazon and Orinoco basins for which we calculated

Fisher’s coefficient (Online Resource 1). The plots

were classified as those located in equatorial western

Amazonia (WAe), southern western Amazonia

(WAs), central Amazonia (CA), northern Amazonia

(NA), Orinoco basin (OR), and eastern Amazonia

(EA). Similarly, to evaluate the relationship between

alpha-diversity and geological zones, we overlapped

Fisher’s alpha coefficient of each plot over the

geological zone in which they occurred. Thus, follow-

ing the geological map of the Amazon basins by Irion

& Morais (2011), plots were sorted in three geological

formations (Pre-Cambrian, Tertiary, and Pleistocene-

Pliocene) representing different bedrock ages. Differ-

ences in mean values were compared by using

Kruskall–Wallis and t test. Pair-wise comparisons

were further assessed using the Mann–Whitney U test.

Species richness and diversity were computed with

the program PAST v. 2.04 ‘‘Paleontological Statistics

Software Package for Education and Data Analysis’’

(http://palaeoelectronica.org/2001_1/past/issue1_01.

htm) (Hammer et al., 2001). The number of shared

species and similarity matrix was processed using

EstimateS (Version 8.2, R. K. Colwell, 2009,

http://purl.oclc.org/estimates). Ordination analysis

(DCA) was performed using the software package PC-

ORD version 5.0 (McCune & Mefford 1999). All

statistical analyses were carried out with SPSS 16.0

and PAST v.2.04.

Results

A total of 6.126 trees were recorded, belonging to 243

species, 136 genera, and 48 families. At the plot level

(625 m2), the results showed a high variability in

families (3–17), genera (5–24), and species (5–25).

Values averaged to 1-ha scale showed 612 individuals

ha-1, 63 species ha-1, 28 families ha-1, and a basal

area of 31.83 m2 ha-1.

Floristic gradients

The first axis of the DCA (67 % of explained variation)

using the entire dataset shows a length of gradient of

5.44 sd of species turnover (Online Resource 2). There

are few species shared by both ends of the gradient,

suggesting high beta-diversity (Hill 1979). Thus, JU

and BA have few species in common and occupy the

extremes of axis 1 (Fig. 3a). When JU plots were

excluded, the gradient length of the first axis (64 % of

explained variation) decreased to 4.16 sd (Fig. 3b,

Online Resource 2). In both scatter plots, the second
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Fig. 3 Ordination diagrams

of Detrended Correspon-

dence Analysis (DCA) for

all dataset (a) and excluding

the tributary river (b). The

ordinations are based on log

transformed abundance

data. The scale marks of the

axes are in multiples of the

standard deviation (sd)

where 100 represent 1 sd
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axes have long length of gradients with 5.87 and 4.78

standard deviation units, respectively (Fig. 3).

Looking at each river section separately, the DCA

shows that the JU and BA exert the highest variation,

thus increasing beta-diversity of the whole dataset. BA

had a gradient length of 4.33 and ST and AN of 2.78 and

2.38, respectively, thus reflecting lower beta-diversity

(Online Resource 2). The floristic discontinuity at the

middle reach of the river as showed by the DCA is

confirmed with the species-area curve (Fig. 4), which

shows an abrupt change in species numbers. This

abruptness is due to the progressive addition of new

species from JU plots (plots 85–112) and especially

plots 81–84 at BA. However, the relative position of the

species-curve at the end of AN and ST sections tends to

stabilize; indicating a low shift in floristic composition.

Preliminary ordinations showed that plots BA 81–

BA 84 at Barcelos and plots JU 17–JU 28 at the Jufaris

River had outlying position due to divergent tree

species composition; therefore, these plots were

excluded in subsequent analyses.

Floristic composition

A complete list of all recorded species and their

respective families organized by river sections is given

in Online Resource 3. Most important species in each

river section are presented in Table 1. Overall, Fabaceae

was the most important family, which along with

Lecythidaceae, Chrysobalanaceae, Euphorbiaceae, and

Sapotaceae accounted for [50 % of total importance.

The most species-rich genera were Swartzia (11 species),

Pouteria (8 species), Eschweilera (7 species), Ocotea (6

species), and Ormosia and Zygia (5 species each). These

genera accounted for 14.2 % of all recorded species.

The importance value index (IVI) of the species

indicated a high floristic variation between river

sections (Table 1). Only few species, including Gus-

tavia augusta L., Heterostemon mimosoides Desf.,

Hevea brasiliensis (Willd. ex A. Juss.) Müll. Arg., and

Aldina heterophylla Spruce ex Benth. occurred in more

than one river section. The floristic composition at JU

was distinct. The most important species was Mouriri

angulicosta Morley, followed by Sclerolobium chryso-

phyllum Poepp. and Sacoglottis guianensis Benth.

These species accounted for 16.38 % of the impor-

tance, but did not occur in the other river sections.

Tree species richness and diversity

Species richness estimations for the whole dataset are

presented in Fig. 4. The estimators Bootstrap (incidence

data) and Chao 1 (abundance data) accounted for 263

and 255 species, indicating that the sampled species

represent 92 % and 95 % of the estimated species

richness, respectively. Both richness estimators reached

an asymptote at 250 species representing an inflection at

an area of 6 ha which corresponds to 96 plots (Fig. 4).

Comparing species richness between river sections

the Welch F test shows a significant difference

(F = 7.46, P \ 0.001). A Welch F test (F = 7.52,

P \ 0.001) and the post hoc pair-wise comparison

(Tukey test) detected significant differences between

BA compared with JU (P � 0.001) and AN

0

50

100

150

200

250

300

0 16 32 48 64 80 96 112 128 144 160

Species number observed

Species richness estimation (Chao 1)

Species richness estimation (Bootstrap)

Upper section Lower section
Tributary 

RiverMiddle section

N
u

m
b

er
 o

f 
sp

ec
ie

s

Accumulative plots

Santa Isabel (ST) Barcelos (BA) Jufaris (JU) Anavilhanas (AN)

Plots BA81 to 
BA84

Fig. 4 Species–area curve

accumulating new tree

species occurring in 625 m2

from upper to the lower

reach of the Negro River,

including the tributary

Jufaris River. The curve

shows the major

discontinuity at the middle

reach, where plots BA81 to

BA84 exert the greatest

influence

Hydrobiologia (2014) 729:229–246 235

123



Table 1 The 15 most important species at each forest community. Relative frequency (rFre), abundance (rAbu), and dominance

(rDom) values are showed in percentages. Species are ranked in order of decreasing importance value

River section Species rFre (%) rAbu (%) rDom (%) IVI (%)

Upper section

Santa Isabel (ST)

(n:48; 3 ha)

Gustavia augusta 5.26 17.88 7.56 10.23

Hevea brasiliensis 5.64 9.45 12.08 9.06

Eschweilera atropetiolata 5.00 7.48 10.62 7.70

Micrandra siphonioides 2.44 2.47 5.70 3.54

Mollia lepidota 3.33 2.92 3.86 3.37

Guatteria sp. 1 2.95 2.35 3.50 2.93

Licania micrantha 2.44 3.55 1.97 2.65

Crudia amazonica 2.56 2.28 3.05 2.63

Mouriri sp. 2.18 2.66 2.19 2.34

Heterostemon mimosoides 2.95 2.73 0.67 2.12

Gustavia sp. 2.44 2.66 0.90 2.00

Unonopsis guatterioides 2.69 2.35 0.56 1.87

Licania apetala 2.44 1.90 1.20 1.85

Ocotea cinerea 1.79 1.08 2.57 1.82

Ormosia sp. 1 2.31 1.33 1.80 1.81

R 46.41 63.09 58.24 55.91

R 16–108 53.59 36.91 41.76 44.09

Middle section

Barcelos (BA)

(n: 32; 2 ha)

Mabea caudata 5.09 12.69 8.50 8.76

Swartzia sp. 1 3.90 2.67 17.89 8.16

Duroia sp. 4.41 13.66 5.87 7.98

Licania heteromorpha 4.92 7.35 5.86 6.05

Ocotea sp. 1 4.41 4.68 4.95 4.68

Virola calophylla 3.90 6.96 1.73 4.20

Amanoa sp. 2.72 5.60 3.79 4.03

Guatteria sp. 1 3.06 2.99 5.44 3.83

Hevea brasiliensis 3.57 2.60 3.00 3.06

Aldina heterophylla 0.68 0.39 6.42 2.50

Eschweilera sp. 1 2.04 1.37 3.73 2.38

Mollia lepidota 2.55 2.28 1.78 2.20

Naucleopsis sp. 2.21 1.37 2.95 2.17

Micropholis sp. 2.55 2.08 1.42 2.02

Eschweilera atropetiolata 2.21 2.54 1.06 1.94

R 48.21 69.22 74.41 63.95

R 16–79 51.79 30.78 25.59 36.05

Lower section

Anavilhanas (AN)

(n:48; 3 ha)

Aldina heterophylla 4.72 8.61 40.04 17.79

Heterostemon mimosoides 6.67 20.93 5.71 11.10

Eschweilera aff. amazoniciformis 5.83 7.73 4.54 6.04

Peltogyne excelsa 2.92 3.50 4.80 3.74

Licania apetala 3.06 3.28 2.55 2.96

Tachigali venusta 3.47 3.28 1.77 2.84

Gustavia augusta 3.19 4.01 0.93 2.71

Guatteria aff. olivacea 2.50 1.46 4.07 2.67

Mollia speciosa 2.78 2.55 1.38 2.24
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(P = 0.007). The Tukey test further revealed highly

significant differences between the site AN 2 compared

to ST 2, BA 1, BA 2, and AN 1 (all with P \ 0.001).

Although both JU and BA plots are located in the same

river section the Tukey post hoc test revealed signif-

icant differences in species richness between these

sites (JU compared with BA 1 P = 0.03; BA 2,

P = 0.02). There were no statistically significant

differences between ST and BA plots (P [ 0.05).

Comparing alpha diversity between river sections

we found a statistically significant difference (Welch

test, F = 6.28, P \ 0.001). A Tukey post hoc test

revealed significant differences between JU and ST

(P = 0.01) and especially between JU and AN

(P = 0.001). However, values did not differ signifi-

cantly between ST and AN (P = 0.88). When

performing intra-site comparison the Welch F test

detected significant differences (F = 9.42, P \
0.001). However, pair-wise comparisons determined

by the Tukey post hoc test revealed that except for ST

1 (P = 0.198), the ST 2 and AN 1 sites presented a

significant difference compared with the other sites

(P \ 0.001). These two sites have the highest diversity

values averaged per hectare (as indicated by the

Fisher’s alpha coefficient, Table 2).

For better comparisons species richness and alpha-

diversity were standardized to 1 ha (Table 2). Thus, at

this level, species richness did not show much

variation; values ranged from 57 species ha-1 at

BA 2 and JU to 79 species ha-1 at AN 1 (Table 2).

The average value for the whole sample was 63 tree

species ha-1. The Fisher’s alpha coefficient confirmed

that AN 1 and ST 2 were overall the most diverse

(P \ 0.001) (Table 2). Although species composition

was highly variable between river sections, species

richness, and alpha-diversity at 1-ha scale was nearly

constant, with a slight increase in the upper and lower

sections (ST and AN, respectively).

Table 1 continued

River section Species rFre (%) rAbu (%) rDom (%) IVI (%)

Ocotea cinerea 2.22 1.75 1.87 1.95

Tapirira guianensis 1.81 1.31 2.32 1.81

Aspidosperma nitidum 1.94 1.31 1.67 1.64

Virola surinamensis 1.67 1.17 1.89 1.58

Micrandra siphonioides 1.39 1.31 1.99 1.56

Swartzia macrocarpa 2.08 1.46 0.62 1.39

R 46.25 63.67 76.12 60.01

R 16–102 53.75 36.33 23.88 39.99

Tributary river

Jufaris (JU)

(n: 16; 1 ha)

Mouriri angulicosta 4.55 8.10 7.03 6.56

Sclerolobium chrysophyllum 4.55 4.50 5.75 4.93

Sacoglottis guianensis 4.33 5.54 4.80 4.89

Pterocarpus rohrii 1.73 5.82 6.89 4.81

Aldina heterophylla 4.55 3.05 6.38 4.66

Pouteria elegans 3.46 5.06 3.63 4.05

Micropholis egensis 2.81 4.85 3.77 3.81

Caraipa sp. 2.60 3.95 4.85 3.80

Panopsis sessilifolia 3.90 3.60 3.76 3.75

Mollia speciosa 1.73 5.12 4.14 3.67

Manilkara huberi 2.81 3.67 4.40 3.63

Licania micrantha 2.81 4.29 3.68 3.60

Licania apetala 3.68 3.19 3.06 3.31

Amanoa gracillima 0.87 4.71 3.97 3.18

Ormosia excelsa 2.81 2.42 1.69 2.31

R 47.18 67.86 67.80 60.95

R 16–57 52.82 32.14 32.20 39.05
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Floristic resemblance between river sections

Floristic similarity (Chao-Sørensen) between river

sections averaged 0.35 (0.26–0.63). AN and ST were

the most similar forest communities (63 % of simi-

larity, 49 shared species), whereas JU and AN were

less similar (26 % of similarity, 14 shared species)

(Table 3). JU was the most distinct forest community.

At this site, the average floristic similarity between

plots amounted to 0.24 (range 0.19–0.42).

The floristic resemblance within river sections

showed high similarity. Thus, at AN, BA, and ST

similarity averaged 62 % (35 species) (Table 3).

These findings suggest that geographical distance

may be an important factor determining floristic

similarity within river sections. However, we also

found that closer sites are not always more floristically

similar. There is less floristic similarity between JU

and BA, which are ca. 100 km apart (35 % of

similarity, 12 shared species) than similarity between

AN 1 and ST 2 (51 % of similarity, 27 shared species)

which are located approximately 600 km apart.

Diversity gradients of igapó across geographical

regions and geological zones

When quantifying spatial gradients of alpha-diversity

by comparing Fisher’s alpha of all igapó studies, the

Kruskal–Wallis test was not significant (P = 0.06).

Nevertheless, pair-wise comparisons (Mann–Whitney

test) indicated significant differences between some

Table 2 Species richness, alpha diversity, and abundance for

the four forest communities averaged to 1 ha. N is the number

of individuals, S is the total number of species registered and a
is Fisher’s index of diversity (Fisher et al., 1943) defined by

S = a *ln(1 ? n/a)

River section Sites N S Fisher’s index (a)

Upper section

Santa Isabel (ST)

(n: 48; 3 ha)

ST 1

ST 2

ST 3

504

500

573

64

67

60

19.43

20.81

16.88

Middle section

Barcelos (BA)

(n: 32; 2 ha)

BA 1

BA 2

722

808

68

57

18.41

13.99

Lower section

Anavilhanas

(AN) (n: 48; 3 ha)

AN 1

AN 2

AN 3

468

398

505

79

51

63

27.24

15.54

18.99

Tributary

Jufaris river (JU)

(n: 16; 1 ha)

JU 593 57 15.44

Table 3 Similarity matrix of floristic composition between (A) 1-ha scale and (B) river sections based on Chao-Sørensen index

1-ha plots AN1 AN2 AN3 BA1 BA2 JU ST1 ST2 ST3

A

Shared species AN 1 1 0.85 0.9 0.35 0.36 0.28 0.65 0.51 0.55

AN 2 38 1 0.96 0.45 0.54 0.25 0.46 0.53 0.54

AN 3 46 40 1 0.4 0.41 0.32 0.73 0.53 0.6

BA1 20 13 16 1 0.88 0.35 0.58 0.6 0.55

BA2 18 12 14 46 1 0.42 0.52 0.41 0.41

JU 13 9 13 12 13 1 0.37 0.19 0.31

ST1 29 17 23 29 22 14 1 0.94 0.81

ST2 27 17 23 26 19 12 39 1 0.89

ST3 27 17 22 27 22 10 35 39 1

B

Shared species River section Anavilhanas Barcelos Jufaris Santa Isabel

Anavilhanas (AN) 1 0.47 0.26 0.63

Barcelos (BA) 29 1 0.27 0.60

Jufaris (JU) 14 14 1 0.31

Santa Isabel (ST) 49 42 17 1

Highest (underlined) and lowest (italics) values of floristic similarities are given
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regions (Fig. 5). Highly significant difference (P =

0.01) was found between plots in Southwestern

Amazonia (n: 5, WAs) and northern Amazonia (n: 5,

NA).

Although alpha-diversity among the three geolog-

ical formations was different, it was not significant

(P = 0.30). Mean values of Fisher’s a increased from

oldest to youngest geological formations from 18.04

on the Pre-Cambrian Shield (n: 12) to 20.38 upon

Tertiary Lowlands (n: 9) and 25.60 upon the Pleisto-

cene-Pliocene formation (n: 23) (Fig. 6).

Discussion

Spatial floristic patterns

In agreement with other studies, we consistently found

evidence for floristic discontinuity and heterogeneity

in species composition along the river course (Rosales

et al., 1999; Albernaz et al., 2012). The most important

species at each river section is characterized by a

unique species pool while no significant differences in

species richness and Fisher’s alpha between sites were

detected. Moreover, species composition at different

sites appears to change abruptly rather than gradually

from one river section to the next. These results are in

accordance with the hypotheses of homogeneity and

ecological determinism, which are two of the most

debated hypotheses describing spatial tree distribution

at landscape scales in Amazonian rain forests.

Although our objectives are not to test these two

hypotheses, in what follows we focus the discussion

on these two approaches.

According to the homogeneity hypothesis, forests

are in essence uniform and dominated by a small

proportion of species, forming predictable associa-

tions or ‘‘species oligarchies’’ which are relatively

constant over huge geographical areas (Pitman et al.,

2001; Terborgh et al., 2002). This is reflected in our

results by the fact that 62.3 % of individuals belong to

the 30 most abundant species. Likewise, at each river

section, above 60 % of relative abundance values are

composed by only 15 species. The presence of species

oligarchies for trees and other life forms has been well

documented in terra firme forests (Pitman et al., 2001;

Vormisto et al., 2004; Macı́a & Svenning, 2005;

Macı́a, 2011; but see Toledo et al., 2012 for criticism).

For várzea forests, Wittmann et al. (2010) suggested

that species oligarchies are even more evident than in

terra firme due to the high connectivity of riparian

corridors, leading to similar ecological niches across

landscapes. Based on the occurrence and distribution

of the 186 most common Amazonian várzea tree

Fig. 5 Fisher’s alpha diversity in different regions across the

Amazon. WAs southern western Amazonia, WAe equatorial

western Amazonia, CA central Amazonia, OR Orinoco basin,

NA northern Amazonia and EA eastern Amazonia. The Mann–

Whitney test found highly significant difference between WAs

and NA (P value = 0.01). The OR and WAe are also significant

different

Fig. 6 Fisher’s alpha diversity plotted against geological

formations. Tertiary: tertiary lowlands, Pleistocene-Pliocene:

youngest bedrocks and Pre-Cambrian: oldest bedrocks includ-

ing Brazilian and Guyana Shields. Data of geological formations

derived from Irion & Morais (2011)
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species, Wittmann et al. (2010) oligarchies are mainly

composed of generalist species (90 %) which occur in

other neotropical ecosystems, while the remaining

10 % are endemic species (sensu Ricklefs, 1990) that

dominate large areas along river courses.

However, despite the river connectivity between

river sections our study exhibited a unique set of few

species that dominates each river section, indicating a

marked geographical/environmental gradient and high

species turnover. This leads us to discuss the second

view that explains the spatial distribution of trees

across the Amazon. Tree communities appear to be

assemblages related to local ecological determinism.

This hypothesis argues that forests are a mosaic in

which species distributions change continuously along

environmental gradients. Thus, the environment (e.g.,

soil texture or height and duration of flooding)

constitutes strong filters, determining which and how

many species are present in the community (Gentry,

1988, Tuomisto et al., 2003, Higgins et al., 2011).

These predictions are consistent with our results in

three aspects: (1) the clear assemblage of plots into

four river sections exhibiting highly significant dif-

ferences in floristic composition; (2) the compara-

tively high beta-diversity detected (Hill, 1979); and (3)

the lack of overall dominant species with occurrence

in all river sections.

A few studies on neotropical floodplain forests have

shown a significant floristic discontinuity along the

course of water bodies. In a recent floristic study on

várzea along ca. 2800-km corridor of the main course

of the Solimões-Amazon River, Albernaz et al. (2012)

identified three main biogeographic regions defined by

significant compositional differences along the course

of the river. The authors further concluded that these

regions were delimitated by a strong floristic variation

caused mainly by the effect of geographical position

on species composition. In the Orinoco basin, Rosales

et al. (2001) found an abrupt change in species

composition along a 260 km corridor of the lower

Caura River (black-water River) with floristic com-

ponents from both várzea and igapó forests. This

pattern was interpreted by the authors as a response of

the influence of the rich nutritional status of the

Orinoco on the lower Caura. The biogeochemical

gradient with the input of fertile sediments may

control the occurrence of igapó and várzea tree

species. Similarly, in central Amazonia Rodrigues

(2007) found a marked floristic gradient between

igapó and várzea along 45 km of the Amanã Lake,

concluding that the soil chemistry is the main driver

influencing tree species distribution.

Although our study areas are located along the same

riverine system, we did not observe a transition of tree

composition between sites at the lower reach and

others upstream. In addition to the large geographic

distances between study areas, this abruptness might

be a response to the variable flooding regime along the

course of the Negro River. Thus, flood amplitudes

increase from the upper (3.6 m) to the lower (9.3 m)

sections of the River, subjecting igapó trees to periodic

flooding lasting from 50 to 230 days year-1, respec-

tively. Furthermore, spatial floristic patterns may be

determined by the status of alluvial soils (i.e., chem-

istry and granulometry), which may change in func-

tion of the position of the river and the influence of

tributaries along the entire course (Prance, 1979;

Kubitzki, 1989, Junk et al., 2011). Finally, channel

dynamics and geomorphology may also exert certain

influence on the floristic variation along the course of

the Negro River (Salo et al., 1986; Latrubesse &

Franzinelli, 2005; Wittmann et al., 2004; Peixoto

et al., 2009).

Tree species composition

At the family level, Fabaceae, Lecythidaceae, Chry-

sobalanaceae, Euphorbiaceae, and Sapotaceae are the

most important families at each river section. While

Fabaceae is widely distributed across different forest

types in the Amazon, Lecythidaceae, and Chrysoba-

lanaceae are particularly abundant and relatively

richer in species in the eastern Amazonia and the

Guianas (Gentry, 1990; ter Steege et al., 2000;

Honorio-Coronado et al., 2009). Mori (2001) points

out the huge diversity of species of Lecythidaceae in

black-water systems. This author revealed that 38

species of Lecythidaceae are present in the Negro

River basin, suggesting that this area is perhaps an

endemism and distribution center for this family.

Other important families are Annonaceae, Malvaceae,

Rubiacae, and Sapotaceae, the latter is ranked among

the top most important families along the Jufaris River

and seems to be most abundant family in Central

Amazonia (ter Steege et al., 2000; Honorio-Coronado

et al., 2009). At the generic level, with the exception of

Ocotea, the most diverse in our dataset are originated

in the Neotropics and are widely distributed in lowland
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rainforest (Gentry, 1990; ter Steege et al., 2006;

Pitman et al. 1999). The influence of the Guyana

Shield may be revealed by the presence of the genera

Henriquezia, Micrandra, Macrolobium, Heteroste-

mon, Mollia, Swartzia, Cynometra, Simaba, and

Peltogyne.

The floristic composition at the Jufaris River (JU)

varies markedly from the other river sections. This is a

black-water northern tributary that flows through

savanna-like white-sand flooded vegetation thus deter-

mining its particular tree composition. Altogether, the

57 % of species occurring at Jufaris were only

reported at this site (Online Resource 3). In fact, most

important species (Mouriri angulicosta, Sclerolobium

chrysophyllum, and Sacoglottis guianensis) also occur

on white-sand and terra firme forests (Stropp, 2011)

and they were not recorded in other river sections of

this study or other studies along the Negro River.

According to Kubitzki (1989), resemblance of flooded

forests by black-water Rivers with savanna vegetation

on oligotrophic white sand is caused by the water

chemistry which is the most important factor driving

floristic differentiation in Amazonian igapó.

Species richness and diversity patterns

The results indicate that species richness and alpha-

diversity tend to be slightly higher at Anavilhanas than

in the other river sections. This is mainly due to the

influence of the plot AN 1 with 79 species ha-1 and a

Fisher’s alpha coefficient of 27.24. The tendency of a

higher richness and diversity at the lower reach of the

Negro River has also been reported by other studies at

Tarumã-Mirim (Worbes 1986, Parolin et al., 2004)

and also at Anavilhanas (Parolin et al., 2003; Piedade,

1985; Piedade et al., 2005). That this region is

characterized by high species richness and diversity

may be partially explained by the presence of finer

sediments, which are slightly more fertile than those

upstream (Junk et al., 2011). Increased soil fertility

associated with a geomorphically dynamic landscape

generates conditions for the development of higher

beta-diversity, resulting in higher species richness and

alpha-diversity. This explanation, however, is chal-

lenged by a study on the Jaú River (north-western

tributary, upstream from Anavilhanas) which recorded

the highest species richness (C10 cm dbh) reported for

Amazonian black waters (Ferreira, 1997). Along three

different habitats (lake, river margin, and stream) this

author recorded 44, 103, and 137 species ha-1,

respectively. The author further attributed the differ-

ence in species richness between habitats to the

variation of flooding duration, without emphasizing

possible causes for the high species richness in this

sector of the Negro River.

Although Barcelos (BA) and Jufaris (JU) have the

highest number of individuals per hectare, they also

presented the lowest alpha-diversity indicating that the

number of individuals is not the proximate driver of

diversity at these river sections. This pattern has also

been reported by other studies in igapó (Ferreira 1997,

Gribel et al., 2009) and várzea (Campbell et al., 1992).

A reasonable explanation for this pattern can be found

in the characteristics of forest succession. Although

we focused on mature forest, there are no studies that

determine tree ages and addresses successional stages

in our sampling areas. The common factor in these

forests types is probably the limited availability of

resources, which may lead to an interspecific compe-

tition resulting in a low alpha-diversity (Tilman,

1982). Thus, spatial heterogeneity in the availability

of limiting resources can generate a mosaic of species

composition (Terborgh et al., 2002). Therefore, in

contrast to Condit et al. (1996) and besides other

possible causes (i.e., succession), our results suggest

that the number of tree species per unit area in the

nutrient-poor igapó forest tends to decrease with

increasing number of individuals present in a sample.

At a regional scale, non-flooded rainforests adja-

cent to the Negro River host one of the richest tree

communities in Amazonia. A single hectare of terra

firme in this region can hold up to 285 tree species with

dbh C10 cm (Oliveira & Mori, 1999), while várzea

forests can reach up to 142 species ha-1 (Wittmann

et al., 2002) and white-sand forest around 100 species

ha-1 (Stropp et al., 2011). Our findings, however,

show an average of 63 species ha-1 confirming that the

late-successional igapó forests along the Negro River

is one of the poorest mature forest types per unit area

in the Amazon. This is also confirmed by the Fisher’s

alpha coefficient calculated for each river section

which ranged between 13.99 (Barcelos) and 27.24

(Anavilhanas).

The key to understanding the variation of diversity

patterns along the course of the river lies in processes

that act on a regional and local level. Thus, at regional

scale (along the river) the driving forces shaping

diversity may be geographic distance and the influence
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of adjacent forest types, while at local scale (lateral

gradient) environmental filters such as flooding and

soil fertility may play a key role in determining

diversity patterns. The former may help to explain the

slight increase in species richness and diversity in the

lower Negro River, indicating that the species pool at

the Anavilhanas sites can draw from a larger regional

species pool. Thus, due to the proximity and connec-

tivity with the Solimões-Amazon River, the resem-

blance of our species pool at Anavilhanas with várzea

may increase while decreasing at sites further

upstream. A recent study comparing tree communities

on white-sand forest between upper and lower Negro

basin (Stropp et al., 2011) also found a strong variation

and a highest local tree alpha diversity at the lower

Negro river basin. Similarly, gradients of tree alpha

diversity of terra firme forests increase along the

Negro River from northwest (upper) to southeast

(lower) (Amazon Tree Diversity Network: collective

authors ATDN, 2011).

Diversity gradients at continental scale

Data on terra firme and várzea forests suggest a trend

of increasing alpha-diversity from east to west (ter

Steege et al., 2006; Wittmann et al., 2006). For igapó

forests, our comparisons shows that plots at equatorial

western Amazonia (WAe) and Orinoco (OR) present a

slight tendency to have higher alpha-diversity than in

the other regions. The two opposite extremes of the

region, southern western Amazonia (WAs) and east-

ern Amazonia (EA), present the lowest alpha-diver-

sity, whereas central (CA) and north Amazonia (NA)

plots have intermediate values. When considering

alpha-diversity in relation to the age of the bedrock,

plots occurred on older formations (Guyana and

Brazilian Pre-Cambrian Shields) show the lowest

alpha-diversity. Plots occurring on younger bedrocks

mostly influenced by Andean sediments (Sombroek,

2000) present the highest alpha-diversity.

The fact that plots on Pre-Cambrian bedrocks are

less diverse than younger geological formations may

be partly explained by the nutrient status of the soils.

In agreement with earlier studies, our comparisons

indicate a gradual decrease of alpha-diversity while

increasing the age the geological formations. This

pattern may reflect a transition from recently deposited

and nutrient-rich sediments of Andes origin in the west

to older weathered and nutrient-poor soils in the East

(Irion, 1984; ter Steege et al., 2006, Pitman et al.,

2008, but see Higgins et al., 2011 for critics). In this

dynamic, the uplift of the Andes and its effect on

regional climate greatly reconfigured the drainage

patterns creating a vast influx of sediments into the

basin (Hoorn et al., 2010), which spread over hundreds

or thousands of kilometers toward the West (Higgins

et al., 2011).

In this scenario, the flooded landscape of the lower

reaches of the lower Negro has been formed by very

young Holocene deposits, in which its floodplains

have experienced a more dynamic fluvial geomor-

phology than middle and upper sections. For example,

in the Holocene 10-m thick fine sediment was

deposited in large parts of the lower Negro valley

during high sea-level stages (Irion et al., 2010). In

contrast, the middle and upper sections are character-

ized by a more stable landscape (E. Latrubesse,

pers.comm.), where the bed-load is mostly composed

of white supermature quartz sand (Latrubesse &

Franzinelli, 2005).

Preliminary results of the Hybam project (Hydro-

geodynamics of the Amazon Basin) across the Ama-

zon basin revealed that at Santa Isabel region (upper

Negro River) at the Serrinha station, the Silicon

concentrations have the lowest values compared to

other places in the Amazon basin. This is probably due

to the high proportion of podzols and arenosols

covering this region, which are mature and highly

weathered soils, therefore with a very low capacity to

release dissolved materials into the river (Moquet,

2011). With all, the lower section of the Negro River

has continuously received fine-grained sediments and

its hydro-geomorphology dynamic is recent, while the

middle and upper sections are more stable environ-

ments. This dynamic played a crucial role in deter-

mining the current pattern of tree diversity of igapó

and ruled the distribution and establishment of

endemic species.

Conclusion

Our results suggest that although mean alpha measures

of diversity may not consistently differ between river

sections, species turnover (beta-diversity) is consis-

tently high and significant. The significant floristic

contribution of tributary rivers (e.g., Jufaris River) to

the overall species pool suggests that beta-diversity of
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igapó forests along the Negro River tends to increase

as a function of regional species pools. Species

richness and alpha-diversity revealed that the late-

successional igapó forest of the Negro River is one of

the most species-poor floodplain forest types in the

Amazon. The effect of spatial distance combined with

the variable flooding regime, status of the alluvial soil

and fluvial geomorphology along the course of the

River may control the floristic variation of the igapó

forests. On a continental scale, our data show a trend of

increasing diversity along an east to west gradient.

Plots situated in the western equatorial Amazonia and

the Orinoco show the higher alpha-diversity, whereas

plots located on the eastern edges of the Amazon

region have the lowest values of alpha-diversity.

When overlapping plots on geological zones we found

a gradual decrease of alpha-diversity while increasing

the age the geological formations, indicating the

strong influence of bedrocks and derived soils as

controlling factors of diversity patterns across the

Amazon.

The floristic data presented in this study are the first

of their kind on black-water flooded forest which are

based on an extensive quantitative dataset, thus

substantially increasing the floristic knowledge of

igapó forests. This information constitutes the first

attempt to describe the floristic variation in terms of

species composition and diversity of the igapó forest

along the course of the Negro River thus filling a

research gap on Amazonian floodplains. We suggest

caution with the results as these reveal the interpre-

tations of the late-successional stage of the igapó

forests without considering early successional stages

or tree communities along the border zone on the river

banks. The results contribute essential data for the

classification and management recommendations of

Amazonian wetlands, which is an initiative lead by the

wetland monitoring working group at the Brazilian

National Institute of Amazon Research (INPA). Sim-

ilarly, our main findings constitute the starting point to

seek answers to for example why the igapó is so poor

in tree species and what are the causes that determine

the abrupt changes in species composition along the

course of the river.
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zilian Amazon. Biological Journal of the Linnean Society

108: 213–237.

Campbell, D. G., D. C. Daly, G. T. Prance & U. N. Maciel, 1986.

Quantitative ecological inventory of terra firme and várzea

tropical forest on the Rio Xingu, Brazilian Amazon. Brit-

toniana 38: 369–393.

Castellanos, H. G., 1998. Floristic composition and structure,

tree diversity, and the relationship between floristic dis-

tribution and soil factors in El Caura Forest Reserve,

southern Venezuela. In Dallmeier, F. & J. A. Comiskey

(eds), Forest Biodiversity in North, Central and South

America, and the Caribbean. Man and the Biosphere Ser-

ies. Smithsonian Institution, Washington, DC: 507–533.

Cerón, C. E. & C. I. Reyes, 2003. Composición y estructura de
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unidade arbórea e suas relações com variáveis ambientais
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